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FOREWORD

In the introduction to the present textbook the authors briefly discuss

the Copernican revolution. We are reminded that the ideas of Coper-

nicus, Kepler, Galileo and Newton profoundly influence human cul-

ture, and we recall how long it took for these ideas to be generally

understood and accepted. The addition of knowledge that is taking place

in our day in astronomy occurs at a spectacularly rapid pace. There can

be no doubt that the task of making the results of astronomical research

generally available in a most important one. The challenge is strongly

felt by the astronomical community.

Professors Jastrow and Thompson have written an astronomy textbook

with the liberal arts student in mind at every point of the development.

There is a very good balance between the discussion of basic methods

and description of the results of astrophysical research, including the

most recent advances.

I believe that the authors have chosen wisely in emphasizing the

central problems of modern astrophysics, dealing only briefly with

some of the chapters of classical astronomy. In placing the discussions of

stellar structure and evolution of galaxies, and large scale cosmology

before the discussion of the solar system and problems of structure and

history of planets, the authors are guided by considerations of evolution

in time rather than location in space. This way of arranging the subject

material has obvious advantages.

If this textbook is as widely used and read as it deserves the authors

will have made a very significant contribution in the area of communi-

cation between scientist and the community. For the book tells com-

pellingly about basic research, important to us all, and of its results, its

spirit and its excitement.

Bengt Stromgren



PREFACE TO THE FIRST EDITION

Astronomy, more than any other physical or behavioral science, offers

the nonscience student a mind-expanding educational experience. The
steadily increasing enrollments in introductory astronomy courses reflect

a growing awareness of this fact on the part of liberal arts students. The
historical and philosophical elements in astronomy, always a large factor

in the appeal of this subject for the nonscience major, have been strength-

ened by new discoveries in stellar evolution and cosmology. Progress

in these fields during the last twenty years has filled in many details

of the sequence of events that led from the explosive beginnings of the

Universe through the birth of innumerable stars and planets to the for-

mation of the sun and the earth. When the latest advances in astronomy
are combined with developments in the life sciences, the result is a chain

of cause and effect that stretches back over 10 billion years and links the

earth and its life forms to events that occurred early in the history of the

Universe. At that point— on the threshold of the appearance of life on our

planet— the direct contribution of astronomy ends, and the story is taken

up by other branches of science.

The advances in astronomical knowledge provide many points of

contact between this subject and other scientific disciplines. Mod-
ern astronomy, fascinating in itself, seems increasingly to be a fragment of

a mosaic that, when viewed from a distance, forms an image of the human
observer. The appeal of astronomy to the nonscientist is further strength-

ened by the fact that its subject matter forces the imagination to con-
template larger expanses of space and time than fall within the province
of any other scientific discipline. These qualities make the study of

astronomy a uniquely attractive means of introducing the liberal arts stu-

dent to the physical sciences.

We have focused on the needs and interests of the liberal arts student in

our choice of topics, as well as in the style of writing and in the level of

required mathematical skills. No mathematics is used beyond the level of

elementary algebra, and technical terms are avoided. Each chapter opens
with the statement of a central theme to which the previous chapters of

the book are clearly related. The remainder of the chapter is an explicit

development of this central theme.

The central problems of twentieth century astronomy are emphasized.
Full chapters are included on the Hertzsprung-Russell diagram, nuclear
reactions in stars, stellar evolution, galactic structure and evolution, radio



galaxies, Seyfert galaxies and quasars, cosmology, the history of the moon,

and the evolution of planetary atmospheres. Much discussion is devoted

to recently opened areas of research such as infrared astronomy, x-ray

and gamma-ray astronomy, gravitational waves, pulsars, and black holes

in space. The choice of topics and the allotment of space to each topic

reflect much of contemporary research publication. An unusual feature is

the inclusion of a final chapter on the evolution of life in the Cosmos.

A complete discussion of these topics in a one-semester textbook

necessitated the omission of some areas, such as astrometrics, which are

centers of active research on contemporary astronomy but are not as di-

rectly related to the book's central line of development. Celestial mechan-

ics is treated very briefly in the chapter on the solar system. The motions

of the earth in space, tides, eclipses, and celestial coordinates are de-

scribed in an introductory, separately paginated section.

A basic innovation in the book is its presentation of material on stars

and galaxies before the discussion of the solar system. This is the reverse

of the traditional presentation, in which astronomical knowledge is given

in the order in which it was acquired in human history, starting with the

earth and then radiating outward to the moon, planets, stars, and galaxies.

Our book embeds the study of the solar system in the context of a general

study of stars and planets, and more accurately reflects the impact of the

Copernican Revolution on the history of astronomy.

The new organization of material has the advantage that it permits the

instructor to use astrophysical knowledge when discussing the structure,

chemical composition, and origin of the earth, moon, and planets. Astro-

physics reveals how elements are made in the stars; why some are more

abundant than others; and how these elements condensed to form the

clouds out of which the sun, moon, and planets were born. An astro-

physical background is required to discuss conditions at the beginning of

the solar system, when the earth and other planets were newly formed.

Instructors who prefer the traditional organization, but like other features

of the book, can start their course as usual with "The Solar System,"

whose opening chapters summarize the astrophysical background

needed for studying the solar system.

The rapid pace of change in modern astronomy makes the task of the

textbook author very difficult if he wishes to present a balanced view of

recent developments. We are deeply indebted to a number of friends and

colleagues, closely associated with these developments, who have been

willing to spare time from their research for careful reviews and detailed

criticisms of portions of the manuscripts dealing with subjects of which

they have a profound knowledge. We are particularly grateful to Dr.

Richard Stothers for many informative discussions on stellar evolution

and numerous detailed criticisms of Chapters 1 to 8; to Professor Lodewijk

Woltjer for a careful commentary on the Chapters dealing with galaxies

and cosmology; to Professors Paul Gast and Robert Phinney and to Dr.

Vivien Gornitz for their comments on the Chapters relating to the solar

system, the earth, the moon and the planets; and to Dr. S. I. Rasool for

illuminating discussions of the planets in general and critical review of



Chapter 1 7 in particular. We also profited greatly from conversations with

Dr. Patrick Thaddeus on topics in radio astronomy and interstellar chem-

istry. Professor Neville Woolf gave us the benefit of his reading and

criticism of the entire manuscript, and offered valuable comments on the

balance of the contents between traditional and contemporary areas of

astronomy. Drs. J. W. Hogan, R. Stewart, and Dennis Hegyi reviewed the

manuscript for pedagogical effectiveness and offered many helpful sug-

gestions based on classroom testing of the materials.

The completion of the manuscript would not have been possible with-

out the devoted editorial and secretarial assistance of Misses Judith Silver-

man and Ruth McCarthy. Finally, with particular pleasure we express our

thanks to Donald Deneck and Dennis Hudson in particular, and to the

extremely capable Wiley editorial, production, picture research, illus-

tration and design departments for their enthusiastic support and cooper-

ation in bringing the raw material of our text into finished form.

Robert Jastrow

Malcolm Thompson



PREFACE TO THE SECOND EDITION

The second edition contains several major additions and revisions.

A new Chapter 12, inserted at the beginning of the section on the solar

system, gives a detailed account of the properties of the sun. The first

edition treated the sun only as a case study in stellar evolution, following

the Copernican viewpoint, but in doing this we lost the opportunity to

describe the fascinating variety of phenomena that are included under

the general description of solar surface activity. These events, comprising

mainly sunspots, flares, surges, and prominences, have a striking visual

impact when photographed in light of suitably chosen wavelengths. They

also have profound scientific importance, because they provide insights

into the behavior of a gas of electrically charged particles in strong

interaction with magnetic fields, under unusual circumstances in

nature's laboratory that have not been matched on the earth thus far.

The addition of this chapter constitutes a major effort to improve on

the first edition. The chapter concludes with a set of plates showing some

of the more striking examples of solar surface phenomena, accom-

panied by detailed captions that expand on the discussions of the

corresponding topics in the text.

The chapter on the moon has been completely rewritten to incorporate

the scientific results from the final missions in the Apollo program. The

discussion of Mars in the following chapter also has been revised to

include remarkable evidence acquired in the Mariner 1971 mission,

suggesting that at one time the surface of Mars was the scene of extensive

volcanic activity with substantial amounts of liquid water present and,

possibly, favorable conditions for the chemical evolution of life.

An appendix has been added to describe methods for the measurement

of stellar masses, distances and luminosities, as well as distances to

extragalactic objects. This material, somewhat more difficult than the

remainder of the book, will be of considerable interest to the reader who
wishes to know how astronomers acquire the critical observational

results that underlie the discussion of stellar properties. A second, brief

appendix extends the discussion in Chapter 7 on nuclear reactions in

Main-Sequence stars.

Numerous short sections throughout the text have been rewritten and

expanded for improved clarity, and discussions of frontier topics have

been updated to reflect the current status in these rapidly advancing

fields of research.



Several friends and colleagues have been kind enough to devote their

time to critical reviews of the new material. We are particularly indebted

to Dr. Richard Stothers for his careful reading of all topics relating to

stellar structure and evolution; to Professor Ludwig Woltjer for his review

of the account of extragalactic distance measurements in Appendix A,

and the updated discussions of quasars and cosmology in Chapters

10 and 11; to Professor Edward A. Spiegel and Dr. Richard Defouw for

their criticims of the chapter on the sun; and to Dr. Vivian Gornitz for

her comments on the presentation of the Apollo and Mariner results.

We are also grateful to several astronomers who are active in solar

physics, including Drs. Richard Dunn, Sara Martin, Robert Howard,

Richard Newkirk, Harold Zirin and Edward Gibson, for providing

unusually fine photographs illustrating solar surface phenomena and

for their assistance in guiding us through the interpretation of these

materials. We are indebted to Professors Sally Deike, Hal I. Heaton,

Stephen Hill, and Michael M. Shurman for compiling valuable lists of

errata from earlier printings.

The publication of this edition would not have been possible without

the capable assistance of Diana Birmingham, Patricia Dingcong, Vivian

Landa, and Yola Schlosser. Finally, in publishing both editions the

experience of working with the Wiley staff was exceptionally rewarding

and pleasant. With particular pleasure we acknowledge our thanks to

our editor, Donald Deneck, and the Manager of College Production,

Dennis Hudson. We also thank John Balbalis for illustrations, Stella

Kupferberg for picture research, and Jerry Wilke for design. The favorable

reception accorded our book thus far has been due in substantial measure

to their creative talent, efficiency, and warm support.

Robert Jastrow

Malcolm Thompson

January, 1974



PREFACE TO THE THIRD EDITION

The third edition has been revised throughout to incorporate new devel-

opments and changes of emphasis in astronomical research, as well as

many suggestions from the community of users of Astronomy: Fundamen-

tals and Frontiers relating to the organization of chapters and length of

treatment of individual topics. Chapter 3 has been updated by the addition

of material on telescopes in space and a section on image intensifiers.

The discussion of stellar evolution has been revised and expanded to

accommodate important theoretical and observational research relating

to the formation of supernovas, neutron stars, and black holes. These

topics, which mainly concern the late stages in evolution of massive

stars, have been placed in a new chapter. Interesting developments

relating to interstellar carbon monoxide as a tracer of star formation have

been added to the chapter on the Milky Way Galaxy. The discussion of

cosmology has been augmented by sections on the significance of the

cosmic abundances of helium and deuterium, and by a brief discussion

of open and closed universes.

The chapters on the planets have been thoroughly revised and re-

organized. A separate chapter has been set aside for Mars because of

the large amount of important new material acquired in the Viking

orbital and surface explorations. A full account of the Viking results can

be found here, including the tests for life. The question of biological

versus chemical interpretations is discussed in some detail. The descrip-

tion of Jupiter has been supplemented by new results obtained from the

Pioneer spacecraft. The section on the planets in the color insert has been

updated by the addition of striking and informative spacecraft photo-

graphs of Mars, Jupiter, and the Galilean Satellites.

Five chapters from the second edition have been extensively reorganiz-

ed in response to suggestions from instructors. The description of radiation

from heated bodies, formerly found in Chapter 5, is now included in

Chapter 2. The contents of Appendix B in the second edition have been

integrated into Chapter 6. As noted above, the chapter on stellar evolu-

tion, which was exceptionally long, has been divided into two chapters.

The chapter on cosmology has been reorganized to clarify the relation

between the Big-Bang and Oscillating cosmologies. The chapter on the

sun, which was also relatively long, has been divided into two chapters,

one on the sun as a star and the other on solar surface phenomena. The

chapter on the moon has been updated and abbreviated. Separate dis-



scussions of Venus, culled from Chapters 16 and 17, have been united

in a single chapter on that planet.

A new glossary of important terms, prepared by Professor Stephan j.

Hill of Michigan State University, has been added, and lists of important

ideas and terms have been developed for each chapter. Finally, the end-

of-chapter questions have been revised, updated, and improved, drawing

in part on material from the Instructor's Resource Book.

As in previous editions, we are deeply indebted to friends who have

contributed generously of their time in carefully reviewing the manu-

script. We wish to thank Professor Bengt Stromgren and Dr. Richard

Stothers for general comments on the treatment of stellar evolution;

Dr. Stothers for valuable discussions relating to the death of massive

stars; Dr. Patrick Thaddeus for his review of the new material on the

interstellar medium; Professors Neville Woolf and Kevin Prendergast for

many suggestions regarding the three chapters on galaxies; Dr. Sarah

Martin for her suggestions regarding the revision of the material on the

sun, and particularly the division into two chapters; and Dr. Vivien

Cornitz for her assistance in revising the chapters on the moon and for

many helpful discussions regarding Martian geology and the interpre-

tation of the Viking observations.

Our descriptions of the Viking biology experiments are based on many
informative discussions with Drs. Harold Klein, Cyril Ponnanperuma,

and Gilbert Levin. We thank Dr. Klein in particular for his description of

the intricate and overlapping logic of these experiments, and for his

careful explanation of the relative merits of the chemical and biological

interpretations.

The completion of the manuscript for the third edition depended on

the dedicated efforts of many other co-workers, especially Doris Cook,

Peggy Neuendorfer, and Susan Waldman. The very high competence

and spirit of cooperativeness of the Wiley staff continue to be a source

of pleasure to us. We are particularly grateful to our wise and helpful

editor, Donald Deneck, and to the understanding manager of College

Production, Patricia Lawson.

Robert Jastrow

Malcolm H. Thompson

February 1977
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Introduction: The Earth in Space

The earth seems vast and immobile; throughout three million years in

the prehistory of man, it has provided the stage for all human experience,

with the heavens seemingly no more than a backdrop of moving lights.

Modern astronomy was born in the contrary realization that space is vast,

and the world of men is small. Astronomical discoveries have their great-

est impact on human thought through man's continually evolving aware-

ness of the modest position of the earth in space.

THE COPERNICAN REVOLUTION

The Ancient Ideas

To anyone who follows the motion of the sun day after day, and the

motions of the moon and the stars night after night, it is obvious that the

earth is the hub of the universe and that all heavenly bodies revolve about The setting earth.

1-1



Figure 1.1 A planetarium photograph oi

the apparent paths of five planets.

it daily, paying homage to the abode of man. It violates the evidence of

the eyes to assert that the earth moves instead.

But there is one difficulty in accepting the picture of the earth as the

fixed center of the universe: in this picture a complicated system has to

be invented to describe the motions of the planets. Since ancient times,

observers of the heavens had noted that from night to night the stars moved

across the sky in a regular procession, from east to west, following the

motions of the sun and moon. In this nighttime procession the stars main-

tained the same position relative to one another; the stars of the Big

Dipper moved across the sky at that time, and still do today, as a unit.

But five objects in the sky did not hold the same relative positions; they

looped forward and backward from west to east and then from east to

west. The Greeks, observing this remarkable fact, called each of these

five celestial bodies the Greek word for wanderer, planetes, from which

we derive the word "planet."

Of course, the wandering motion was not observable in one night's

time. Over the course of a night, the planets, like the stars, always move
from east to west across the sky, reflecting the rotation of the earth about

its own axis in the opposite direction to their apparent motion. It was only

when the observations of planets were extended for a year or more, that

their positions relative to their nearest neighbors among the fixed stars

were seen to change in a complicated fashion.



Figure 1.1 is a photograph taken in a planetarium that shows the

changes in the apparent position of five planets— Mars, Venus, Mercury,

Jupiter, and Saturn — over a period of many months, as viewed from the

earth. The planets seem to go through a series of loops as they move
across the background of fixed stars. The looping motion of each planet

could be duplicated if the planet were anchored to the outer rim of a

wheel that was located on a track moving across the sky. When the ob-

served positions of the planets were plotted, they agreed fairly well with

this description of wheels rolling across the sky. But if the ancient

astronomers tried to make the calculated motions of the planets fit the ob-

servations accurately, the system became very complicated and cumber-

some. It had to be assumed that some of the wheels themselves rolled on

the rims of other wheels. The best job of fitting was done by Ptolemy, who
lived in the second century A.D. He and his followers found 80 wheels

within wheels were needed just for the five planets known at that time.

Some planets required wheels within wheels within wheels.

The Theory of Copernicus

In the sixteenth century, a Polish churchman named Nicholas Coperni-

cus proved that he could explain the complicated motions of the planets

in a much simpler way than Ptolemy, if he assumed that all planets,

including the earth, revolved around the sun. Copernicus proposed

further that each planet revolved around the sun at a different speed.

As a result, when a planet was viewed against the background of fixed

stars, sometimes it appeared to be moving forward and sometimes back-

ward, all depending on the relative speeds and positions of the two

planets in their orbits.

In this way, Copernicus showed that his theory could account for the

looping motions of the planets. However, he did not prove that the earth

and other planets revolved around the sun; he showed only that his the-

ory provided a simpler explanation of the facts than the alternative theory

of Ptolemy that the sun revolved around the earth.

But after Newton discovered the universal law of gravity in the seven-

teenth century, many people became convinced that all the planets, in-

cluding the earth, were in fact moving in orbits around the very massive

sun, held captive by its gravitational attraction. As yet, there was still no

direct proof that the earth moved around the sun, but the growing belief

in a universal force of gravity helped to make this idea more plausible.

Proof that the Earth Moves

During the course of a year, as the earth moves around its orbit, stars

nearer to the sun should shift their position relative to the more distant

Figure 1.2 The change in the apparent

position of a nearby star against the back-

ground of distant stars.



(a)
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Figure 1.3 Successive orbits of a satellite

provide proof of the earth's rotation.

stars (Figure 1.2). This shift in position is known as parallax.'* One of the

strongest arguments against the theory of Copernicus had been that no

parallax was observed. Actually the parallax was there but was too small

to be detected with the naked eye or even with early telescopes, because

all stars, even the closest, are exceedingly far away in comparison with

the diameter of the earth's orbit. It was not until 1838 that the telescope

reached a state of perfection such that in the hands of a very skillful

observer— the German astronomer, Bessel — the shift in the position of

a nearby star could finally be measured. Bessel's proof of the earth's

motion was obtained in 1838, 295 years after the death of Copernicus.

Rotation of the Earth

The clearest proof of the earth's rotation is provided by artificial satel-

lites. Suppose a satellite is launched from Cape Canaveral into an orbit

100 miles above the earth carrying it toward the southeast, at an angle

of 30 degrees to the equator (Figure 1. 3a). This would be a typical launch

trajectory from the Cape. Once the satellite is launched, the plane of

its orbit stays fixed in space, since no forces are exerted on the satellite

to change it. (This is only approximately true, but the change is small

enough to be ignored in the present discussion.) Therefore, if the earth

is not rotating, the satellite should pass over Cape Canaveral once in every

orbit. But it does not; it passes over Alabama on the completion of its

first orbit, over Louisiana at the end of the third, and so on (Figure 1. 3b).

Because the earth is rotating beneath the satellite, it passes over places

in the United States that are in this case 1000 miles farther west on each

orbit. This fact, which has been observed in all of the hundreds of satel-

lites that have been launched, directly proves the rotation of the earth.

Tilt of the Earth's Axis

The earth's axis of rotation is pointed in a direction that makes an

angle of 23.5 degrees with the perpendicular to the plane of the earth's

orbit (Figure 1. 4).

This fact does not make the earth an unusual planet in the solar sys-

tem. The direction of the axis of spin of a planet is determined by the

particular swirling motions of the gases out of which this planet con-

densed at the beginning of the solar system's history, when the sun was
still surrounded by a dense, turbulent cloud of gas and dust. As one

1-4
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1 The parallax can be seen clearly if you hold up your finger vertically with arm
extended and see it against the background closing first one eye, then another.

You will notice that the position of the finger seems to change markedly.



might expect, this situation produced a wide range in the angles of tilt

of the spin axes of the planets. The axes of rotation of Mars and Saturn

are tilted at nearly the same angles as the earth's axis (24° and 27°,

respectively). On the other hand, Jupiter's axis of rotation is almost

exactly perpendicular to the plane of its orbit, while Uranus spins lying

on its side, with its axis nearly in the plane of its orbit. ^^^^^^^^^
The earth's axis shifts its direction during the

course of time, always retaining, however, the same angle of tilt to the

earth-sun plane (ecliptic). Its movements are similar to the movement

of a spinning top, rotating very rapidly about its axis while the axis itself

revolves slowly about the vertical. This slow change in the direction of

the axis of a spinning object, whether the earth or a gyroscope, is called

the precession of the axis (Figure 1.5). The precession of the earth's axis

is produced by the gravity of the sun and moon, which tug at the equato-

rial bulge of the earth. Under the influence of these forces, the axis of

rotation revolves in a cone, completing a circle once every 26,000 years.

At present, the axis is pointed toward the North Star; 5000 years ago it

pointed in the direction of the star Thuban in the Constellation Draco,

and 12,000 years from now it will point in the direction of Vega, which

will be the replacement for the North Star at that point in the distant

future (Figure 1. 6).

Nutation. In addition to the slow movement of the axis of rotation,

completed once in every 26,000 years, there is also a smaller movement

of the axis, something like a wobble superimposed on the steady 26,000-

year drift. The wobble of the axis of rotation of a spinning object is called

nutation (Figure 1. 7). As a result of the nutation of the earth's axis of

rotation, the axis varies in its inclination to the plane of the earth's orbit

by somewhat more than one four-hundredth of a degree every 19 years.

Other Motions of the Earth

The stars in the Galaxy move randomly, each star buzzing around in

space like an atom in a gas of particles at a high temperature. The sun's

Figure 1.4 The tilt of the earth's axis.

^ — "" "" ""

. T

Figure 1.5

axis.

The precession of the earth's

Figure 1.6 Change in the direction of the

axis of rotation.



random velocity at this moment is carrying it toward Vega — a bright star

directly overhead in the autumn sky around 9 p.m. — at a speed of 12

miles a second. The earth accompanies the sun in its flight toward Vega,

tracing a spiral through space (Figure 1.8).

The sun and the other stars in the neighborhood of our solar system

revolve slowly around the center of the Galaxy. In the course of this

motion, our solar system completes one full turn around the Galaxy in

250 million years, covering a distance of nearly one million trillion miles

in that time at an average speed of 200 miles per second.

The entire Galaxy, carrying the earth with it, is moving through space

relative to other nearby galaxies. As a consequence of this motion, our

Galaxy and the Andromeda Galaxy— our nearest large galactic neighbor-

are approaching one another at a speed of 180 miles per second. The

earth is carried along with our Galaxy in this motion.

Thus the motion of the earth is very complicated. It rotates about its

axis, revolves around the sun, moves with the sun around the center of

the Galaxy, and moves with the Galaxy on its journey toward Andro-

meda. Perhaps, the earth participates in still other movements, at even

higher speeds. If it does, we probably will never be able to detect the

motion. We cannot say that we know all the motions of the earth; we
can never define an absolute space through which the earth moves,

heading in some ultimate direction at a definite speed.

Figure 1.7 Nutation.
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Figure 1.8 The earth's spiraling motion
through space.

THE MOON AND THE EARTH

The moon accompanies the earth on its journey through space, revolv-

ing around our planet every 27.3 days in a nearly circular orbit. The

relative positions of the sun, earth, and moon change continually as a

result of the motion of the moon around the earth and the earth around

the sun, creating phenomena of great beauty as well as practical

importance.

The serene passage of the moon's silver orb across the heavens has

excited the admiration of poets since the dawn of language:

"The starry host, rode brightest, till The moon,
Rising in clouded majesty, at length

Apparent queen, unveil'd her peerless light,

And o'er the dark her silver mantle threw."

Milton

But the moon also exerts a strong influence over the practical affairs of

men because of its exceptional size and mass in comparison to its parent

planet. No other satellite in the solar system approaches the moon in

this respect. The large size of the moon enables it to cast a giant shadow

over parts of the earth on occasion, when the movements of the moon
and the earth bring them into a straight line with the sun, in the phenom-

enon known as a solar eclipse. The massiveness of the moon creates a



powerful gravitational pull that causes large areas of the land and the

oceans to bulge outward along the earth-moon line by amounts ranging

from a few inches to many feet, in the phenomenon known as the tides.

The Phases of the Moon

The light we see coming from the moon is reflected sunlight. Half the

lunar surface is always in sunlight, but to us the moon's face appears to

change shape because we see varying portions of the sunlit side as the

moon revolves around the earth. The moon is invisible when it is be-

tween the earth and the sun, partly because the side facing the earth is

in shadow, but also because in this position the moon, being near the Figure 1.9 The phases of the moon.



Figure 1. 10 Rise oi the first-quarter moon.

sun in the sky, is lost in the solar brilliance. When the moon is a little

off the earth-sun line, we can see the thin crescent of the illuminated

edge. When the moon is on the opposite side of the earth from the sun,

its fully lighted face dominates the nighttime sky.

The shapes successively assumed by the moon are referred to as its

phases. The phases of the moon proceed from new moon to crescent,

to first quarter, to gibbous, to full moon, and then, in reverse order for

the remaining half of the cycle, through gibbous, third quarter, and

crescent to new moon again (Figure 1.9). In the quarter phases, exactly

one-half of the moon's visible face is illuminated. For this reason the

moon in its quarter phases is often described as being half full, or as

a half moon.

As the moon progresses through the first half of its cycle from new to

full, it is called a waxing moon. In the second half of the cycle it is called

a waning moon. The cycle takes 29.5 days.

To astronauts looking back at earth from the moon, the earth goes

through the same sequence of phases that we observe the moon going

through. Any particular phase of the earth, however, will be opposite

the phase of the moon. If we see the moon in the third quarter, the astro-

nauts see a first quarter earth.

Moonrise and Moomef. The times at which the moon rises and sets

can be worked out from studying Figure 1.9. These times depend on

the phase of the moon. For example, suppose the moon is in its first

quarter. Suppose an observer is standing on the earth at a point in which

the sun is directly overhead, that is, the local time is noon, as shown in

Figure 1.10. In this figure the earth is viewed from above the North Pole,

and the earth is therefore rotating in a counterclockwise direction. As

the earth rotates, the observer sees the moon rising above his eastern

horizon. The moon appears to be half full with the illuminated half up.

This same observer sees the moon directly overhead at 6 p.m. Around

midnight the moon sets on his western horizon with the illuminated half

facing down. The actual time of setting is delayed somewhat by the fact

that the moon's own motion, which is counterclockwise around the

earth, carries it backward toward the east with respect to the stars

during the night.

The times of moonrise and moonset for all phases of the moon are

given in the table below.
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These times are not precise because they neglect the moon's motion as

noted above and also because they assume that the moon's orbit is a per-

fect circle in the same plane as the earth's orbit and that the observer

is standing on the equator. The actual times of the moon's rising and

setting found in newspapers may differ from the times in the table by

more than one hour at the latitudes included within the continental

United States.

Solar Eclipses

When the moon passes between the sun and the earth, it blocks all

or a part of the sun's rays from some regions of the earth. This event,

called a solar eclipse, is the most awesome of all astronomical phe-

nomena if the rays of the sun are entirely blocked from the observer.

As the moon slides over the disk of the sun, an unnatural darkness

descends on the earth, and the birds cease their chatter. For several

minutes the moon blots out the sun entirely, the temperature of the air

drops, and the solar corona — the sun's outer atmosphere— appears as a

pearly, shimmering halo around the moon's black shadowing disk. The

brighter stars and planets become visible in the sky at this time. During

the next hour the face of the sun reveals itself again, growing from

a thin crescent to its full brilliance as the moon continues on its way.

The ancients regarded eclipses as harbingers of important events. Many
ancient societies kept careful eclipse records, but the Babylonian

astronomers were exceptional among ancient peoples in the attention

that they devoted to the compilation of these events. References to

eclipses can be found in cuneiform inscriptions on Babylonian tablets

that date back to the second millenium B.C. An example of a reference

to what appears to be an eclipse is found in a tablet describing unusual

events, such as the appearance of a bearded woman, a four-horned

sheep, and a talking corpse. Figure 1.11a shows a tablet in this series.

The fourteenth line of the tablet (Figure 1.1 1b) says that,

On the twenty-sixth day of the month Sivan in

the seventh year the day was turned to night,

and fire in the midst of heaven ( ).

The event it describes could equally well be interpreted as a thunder-

storm or an eclipse; but because the rest of the tablet is concerned with

truly exceptional events, it is very likely that this passage described a

total eclipse, in which the "fire in the midst of heaven" was the flickering

solar corona during the few minutes of totality.

Astronomers can compute the dates of occurrence of eclipses with

great precision — for thousands of years in the past as well as in the

future. They know the orbits of the earth and the moon with sufficient

accuracy to be able to calculate the times at which the sun and the
1-9

moon will be in line with a particular point on the earth. Starting from the earth in



Figure 1.1 lia) A Bab\ Ionian tablet record-

ing an unusual e\ent interpreted as a total

solar eclipse, (b) Lines from the tablet in-

cluding the statement, "the day was turned

to night."
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the observed positions of the earth and the moon at the present moment,

and using their knowledge of the orbits, they trace the motion of the earth

and the moon forward and backward in time, predicting the exact

moments and the locations on the earth at which an eclipse is to be visi-

ble. The astronomical calculations confirm the occurrence of an eclipse

in eleventh-century B.C. Babylon in the early afternoon of July 3 1 , 1 062 B.C.

Total Eclipses. The moon's path around the earth is an ellipse that

carries it out to a maximum distance of 253,000 miles and in to a mini-

mum distance of 221,000 miles once each month. If an eclipse occurs

when the moon is close to the earth so that its apparent diameter is great

enough to block all the rays of the sun, the resultant eclipse is said to be

total (Figure 1.12). This combination of circumstances occurs once every

two or three years, on the average, at some point on the earth. A total

eclipse can be seen at a given spot on the earth only once every 360 years.

The period of totality of a solar eclipse is usually two to three minutes,

and cannot last for more than seven minutes. The last total solar eclipse in

the United States occurred on March 7, 1970, and was visible along

an arc running across the Gulf of Mexico and up the east coast (Figure

1.13). The duration of totality was three minutes along the central line



Figure 1.12 Positions of the earth and
moon during a total eclipse.

of the eclipse swath. The next solar eclipse visible from the United States

will occur in 1979. Total solar eclipses visible from other parts of the

world occurred in 1976 and others occur in 1977, 1979, and 1980.

The Annular £< //pse. If a solar eclipse occurs when the moon is at its

greatest distance from the earth, the moon's apparent diameter will

be smaller than the diameter of the sun, and the outer rim of the sun's

disk will remain visible throughout the eclipse, even for a location on

the earth that lies exactly on the line between the centers of the moon
and the sun (Figure 1.14). From such a location, at the midpoint of the

moon's passage between the sun and the earth, the moon will appear

to be a black disk surrounded by the bright ring of the sun's outer layers.

This type of eclipse is called annular. Annular eclipses occur with a

slightly higher average frequency than total eclipses. Figure 1. 15 shows

an annular eclipse, with an uneven pattern of illumination around the

edges of the moon's disk, caused by rays of sunlight streaming through

the lunar valleys. ^^^^^
The Partial Eclipse. A partial eclipse occurs when the moon is close

to the sun-earth line, but not close enough to completely block the

sun's rays from any region on the earth. On the regions of the earth that

lie within the path of the partial eclipse, the moon's disk will bite into

the sun but will never cover it entirely. Partial eclipses occur more

frequently than total or annular eclipses. Figure 1.16 shows the sequence

of events in a partial eclipse. The moon begins to block out the sun at (a),

reaches maximum coverage at (b), and recedes to a small bite again at

(c). The total time span from (a) to (c) is about two hours.
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Figure 1. 13(a) The total eclipse of March 7,

1970 (right).

Figure 1.13(b) The shadow of the moon
moving over the earth's surface from Florida

to the North Atlantic, photographed from a

satellite during the eclipse of March 7, 1970
(below

K
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Lunar Eclipses

Lunar eclipses occur at full moon when the earth, moon, and sun are

in a straight line and the moon lies behind the earth, that is, in the full-

moon phase (Figure 1.17). They are visible at any place on the earth at

which the moon is also visible, in contrast to the solar eclipse, which
usually is visible only in a narrow band on the earth's surface, less than

100 miles across. During a total lunar eclipse the moon receives no
light except that which is bent around the edges of the earth by refrac-

tion in the earth's atmosphere, which acts like a lens, focusing sun-
light to the moon. The blue component in this refracted light is reduced
in intensity by scattering in the atmosphere of the earth, and the moon
is illuminated by sunlight depleted in the blue wavelength, making it

appear a dull coppery-red color. As the lunar eclipse develops, the earth's

shadow sweeps across the face of the moon at a speed of about 2000
miles an hour.

The earth's shadow as it appears on the moon is clearly circular. The
Greeks noticed this fact 2400 years ago and concluded then that the

earth is spherical and not flat.



Figure 1.14 Positions of the earth and

moon during an annular eclipse.

Figure 1.

1

5 Fhe annular et lipse of April

28, 1930.

The Eclipse Seasons

From the study of the phases of the moon, you would expect a solar

eclipse to occur every month at the new moon, and a lunar eclipse to

occur every month at the full moon. In fact, they only occur on the
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Figure 1.16 Appearance of the sun as (he

moon crosses its face during a partial

eclipse.

Figure 1.17 A lunar eclipse.

average every six months, during the semiannual eclipse seasons. The

explanation for their failure to occur at other times is connected with

the fact that the moon's orbit is tilted at an angle of 5.2 degrees to the

plane of the earth's orbit (Figure 1.18). As a result, during most of the

year the moon is out of the earth's orbital plane at the new moon as well

as the full moon, and an eclipse cannot take place (Figure 1.19).

Twice each month, the moon passes through the earth's orbital plane.

The points at which it passes through this plane are marked by A and

B in Figure 1.18. These points are called the nodes of the orbit, and the

line AB is known as the line of nodes. As the earth and moon together

revolve around the sun, the plane of the moon's orbit stays fixed in

space, 2 and the line of nodes also keeps a fixed direction in space

(Figure 1. 20). Twice each year, when the line of nodes points to the sun,

an eclipse can occur. At other times of the year, when the line of nodes

does not point toward the sun, solar and lunar eclipses cannot occur.
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2 This, is not precisely true; actually, the plane of the moon's orbit precesses

slowly about the normal to the ecliptic, completing one revolution in about

19 years. In one year the shift in orientation is small enough so that the descrip-

tion in the text is accurate.



Moon

Figure 1.18 The tilt oi the plane oi the

moon's orbit to the plane of the earth's

orbit.



Figure 1.21 Explanation of the tides: the

lengths of the arrows indicate the relative

strength of the moon's gravitational pull on
various parts of the earth.

greater than its pull on the rest of the earth. The side of the earth facing

the moon bulges out as a result of this effect. The bulge toward the moon
is called the lunar tide.

The height of the lunar tide is greatest when a large body of water,

such as one of the major oceans, faces in the direction of the moon, since

water can flow freely in response to the extra force. Tides in the open

ocean or sea are approximately two feet high. If the ocean or sea tide is

channeled into a narrow opening, for example the mouth of a river, the

height of the tide can be much greater than two feet. In the Bay of Fundy,

on the border between Maine and Canada, the tide sometimes reaches

a height of 50 feet.

When a continent faces the moon, the solid rock resists the moon's

gravity. The tide is not zero, however, because even the solid rocks of

the earth's interior yield to some degree when a force is applied to them.

The response of the continents to the moon's pull, called a land tide, is

usually no more than a few inches in height. Nonetheless, it can be easily

measured with modern instruments, which are able to detect changes in

the force of gravity as small as one part in a billion.

There is also a tidal bulge on the side of the earth facing away from

the moon, equal in height to the tide facing toward the moon. This fact

seems puzzling at first, but has a simple explanation. As mentioned

above, the moon pulls most strongly on the side of the earth facing it;

it pulls less strongly on the interior of the earth; and it is weakest of all

on the side facing away from it. In Figure 1.21, the moon's pull is repre-

sented by the arrows A and 6, whose lengths are proportional to the

strength of the force of the moon's gravity at the two places. The force

A tends to pull the ocean away from the solid body of the earth, causing

the ocean tide on the near side. On the far side, because the force B is

weaker than at any other point, the ocean tends to be left behind with

respect to the underlying earth, causing the tidal bulge on that side. The

height of the tidal bulge depends on the rate at which the moon's pull

falls off with increasing distance from the moon. This rate is about the

same on the near and far sides of the earth, hence the tidal bulge, and,

therefore, the height of the tide is the same on the two sides (Figure 1.21).

The Solar Tide. The sun's gravity also pulls on the part of the earth

facing the sun more strongly than it pulls on the other parts of the

planet. Thus, like the moon, the sun tends to raise a tide on the earth.
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Although the sun is much more massive than the moon, it is also much
further away. As a result, the tide-raising force of the sun is less than half

as strong as that of the moon. However, twice each month the sun and

moon work together to produce exceptionally large tides. These are the

times when the moon is new and the moon and sun are on the same
side of the earth and when the moon is full and the sun and moon are

on opposite sides.

Moon's pull

Full

moon i
Sun's pull

P
Sun

Earth 1
The tides produced on these occasions, called spring tides, are 20 per-

cent higher than the average tides.

On two other occasions in each month, the sun and moon are at right

angles with respect to the earth. These situations occur when the moon
is in the first or third quarter.

At these times the sun's gravity works to draw away the water from the

points on the earth's surface to which it would be pulled by the moon's

tidal force. Since the sun's tidal force is not as strong as the moon's, a

1-17





sun and stars, and, for this reason, the moon was the favorite calendrical

timepiece of most people in early times.

The Moon as a Calendar

Keeping track of the phases of the moon from new moon to full moon
to new moon again, observers of the sky must have noted very early in

human prehistory that by counting 12 full moons from the start of spring

in one year, they would arrive at the start of spring in the following year;

that is, 1 2 cycles of the moon added up to one cycle of the seasons. But

the 1 2-month lunar calendar has a defect. A cycle of the moon lasts 29.5

days as viewed from the earth. 3 Therefore, 12 lunar cycles contain

12 x 29.5 = 354 days. The earth, however, completes one full turn

around the sun in 36514 days; that is, the year is 365V4 days long. Thus,

when 12 months have gone by in the lunar calendar, the earth is still

1 1 V4 days short of completing a full circuit around the sun. If the begin-

ning of spring in one year is marked by the appearance of the full moon
on a certain date, and 12 lunar cycles are counted off, the result will be

1 1 Va days short of the true start of spring in the following year.

For the first agriculturists, the discrepancy between the 12-month lunar

year and the solar year could create a serious problem. If the lunar cal-

endar were followed as much as three years in a row without correcting

for its errors, it would predict the start of spring 34 days too early, in

the winter cold of February. To solve this problem, societies that relied

on the lunar calendar fell into the habit of throwing in an extra month

now and then, making 1 3 months in the year, in order to bring the lunar

calendar and the cycle of the seasons back into agreement. For example,

an official document issued to the inhabitants of ancient Israel around 1 00

a.d. stated: "We make known to you that the lambs are small and the

young of the birds are tender and the time of the corn-harvest has not

yet come, so that it seems right to me and my brothers to add to this

year thirty days."

The Sun as a Calendar

The observation of the sun from day to day provides a more reliable

calendar than the cycles of the moon. The observation consists in de-

3 The actual period of revolution of the moon in space is 27.3 days. This is its

sidereal period, that is, its period measured by the fixed stars. The value of 29.5

days is the synodic period. The 2.3-day difference is due to the fact that the

earth's orientation in space changes by roughly (29.5 + 365.25) x 360 degrees

or 29 degrees during one cycle of lunar phases, and the moon must revolve . -_

through this additional angle in order to present the same appearance— for exam-

ple, new moon to new moon — to an observer fixed on the earth.



Figure 1-23 Borneo tribesmen measure
the length oithe sun's shadow.
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termining the highest position of the sun each day— that is, the elevation

of the sun above the horizon at local noon — and recording the changes

in this highest position during the course of a year. But how does the

observer fix the time of local noon accurately? Ancient peoples and primi-

tive peoples today could drive a stick into the ground and observe the

length of its shadow; when the shadow is at its shortest during any

particular day, the time is noon (Figure 1-23). The length of the noontime

shadow will itself vary from day to day during the course of the year.

When the noontime shadow is longest, the sun is at its lowest elevation in

the sky, marking the beginning of winter. The day on which the noontime

shadow is shortest marks the beginning of summer. On the modern calen-

dar these days usually correspond to December 21 and June 21, respec-

tively.

The Stars as a Calendar

In certain parts of the world, knowing the time of the year was impor-

tant for another reason. In these regions the planting season was de-

termined by the overflowing of a major river, rather than the arrival of

the spring season. Mesopotamia and Egypt were parts of the world in

which agriculture was ruled by the river. Mesopotamia occupied the

flat terrain between the Tigris and Euphrates Rivers, where the country of

Iraq stands today, while ancient Egypt included the territory occupied

today by modern Egypt and the Sudan — the lands through which the

Nile flows on its way to the Mediterranean. In both areas the terrain in

the neighborhood of the river was relatively dry and flat. Each year, when
the spring came, the rivers rose, overflowed their banks, flooded the sur-

rounding territory, and deposited a rich layer of silt over large areas,

renewing the fertility of the land. This annual flood was the most signif-

icant event of the year; it was essential to be able to predict when it

would recur, because prompt preparations had to be made for the plant-

ing that followed.

The Egyptians probably used the moon and sun as calendars in their

first efforts to predict the onset of the annual flood, but sometime during

the third millenium B.C., an astute Egyptian observer of the heavens

noticed that, by a fortuitous coincidence, the bright star Sirius happened

to be a marker star for that event, for in most years Sirius became visible

above the eastern horizon at Memphis, the capital of ancient Egypt, just

before sunrise on the day when the Nile began to rise.

Observations of other stars showed that they, too, appeared above

the horizon on fixed days of the year. Thus, observations of the stars

could serve as well as the observation of the sun in revealing the com-
pletion of a year. Probably through their observations of the stars, the

Egyptians found that one year contained 365 1
/4 days.
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The Modern Calendar

Many ancient civilizations, including Rome, used the lunar calendar

with an extra month added now and then as needed. Sometimes officials

charged with adjusting the calendar were negligent; for example, when
Julius Caesar came into power in Rome in 46 B.C. the official calendar

year had fallen out of line with the season of the year by about three

months. Caesar knew of the Egyptian discovery that the length of the year

was 36514 days, and he devised a new calendar to fit this discovery. The

new calendar contained 1 2 months, as did the traditional lunar calendar,

but the months were of unequal length, with 30 days in some, 31 days

in others, and 28 days in February. The entire calendar was constructed

so that the number of days in the year added up to 365.

If he had stopped at this point, the calendar would have lagged behind

the march of the seasons nearly one month in every century. In order to

correct for this error, Caesar introduced the leap year; that is, he allotted

an extra day to the month of February every four years, giving it 29 days

in place of its normal complement of 28. In this way, the calendar

achieved an average year of 365 Vi days.

The calendar devised by Caesar came to be known as the Julian

calendar. It worked well and was used by the Western world for many
centuries, but it still was not perfect, because the accurate length of the

year is 365 days, 5 hours, 48 minutes, and 48.7 seconds, or 1 1 minutes

and 1 1.3 seconds less than 365V4 days. This small discrepancy, accumu-

lating year after year, adds up to approximately three quarters of a day

per century. Since Roman times, the year would have slipped behind

the seasons by 1 5 days or more than two weeks.

By the sixteenth century the problem had become serious. In 1 582

Pope Gregory XIII introduced a new calendar in all Roman Catholic

countries, in which leap years would not occur at the turn of the century

unless the tum-of-the-century year were divisible by 400. Thus, 1900

was not a leap year, although 1896 and 1904 were; but the year 2000

will be a leap year, and the next turn-of-the-century leap year, after

2000, will be 2400.

In the system proposed by Pope Gregory, known as the Gregorian

calendar, the remaining error was only 26 seconds per year. This small

discrepancy, which makes the Gregorian calendar fall behind the

seasons by one day in 3300 years, is not important in most activities.

THE CELESTIAL SPHERE

The motion of the earth makes it difficult to fix the positions of celestial

bodies. In observing the stars, the astronomer as well as the amateur

stargazer is confronted by the problem of the man trying to keep his eye
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on a distant object as he rides a merry-go-round. The solution adopted

by modern astronomers is based on a concept borrowed from the

ancients, who thought of the sky as a spherical dome covering the

heavens, across which the sun, moon, planets, and stars moved in stately

procession. This rigid dome, spanning the vault of the heavens, is called

the celestial sphere.

Latitude and Longitude

The description of position on the surface of the earth in terms of

latitude and longitude serves as a useful introduction to the celestial

sphere and the methods used for specifying the positions of stars in the sky.

Latitude and longitude are defined in terms of two types of planes that

cut the earth's surface. The starting point for the definitions is the rotation

of the earth. The axis of rotation intersects the earth's surface at the

North and South Poles.

Axis of

rotation

South Pole
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The equatorial plane is perpendicular to the axis of rotation and cuts

the earth's surface midway between the poles. The line in which it cuts

the earth's surface is the equator.

Equatorial plane



A plane perpendicular to the equatorial plane, and passing through

the North and South Poles, is called a meridian plane. The circle in

which it cuts the earth's surface is called a meridian or meridian circle.

Longitude. The meridian circle passing through a particular point is

called the local meridian of that point. The particular meridian that

passes through the earth's surface at the original site of the Greenwich

Observatory in England is called the prime meridian, or Greenwich

meridian. The longitude of a point on the earth's surface is the angle

between the meridian plane passing through that point and the plane of

the prime meridian passing through Greenwich.

The definition is ambiguous as written, because the angle could be

either the one shown in the diagram, which is measured between the

"front" surfaces of the plane, facing the viewer, or it could be the angle
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between the "rear" surfaces, facing away from the viewer. The sum of

these two angles equals 360 degrees. According to the convention, the

angle between the "front" surfaces, which is the smaller of the two

angles, is defined as the longitude. With this convention, the longitude

is always less than or equal to 180 degrees.

All longitudes are expressed in degrees east or west of the prime

meridian. If the meridian of a point, for example, is 30 degrees west of

the prime meridian, its longitude is written as 30°W or 30W. If the

meridian of the point is 30° east of the prime meridian, its longitude is

written as 30°E or 30E. If, for example, a ship starts at the Greenwich

meridian and moves steadily westward, its longitude increases from

0°W to 180°W. At the moment immediately after reaching 180°W, the

longitude changes abruptly to 180°E.

The two longitudes, 180°E and 180°W, represent the same meridian,

which is the continuation of the Greenwich meridian on the other side

of the earth.

If the ship continues its westward motion beyond 180°W, its longitude

decreases, and becomes zero when the ship returns to the Greenwich

meridian.

Sometimes the longitude is expressed in other ways. It may be written

as the angle from the prime meridian to the local meridian, running

counterclockwise (eastward) when the earth is viewed from above the

north pole. In this system, longitudes may range to 360°, and the point

in the example above, with a longitude of 30°W in the conventional

system, would have a longitude of 330°.

Longitude may also be specified as the angle running clockwise

(westward) when the earth is viewed from above the north pole, in

which case in the above example the longitude would be simply 30°.

However, the definition first given, in terms of the smaller angle between

the Greenwich meridian and the local meridian, is the one most fre-

quently encountered.

Latitude. The second type of plane used to define position on the

earth's surface is a plane parallel to the equatorial plane. Such planes,

passing through the earth's surface between the equator and the poles,

cut circles on the surface called parallels of latitude.

1-24

THE EARTH IN SPACE

Equatorial plane



To define the latitude of a point, draw two lines in the plane of the

local meridian, from the center of the earth to the equator and to the point

in question. The latitude is the angle between these lines.

Latitudes are measured in degrees north and south of the equator, and

range from 0° to 90°N or 90°S (also written 90N or 90S) at the poles.

Relation Between Distance on the Earth's Surface and Latitude/ Longi-

tude Coordinate^ Ninety degrees of latitude extend over a quarter of the

earth's circumference, or roughly 6200 miles. Thus, one degree of lati-

tude is equivalent to a distance of 6200 -s- 90 or 69 miles on the earth's

surface.

One degree of longitude corresponds to a variable distance on the

earth's surface, according to the latitude. Since a parallel of latitude at

latitude A has a circumference equal to 2ttR cosX (R = earth's radius),

one degree of longitude at that latitude corresponds to a distance equal

to 69 cosa miles.

The Positions of Stars

Just as we locate the position of an object on the earth by specifying

its latitude and longitude, in the same manner astronomers locate the

positions4 of stars in the heavens by marking off lines of latitude and

longitude on the celestial sphere. The position analogous to latitude is

measured in degrees north or south of the celestial equator, defined as

the projection of the earth's equator onto the celestial sphere. Positions

4
Position and location are used interchangeably with direction in this context.

Normally the position of an object means its location in space, including m
the case of stars, not only the direction of the star along the line of sight from

the earth, but also its distance from the earth. However, the celestial sphere is

assumed to be infinitely far away. Two stars that are at different distances but lie

on the same line of sight from the earth will have identical coordinates on the

celestial sphere.
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north or south of the equator are given plus or minus signs, respectively.

The position of a star analogous to latitude is called its Declination,

abbreviated Dec.

The positions analogous to longitude, however, cannot be defined in the

same way as longitude on the earth, because the earth's lines of longitude

rotate with it and sweep across the celestial sphere. Coordinates on the

celestial sphere must be fixed in space and not moving with the earth,

since they are intended to describe the locations of fixed stars. Astron-

omers have agreed to select a fixed point on the celestial equator to be

used as the starting point for marking off degrees of longitude for stars,

just as the Greenwich meridian is used as the zero-point for measuring

degrees of longitude on the surface of the earth. According to their agree-

ment, the chosen place on the celestial equator is marked by the direction

of a certain point located in the constellation Pisces. The zero-point

direction is defined more precisely as the direction of the line formed by

the intersection between the earth's equatorial plane and the plane of

the earth's orbit. This point is called the vernal equinox. 5 Because of the

precession of the earth's axis of rotation, the chosen direction is not fixed

in space but moves slowly through a circle, completing one circuit every

26,000 years (see page 1-5). An accurate statement of the coordinates of

a celestial body includes a reference to a specific year, indicating that

these coordinates are based on the position of the longitude zero-point

in that year.

The east-west position of a star is marked off in degrees running

eastward around the celestial equator, ranging from zero degrees at the

position of the vernal equinox to 360 degrees on the return to this point.

With the selection of a zero-point on the celestial equator, we have com-
pleted the definition of the coordinate system required to locate stars and

other objects on the celestial sphere (Figure 1-24).

Sidereal Time: Right Ascension

The stars revolve overhead as the earth turns on its axis. Once in every

rotation of the earth, an observer on the ground looks out into the same

direction of the sky and sees the same stars in the same positions. For

this reason, the period of rotation of the earth is called the sidereal day

(Latin: sider— star). The length of the sidereal day is 23 hours, 56 minutes,

and 3 seconds..

A day is usually defined as having precisely 24 hours. Why is the

sidereal day— or period of rotation of the earth — shorter by approxi-

mately four minutes? The answer is that the 24-hour day is a solar day,

defined as the interval from noon to noon, that is, the interval from the

5 The vernal (of the spring) equinox (night equal to day) is the point on the

celestial sphere at which the sun is to be found on March 21. Its name derives

from the fact that when the sun is at the vernal equinox, spring begins in the

THE earth in space Northern Hemisphere and the day and night each have 12 hours.
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time the sun is at its highest point in the sky on one day to the time at

which it reaches its highest point on the following day. One solar day

is longer than the period of rotation of the earth because during the time

in which the earth turns on its axis, it also moves along its orbit. As a

result, the direction from the earth to the sun changes by a small amount

from one day to the next (Figure 1.25). It is clear from Figure 1.25 that

in the period from noon to noon the earth completes slightly more than

one turn; consequently, the solar day is slightly longer than the sidereal

day. ^^^^^^^^^^^^^^^^—
The difference turns out to be approximately four minutes because

the earth completes a full orbit of 360 degrees in 365 days, and thus

advances along its orbit through an angle of (360/365) degrees, or nearly

one degree, in each day of the year. Consequently, the direction of the

sun at noontime shifts by about one degree each day. The earth rotates

through 360 degrees on its axis in approximately 24 hours or 1440

minutes, corresponding to a rate of rotation of one degree in four minutes.

Thus, four minutes elapse while the earth rotates the extra degree re-

quired to complete a solar day.

Sidereal Time Versus Solar Time. If you observe the position of a

particular star at, say, 9 p.m. on a certain evening, and look for that star

at 9 p.m. on the following evening, you will find that it is slightly to the
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Figure 1.25 The daily shift in the apparent

position of the sun at noon, as the earth

moves in its orbit.

west of the position it had on the previous night, because the earth has

rotated four minutes or one degree past a complete turn. However, at

8:56 p.m. on the second night you would find this star at its original

position, and again at the same position at 8:52 p.m. on the night after

that. If you adjusted your watch to run four minutes fast each day, each

star would appear in the same position after an apparent lapse of 24

hours. The watch would then be keeping sidereal time. A sidereal

watch — running four minutes fast each day— would be a great conveni-

ence to a person who observed the stars a great deal, because all the

stars would return to their identical positions in the sky every 24 hours.

In sidereal time a star appears on the horizon, rises to its highest point

in the sky, and sets at the same time throughout the year. Astronomical

observatories find it useful to have clocks that keep sidereal time, but

an astronomer will soon get into trouble if he decides when to go home
on the basis of a sidereal clock, 6 because he will be home four minutes

earlier every day, and after six months he will expect his dinner at break-

fast time. Clocks that keep solar time are preferable for the regulation

of practical affairs.

Right Ascension. The position of a star on the celestial sphere was
defined above in terms of celestial latitude and longitude, each expressed

in degrees. Astronomers frequently use a mixed system of coordinates
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6 An observatory sets its sidereal clock to read zero hours when the zero-point of

longitude on the celestial equator is "overhead," that is, at its highest point in

the sky. Different observatories have sidereal clocks set to different times, just

as people live in different time zones. Of course, all sidereal clocks run at the

same sidereal rate.



in which celestial latitude is given in degrees north or south of the celes-

tial equator, but celestial longitude is given in hours, minutes, and

seconds of sidereal time, calculated from the celestial longitude in

degrees by applying a ratio based on the equivalence of 360 degrees

to 24 sidereal hours. The celestial longitude of a star expressed in these

units is called its Right Ascension (R.A.). The Right Ascension runs east-

ward around the celestial equator from zero hours at the zero-point on

the equator to 24 hours at the same point after completion of a full circle.

If a star lies 90 degrees east of the zero-point, for example, its Right

Ascension is 6 hours. If the star lies 210 degrees east, its Right Ascension

is 14 hours. Table 1.1 lists the 20 brightest stars in the sky with their co-

ordinates in Declination and Right Ascension, as they would appear in

a standard star catalog.

The convenience of Right Ascension is connected with the concept of

sidereal time. An astronomer knows that on any night of the year a star

he is observing will be "overhead," that is, at its highest point in the

sky, when the time on his sidereal clock is the same as the star's Right

Ascension.

Table 1.

1

The Twenty Brightest Stars in Order
of Decreasing Brightness



THE CHANGING NIGHT SKY

On a clear autumn evening in most locations in the United States, the

brightest stars in the sky have the appearance shown below in Figure

1.26. Deneb, Vega, and Altair form a conspicuous triangle overhead,

and two ensembles of stars nearer the horizon are grouped in the char-

acteristic shapes of the constellations Capricornus and Sagittarius.
7

But on a spring night in the same location, most of these stars are gone,

and their places are taken by an entirely different group dominated by the

Dog Star, Sirius — the brightest star in the sky — and by the constellations

Canis Minor, Gemini, Leo, Orion, and Canis Major8 (Figure 1.27). Year

after year the same stars and constellations return, each in its proper

season. Every winter evening the Constellation Canis Major appears;

7 The Goat and the Archer.
8
Little Dog, Twins, Lion, Hunter, and Great Dog.

Figure 1.26 The Autumn sky.
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every summer Canis Major disappears, and other constellations, such

as Leo, appear in its place.

The explanation for these changes is connected with the revolution of

the earth around the sun. Each night a person looks out into space along

a slightly different direction than on the previous night because the earth

has moved a small distance along its orbit during the past 24 hours

(Figure 1.28). The change in direction is only one degree every 24 hours,

and its effect on the position of a star is too small to be noticed by the

naked eye from one night to the next, but as the earth continues along its

orbit during the course of weeks, the change in direction becomes sub-

stantial. After six months the earth has moved to the other side of its or-

bit, and the observer of the night sky, looking out at a different part of the

universe, sees a different family of stars.

On page 1-21 we noted that a star rises four minutes earlier every night

as a consequence of the difference between the sidereal and solar days.

The complete alteration in the appearance of the night sky in six months is

Figure 1.27 The Spring sky.
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Figure 1.28 The changing view of the

night skv as the eanh moves in its orbit.

Earth 2 days later

Earth 1 day later

Night

sky

Earth

the result of a large number of four-minute daily changes. Four minutes a

day summed over six months adds up to 12 hours, signifying that a star

visible in the night sky at one time in the year will be in the day sky, and

invisible, six months later.

Figure 1.29a shows the earth at the point of its orbit that corresponds to

the month of September. At this time, the night side of the earth faces a

part of the sky in which the constellations Capricornus and Sagittarius

are located, and a person observing the night sky will see these two con-

stellations in that month. Figure 1.29b shows the earth in the position of

its orbit that corresponds to the month of March. At this time the night

side of the earth looks out into the part of the sky containing the con-

stellation Leo. Therefore, Leo will be visible to a person observing the

night sky during March.

INTERESTING OBJECTS IN THE NIGHT SKY

Figure l.29(a & b) Changes in the appear-

ance of the sky during the course of the

year: fai September (b) March. The arrows

on the night side point toward the constella-

tions that are on the meridian at 9p.M. in the

indicated months.
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The changes described above can be verified readily by the untrained

observer if he watches the prominent constellations during the course of
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Leo f*»



several months. We assume that the reader is embarking on his study of

astronomy at the beginning of the autumn or the spring term, and choose

September and February skies as an example. Among the objects visible

in these months are some that play an important role in the story of stellar

evolution to be unfolded in Part One. These objects, described below, are

easy to find provided that the night is clear. The descriptions of their po-

sitions assume that the observer is out in the field around 9 p.m. on a

September or a February evening.

September. As a start, orient yourself with respect to north and south,

using the North Star, a compass, or your memory as to where the sun rises

and sets. Face south and tilt your head back as far as you can, so that you

are looking at the zenith, which is the point in the sky directly above your

head. You will see a triangle formed by three bright stars (Figure 1.30). It

is a huge triangle, extending from the zenith nearly halfway to the

southern horizon, and it is impossible to miss. The triangle is "upside

down," that is, its base is at the top, near the zenith, and the vertex is

pointed downward toward the southern horizon. The two stars at the top,

forming the base, are very conspicuous because they are the only bright

stars near the zenith. These two stars are called Deneb and Vega. The star

at the bottom, forming the vertex of the triangle, is called Altair. Altair

also is easy to spot because it is a part of a short, straight line of three stars.

(Altair is in the middle of the line of three and is brighter than the two

stars on either side.)

Of the three stars in the triangle, Vega appears to shine most brightly.

Altair is next, and Deneb is the dimmest. The actual brightnesses of the

three stars differ radically from their apparent brightnesses, because they

lie at widely different distances from us. Deneb is intrinsically the bright-

est of the three stars, 1600 times brighter than Vega and 6400 times

brighter than Altair, but it appears to be the dimmest star in the triangle

because it is farthest away— 1400 light-years from the solar system versus

26 light-years for Vega and 16 light-years for Altair. Because the intensity

of light from a star decreases in proportion to the square of its distance
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Figure 1.30 The summer triangle formed

by Deneb, Vega, and Altair.

1-34

THE EARTH IN SPACE

from us, the fact that Deneb is 1400/16 = 88 times farther away than

Altair means that its brightness is cut down by a factor of 88 2 or approx-

imately 7700.

Passing through the middle of the triangle of three bright stars is a lu-

minous band, which is the Milky Way. The Milky Way will only be visi-

ble if the night is clear and you are away from the lights of large cities. It

is formed by the overlapping light from 100 billion or so stars that are

packed densely together in the midplane of our Galaxy.

Turning partly to the west from the direction of the triangle, and look-

ing down toward the horizon, you will see the constellation Scorpius,

which will be easily recognizable as a coiled chain of stars resembling a

scorpion's tail. It is near the horizon a little bit west of the downward ex-

tension of a line joining Deneb and Altair. The brightest star in this con-

stellation is Antares, a distinctly red star. The name Antares is derived



from Greek and means "rival of Mars." Because of its red color, ancient

astronomers thought Antares was another red planet rivaling Mars.

You can find Antares in another way if you have trouble locating it ac-

cording to the directions above. Look at Deneb again, and you will see

that it marks the top of a cross whose long arm points downward to the

southwest through the middle of the huge triangle. If you follow the di-

rection of this arm of the cross with your eye, moving in a straight line, it

will bring you to the reddish star, Antares, near the horizon. Figure 1.30

shows the cross that runs from Deneb through the triangle toward Antares.

Antares, which lies 400 light-years from the sun, is intrinsically 30,000

times brighter than the sun, about 10 times more massive, and several

hundred times larger. It is one of a group of stars called red giants be-

cause of their color and size. Originally, Antares was a brilliant blue star

but, as with all stars when they grow old and consume their fuel, it

increased in brightness and reddened in color as it swelled to its present

size. When the sun reaches this stage in its life, in which the hydrogen at

its center has been burned and converted to helium, it will also become a

red giant, thousands of times brighter than it is today.

Turning to the north, you will see the Big Dipper in the northwest. The

bowl of the dipper is less than one-third of the way from the horizon to

the zenith, and the handle extends toward the west. The various stars that

make up the Big Dipper lie at quite different distances from us. The stars

of the Big Dipper provide an example of the fact that the stars making up

a constellation may be unrelated to one another and situated at widely

different distances from the sun. Usually, the stars in a constellation hap-

pen to fall into a closely knit or clearly recognizable pattern only because

of the accidental circumstances of the particular line of sight from which

we on earth view these stars. Of the seven stars in the Big Dipper, five

stars— the middle five of the seven — are all about 75 light-years away

from the sun. They form a single group moving through space with

approximately the same velocity and direction. The first star of the seven,

marking the end of the handle, and the last star, marking the end of the

bowl, are completely unrelated to the other five and to one another. The

star marking the end of the handle is 109 light-years from us and moving

in a direction opposite to that of the middle five, while the star marking

the end of the bowl is 250 light-years away and also moving in a direc-

tion opposite to that of the middle five stars.

Because of the differences in their directions of movement, the stars

of the Big Dipper will not retain the famous form they have today for

very long. In 50,000 years the handle will become badly bent, and the

bowl will be as flattened as if a child had been banging it on the table.

Figure 1.31 shows the Big Dipper as it is today, with arrows marking the

direction of motion of each of its seven stars, the Big Dipper as it was

50,000 years ago, and the Big Dipper as it will look 50,000 years hence.

If your eyesight is good, you will see that the next to last star in the

handle of the Dipper consists of two stars close together forming a so-

called optical double. One of the two stars shines about twice as brightly

as the other. The brighter of the two is called Mizar and the less bright one

Figure 1.3 1 The Big Dipper (a) today; (b)

50,000 years ago; (c) 50,000 years hence.
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is called Alcor. They are sometimes called the Horse (Mizar) and Rider

(Alcor). Actually, the two stars are quite far apart in space, but happen

to lie along approximately the same line of sight from the solar system,

which makes them seem close together.

To make the situation even more complicated and interesting, the

brighter of these two stars — Mizar— is itself a pair of stars, too close

together to be resolved except with the aid of a good-sized telescope.

They are so close to one another that the force of gravity ties them per-

manently together. Stars close enough together to be tied to one another

by their own forces of gravity are called binary stars. The binary in the

handle of the Big Dipper is the first that was ever observed. Both stars of

the binary are brighter and more massive than the sun, Mizar being alto-

gether three times as massive as the sun. Because of their higher surface

temperature, their color is white in comparison to the sun's yellow-white.

One of the most important stars in the sky is the North Star, or Polaris,

which happens to lie almost exactly on the earth's axis of rotation, mak-

ing it a useful star for navigation. To find the North Star, draw a line

through the two stars in the Dipper that form the end of the bowl and

extend it away from the bowl about five times the distance between

these two stars (Figure 1.32).

Figure 1.32 Finding the North Star.
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Because the North Star lies on the earth's axis of rotation, it appears

stationary as the earth rotates, but all the stars near it seem to move in

circles around the North Star during the course of the night. A photograph

of the night sky, taken with a time exposure lasting several hours, shows

the paths of the stars circling the North Star. A constellation near the

North Star, such as the Big Dipper, seems to turn over during the course of

24 hours as a result of this rotation (Figure 1.33). On the other hand, if you

turned away from the North Pole and looked to the south, you would find

that stars quite far to the south would move along relatively flat paths that

never carried them very high in the sky. These stars, like the stars in the

north, are also describing circles around the earth's axis of rotation. How-
ever, most of their circular path is blocked from your view by the earth

(Figure 1.34).

The North Star has an additional interest because it is an example of a

group of stars whose light output, or brightness, varies regularly instead

of remaining constant as it does for most stars. In the case of Polaris, the

brightness increases and decreases by a factor of 9 percent over four

days. The variation is produced by a rhythmic breathing, or pulsation, in

the size of the star; when it is contracting it shines more brightly and when

it is expanding its brightness is at a minimum.

Figure 1.33 Changes in the position of the

Big Dipper during 24 hours.
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Figure 1.34 Star tracks over the southern

horizon.

February. As before, it is assumed that you are out in the field around

9 p.m. Orient yourself again with respect to north and south, and, facing

south, look for a point in the region of the sky approximately midway
between the horizon and your zenith. You will see a famous constella-

tion known as Orion, or the Hunter, shown in Figures 1.35 and 1.36.

Orion is the most prominent feature of the winter and spring skies, replac-

ing the summer triangle of the September sky in this respect.

Three close stars in the center of Orion form a straight line running from

southeast to northwest. The stars are not exceptionally bright, but the

tight line of three is readily recognizable. The three stars are the belt

of the Hunter (Figure 1.36). Immediately below the belt lies the sword of

the Hunter, and in the middle of the sword is the spectacular Orion

Nebula shown in color on the cover. The Orion Nebula is a region filled

with a dense concentration of interstellar gases, rich in newborn and young

stars. It is faintly visible to the naked eye. Figure 1.37 shows the position

of the nebula in the central region of Orion.

Some distance above the belt stars and slightly to the left, on the right

shoulder of the Hunter, is a bright star with a reddish hue, called Betel-

geuse. 9 This star is an exceptionally large and luminous red giant,

similar to Antares but nearly 10 times brighter. Betelgeuse is located at

a distance of 700 light-years from us and is intrinsically 100,000 times

brighter than the sun, 20 times more massive, and 500 times larger. If

placed at the center of the solar system, this giant star would engulf the

earth and extend beyond the orbit of Mars. Betelgeuse, like Antares, was

a brilliant blue star in the prime of its life, but as its fuel became exhausted

it reddened and expanded into its present form.

To the west and a slight distance downward lies a fairly bright star

named Bellatrix, with approximately the same brightness as the stars in

the belt. Bellatrix is located in the left shoulder of the Hunter. Unlike

Betelgeuse, it is considerably hotter than the sun, with a surface tempera-

ture in the neighborhood of 20,000° K, and a blue color in contrast to the
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Figure 1.35 The constellation Orion, or

the Hunter, and other prominent stars and
constellations in the winter sky.
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red color of Betelgeuse. Bellatrix and similar stars are called blue giants.

They are usually massive stars, still in the prime of their lives, with a

plentiful supply of fuel remaining.

A line drawn diagonally downward from Betelgeuse, across the line of

the belt stars toward the southwest, will intersect a very bright blue-

white star called Rigel, in the left thigh of the Hunter. Rigel, like Bella-

trix, is a blue giant in its prime, far more massive, larger and brighter

than the sun. A study of Rigel with a telescope reveals it to be a binary—

a system of two stars circling about one another under the pull of mutual

gravity. The small component, although invisible to the naked eye, is

intrinsically far brighter than the sun.

Returning to the belt stars, a line drawn through these three stars and

extended downward to the southeast intersects an extremely brilliant

star, the brightest star in the heavens, known as Sirius (Figure 1.35). Sirius

is also called the Dog Star because it is located in the constellation Canis

Major-the Great Dog. Sirius is only 20 times brighter intrinsically than

Figure 1.36 The Hunter.
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Figure 1.37 A photograph showing the lo-

cation of the Orion Nebula in the sword of

the Hunter (opposite).

Figure 1.38 A photograph of the Pleiades.

the sun, but it dominates the stellar multitudes in brilliance because it

is so close to us, being our fifth closest neighbor. Sirius is also a binary,

and of a particularly interesting sort; the brilliant, visible component

is circled by a small, invisible companion star, detectable only with

large telescopes. The invisible companion is as massive as the sun, but

300 times fainter, and its diameter is only 20,000 miles, closer to the size

of an earthlike planet than a star. This invisible companion to Sirius

belongs to a class of stars known as the white dwarfs. These are dying

stars that have exhausted their fuel and have collapsed to a small radius

and extraordinary density under the inward force of their great weight.

Slowly, with the passage of time, they cool to black dwarfs and disappear

from view. It is believed that the sun will follow this course some six

billion years from now.
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Directly north of Sirius, and at approximately the same elevation above

the horizon as Betelgeuse, is a fairly bright star called Procyon (Figure

1.35). Procyon, Sirius, and Betelgeuse form the nearly equilateral winter

triangle in the sky, similar to the summer triangle, but less conspicuous

because the February sky contains so many bright stars. Procyon lies at

a distance of about 11.5 light-years from the sun and is intrinsically

7.5 times brighter than the sun. It, too, has a companion white dwarf

orbiting it.

A line drawn diagonally upward to the northwest from the belt of The

Hunter will intersect the small cluster of stars known as the Pleiades

(Figure 1.38 and Color Plate 8). Six stars can be seen in the Pleiades

with the naked eye, but a telescopic study reveals approximately 100

stars within the entire cluster. The stars in the Pleiades cluster are very

young, the entire cluster having been formed out of a single concentra-

tion of interstellar gas approximately 60 million years ago. They are

among the youngest stars visible in the sky.

This brief tour of the autumn and winter skies demonstrates that the

heavens are populated by stars of many colors, sizes, and ages. The

meaning behind the existence of this puzzling variety of stars eluded

astronomers until recent years, when rapid progress occurred through the

discoveries made in astronomy and other branches of the physical sci-

ences. Some important parts of the story of the stars are now known, and

form the subject matter of Parts One and Two of this book, but major

mysteries remain, and new discoveries are reported by astronomers

almost daily. The new developments in astronomy cannot be grasped

without an understanding of basic concepts such as the nature of light,

the structure of the atom, and the release of nuclear energy. Before em-

barking on a voyage through these interesting waters, you should first

acquire a general perspective on the subject of astronomy by famili-

arizing yourself with the contents of the universe.
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1 Contents of the Universe

In recent years the history of man's origin has been extended back-

ward in time from the beginning of life on the earth to the beginning of

time in the Universe. The result is a new and more complete story of

genesis, which provides fresh perspectives on some of the most profound

questions to occupy the mind of man: What am I? How did I get here?

What is my relationship to the rest of the Universe?

The ideas involved in this bold inquiry into the origin of the Universe

are not a part of everyday thinking. Before the mind can understand them,

it must first stretch its concepts of space far beyond their normal limits,

and exercise the imagination to vault over the galaxies and span the

dimensions of the Universe.

THE SUN AND ITS NEIGHBORS

The sun, its family of planets with their moons, and a large number of

smaller bodies, form the solar system. The earth travels around the sun at

an average distance of 93 million miles. Between the earth and the sun The Hercules Cluster of Galaxies.



Figure 1 . 1 The solar system.

lie the planets Mercury and Venus. Outside our orbit lie the earthlike

planet Mars, the giant planets Jupiter, Saturn, Uranus, and Neptune, and

the frozen world of Pluto (see Figure 1.1). Pluto, the outermost planet,

travels in an elliptical orbit at distances from the sun ranging between 3

and 4 billion miles. The diameter of the solar system — defined by the

farthest sweep of Pluto's orbit— is approximately 8 billion miles.

Beyond the orbit of Pluto, space contains nothing but a few atoms of

hydrogen and occasional comets, until we reach the stars that are the

sun's neighbors. These stars are an average of 30 trillion miles away.

An analogy will help to clarify the meaning of such enormous dis-

tances. Let the sun be the size of an orange; on that scale the earth is a

grain of sand circling in orbit around the sun at a distance of 30 feet;

Jupiter, 1 1 times larger than the earth, is a cherry pit revolving at a dis-

tance of 200 feet or one city block; Saturn is another cherry pit two

blocks from the sun; and Pluto is still another grain of sand at a distance of



10 city blocks from the sun. The nearest stars are orange-sized objects

more than a thousand miles away.

An orange, a few grains of sand some feet away, and then some cherry

pits circling slowly around the orange at a distance of a city block; more

than a thousand miles away is another orange, perhaps with a few specks

of planetary matter circling around it. That is the void of space.

The Nearest Stars

The sun's closest neighbor is, according to information available at the

present time, the star Alpha Centauri. Alpha Centauri is 24 trillion miles

from our solar system, or slightly closer than the average distance be-

tween stars in our neighborhood. It is actually a triple star— a family of

three stars formed simultaneously out of a single cloud of gas and dust.

Ever since their birth, the three stars have circled one another under the

attraction of gravity. The largest of the three stars in Alpha Centauri

resembles the sun and possesses a similar surface temperature and color.

The other two are smaller, redder stars. The middle-sized star of the trip-

let, somewhat smaller than the sun and orange in color, circles around

the largest star in a close waltz at a distance of two billion miles. One
turn around takes 80 years for this pair. The third member is a very small,

faint, red star, a tenth as massive as the sun, which circles the two other

members of the triplet at a distance of a trillion miles, completing one

turn in a million years.

Alpha Centauri is the closest star to us that is bright enough to be visi-

ble to the naked eye. However, the sun may have still closer neighbors—
very small, dimly luminous stars— too faint to have been detected thus

far. There may also be burned-out stars that have exhausted their fuel in

the space between the sun and Alpha Centauri. Finally, there may be

many bodies the size of planets, too small to glow by their own nuclear

energy, in the space around us. All these possibilities await the future

exploration of the regions outside the solar system.

The next nearest neighbor of the sun beyond Alpha Centauri is Bar-

nard's Star, 30 trillion miles away. Barnard's Star is smaller than the sun,

and almost 300 times fainter. The temperature at the surface of Barnard's

Star is 5500 degrees Fahrenheit versus 1 1 ,000 degrees Fahrenheit at the

surface of the sun, and its color is orange-red rather than yellow. Bar-

nard's Star, unlike Alpha Centauri, is a single star. However, recent

observations indicate that there may be two Jupiter-sized planets revolv-

ing in orbit around it.

Fifty other stars exist within roughly 1 00 trillion miles of the sun. Some

are yellow stars, resembling the sun in size and temperature; a few are

larger and brighter than the sun and blue-white in color; most are faint,

reddish stars. These stars are our neighbors in space. All have been

named, although only a few of the names are familiar. Twenty-six of

the 50 belong to multiple stars-doubles or triples. On the average, about 5

one half the stars in the Universe are multiple stars.



Our Galaxy

The sun and its neighbors are only a few among 100 billion stars that

are banded together by gravity in an enormous cluster, called the Galaxy.

Most, if not all, the stars in the Universe are held within such clusters.

These other clusters also are called galaxies. Our own galaxy, singled out

because it contains the sun, is written with a capital "G."

THE CONTENTS OF THE GALAXY

The Appearance of the Galaxy

The stars in the Galaxy revolve about its center as the planets revolve

about the sun. The sun itself participates in this motion, completing one

circuit around the Galaxy in 250 million years. The Galaxy is flattened by

its rotating motion into the shape of a disk, whose thickness is roughly

one-twentieth of its diameter. The sun is located in the disk about three-

fifths of the way out from the center to the edge. A small, spherical clump

of stars, called the nucleus of the Galaxy, bulges out of the disk at the

center.

The general appearance of the Galaxy is shown very clearly in photo-

graphs of three other galaxies that are similar to ours and that happen

to be oriented in space so that we see them at several different angles.

If you could stand outside the Galaxy and view it edge-on, it would

look very much like NGC 4565 (Figure 1 .2).
1 Viewed face-on, the Galaxy

would look like M74 1 (Figure 1.4). Viewed obliquely, the Galaxy would

look like NGC 7331 (Figure 1.3). The arrows in Figures 1.2 and 1.4

illustrate the position that the sun would have if these were, in fact, photo-

graphs of our Galaxy. Our Galaxy, like M74, has spiral arms in which

most of the bright stars of the Galaxy are located, including the sun.

Figure 1.2 The galaxy NCC4565, resem-

bling our Galaxy viewed edge-on.
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1 NGC-New General Catalog, a catalog of extended objects— galaxies, star

clusters, and nebulas— compiled by Cambridge University astronomers in 1890.

M-Messier, an earlier compilation published by Messier, a French astronomer,

in 1784.



Figure 1.3 The galaxy NCC7331, resem-

bling our Galaxy in a three-quarter view.
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Figure 1.5 Edge-on view of our Galaxy.

When we look into the sky in the plane of the galactic disk, we see so

many stars that they are not visible as separate points of light but blend

together into a luminous band stretching across the sky (Figure 1.5). The

irregular lanes of black running through the center of the Milky Way in

Figure 1.5 are caused by the extensive clouds of dust, concentrated in

the central plane of the Galaxy, which block out the light of many stars.



Additional details can be seen in a montage of many separate but

overlapping photographs of the Milky Way (Figure 1.6). Notice the ex-

tended black area in the center of the montage. This region, called the

Great Rift, is a particularly striking example of the dense clouds of dust

that prevent the light of the stars in the Milky Way from reaching us.

If the montage in Figure 1.6 is extended to include the entire Milky

Way, it gives a nearly complete view of the Galaxy as seen by an observer

located in our solar system. This edge-on view of our Galaxy is shown in

Figure 1.7. It presents in an extended detailed view the image of the

Galaxy that was captured by a single camera in Figure 1.5. Figure 1.7

also shows the positions of the 7000 brightest stars in the sky, drawn in by

an artist. These are the stars that are visible to the naked eye under the

best conditions. In addition, we have lettered in the names of several

objects of special interest. Three of them are stars— Deneb, Vega, and

Altair. The other objects of special interest are external galaxies. The

Andromeda Galaxy is the most distant object visible to the naked eye.

The Magellanic Clouds, visible only in the Southern Hemisphere, are

two dwarf galaxies anchored permanently to our Galaxy by its gravita-

tional force, each containing only 1 billion stars.

An inspection of the Milky Way with even a modest-size telescope or

pair of binoculars reveals the immensity of the number of stars concen-

trated in this region. In the photograph shown in Figure 1.8, obtained

with the enormous light-gathering power of one of the world's large

telescopes— the 120-inch instrument at Lick Observatory in California

— more than 10,000 stars can be seen, although this photograph shows

only a minute portion of the sky.

The glowing region in the middle of this photograph is called the North

American Nebula because of its resemblance to the outline of the North

American continent. Notice that very few stars are visible in the dark

regions— the "Gulf of Mexico" and "Atlantic Ocean" — that outline the

right edge of the North American Nebula. In these regions of the sky, an
Figure 1.6 A montage oi Milky Way
photographs.



Figure 1.7 The Milky Way: an edge-on

view of our Galaxy.

exceptionally thick concentration of obscuring dust conceals many of the

stars in the Milky Way from our sight. The only stars that are visible in

this region are the ones that lie on our side of the dust clouds, relatively

near to the sun.

Deneb is located just beyond the right edge of the photograph. This

fact should enable you to locate this small portion of the Milky Way in

the montage of the entire Galaxy in Figure 1.7.
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The Emptiness of the Galaxy

The vastness of the space between the stars is difficult to comprehend.

The same analogy that we used to clarify the meaning of the size of the

solar system is helpful in attempting to comprehend the emptiness of the

Galaxy. Suppose again that the sun is reduced from its million-mile



diameter to the size of an orange. The Galaxy, on this scale, is a cluster of

100 billion oranges, each orange separated from its neighbors by an

average distance of more than 1000 miles. In the space between, there is

nothing but a tenuous distribution of atoms and a few molecules and

dust grains. That is the emptiness of space in the Galaxy.

Distances Between Stars; the Light-Year

The stars within the Galaxy are separated from one another by an aver-

age distance of 30 trillion miles. To avoid the frequent repetition of such

awkwardly large numbers, astronomical distances are usually expressed

in units of the light-year, defined as the distance covered in one year by a

ray of light traveling 1 86,000 miles per second. This distance turns out to

be approximately 5.8 trillion miles; hence, in these units, the distance

11



Figure / .8 The Milky Way: 10,000 stars in

a small segment.

from the sun to Alpha Centauri is 4.3 light-years, the average distance

between the stars in the Galaxy is 5 light-years, and the diameter of the

Galaxy is 100,000 light-years.

THE UNIVERSE
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Although the stars within our Galaxy are very thinly scattered, they are,

nonetheless, relatively close together in comparison to the space that

separates our Galaxy from neighboring galaxies. The distance to the next

nearest galaxy comparable in size to ours is 2 million light-years, or 20

times the diameter of our galaxy. It is difficult to imagine the emptiness of

intergalactic space. Once outside the Galaxy, we encounter a region

empty of stars and nearly empty of dust.



Neighboring Galaxies

No vacuum ever achieved on earth can match the vacuum of the space

outside our Galaxy. But if we go far enough away from the Galaxy, we
come to other galaxies, clusters of billions of stars held together, like

ours, by the force of gravity. These galaxies are island universes— isolated

clusters containing vast numbers of stars and, perhaps, planets— each

separated from the others by the void of intergalactic space.

The closest galaxy comparable to the Milky Way Galaxy in size is the

Andromeda galaxy, which is 2 million light-years from us. This galaxy

happens to resemble our own closely in size and shape; it is a disk-

shaped spiral of stars, gas, and dust, containing approximately 100 billion

stars in all, the entire collection of matter slowly spinning around a cen-

tral axis like a giganic pinwheel.

Andromeda is the only major galaxy visible to the naked eye, and it is

the most distant object that can be seen without the aid of a telescope.

However, it is not conspicuous, despite the fact that its intrinsic bril-

liance is 100 billion times that of the sun. Because of its enormous dis-

tance, Andromeda is barely visible to the naked eye, under the best

conditions, as a very faint patch of light.

But if it is photographed with even a modest-sized telescope, the faint

patch is seen to have a structure that reminds one of our Galaxy, with a

brightly glowing center, a distinct impression of spiral arms, and dark

lanes presumably formed by obscuring clouds of dust. The photograph of

the Andromeda galaxy shown in Figure 1.9, taken with a 48-inch tele-

scope, indicates these features. The arrows point to two dwarf galaxies

very close to the Andromeda, which are similar to the Magellanic Clouds

in being captives of the attraction of the mass concentrated in their larger

neighbor. The rectangle encloses the area shown in greater detail in

Figure 1.10.

If Andromeda is photographed through a larger telescope such as the

200-inch one on Mount Palomar in California, whose light-gathering

power and resolution of detail are thousands of times greater than those

of the eye, the luminous cloud resolves into billions of individual stars.

The photograph of Figure 1.10 taken through the 200-inch telescope,

constitutes the area enclosed by a rectangle in the previous photograph.

This picture shows many of the separate stars in the upper edge of the

Andromeda galaxy. The many stars that appear in the photograph out-

side the boundaries of the Andromeda galaxy appear to be stars in inter-

galactic space, but this impression is misleading. Actually, these stars lie

in our own galaxy, but happen to be in the line of sight from the sun to

Andromeda.

The Local Group

Approximately twenty other galaxies, including the two dwarf galaxies 13

known as the Magellanic Clouds, exist within 3 million light-years of ours.



Figure 1.9 The Andromeda galaw our

nearest galactic neighbor comparable in size

to the Milky Way.

Figure 1.10 Detail ot the Andromeda
galaxy, showing individual stars. (Opposite)

Astronomers call these galaxies the Local Group (Figure 1.11). Of the

galaxies in the Local Group, only three-ours, Andromeda, and M33-
have the spiral form shown in Figure 1.4. Our remaining galactic neigh-

bors are five to ten times smaller in diameter, 100 to 1000 times less

populous, and either elliptical or irregular in shape. A photograph of one

of the smaller, more irregular galaxies in the Local Group- the large

Magellanic Cloud — is shown in Figure 1.12.
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Clusters of Galaxies

Enormous though a single galaxy is, it does not constitute the largest

collection of matter known in the Universe. Galaxies themselves occur

in clusters, held together, once again, by the force of gravitational

attraction that each galaxy in the cluster exerts on the others.

Some clusters contain only a few galaxies. An example is the cluster of

galaxies in the direction of the constellation Pegasus, shown in the photo-

graph in Figure 1.13. (Astronomers have long used constellations, or

groups of stars that seem to form figures in the sky, to impose some order

on the huge number of stars in the night sky. Much like signposts, they tell

us what part of the heavens we are gazing at.) In Figure 1.13, the spiked





Figure 1 .1 1 The Local Croup. Onh major

galaxies are shown.

Figure 1.12 One of the Magellanic Clouds,

a small captive galaxy of the Milky Way.
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Figure 1.13 Stephan's Quintet: a small

cluster of galaxies.

objects2 and the small circular spots are individual stars situated in our

own Galaxy along the line of sight to the Pegasus cluster. The large, lum-

inous objects marked by arrows are five galaxies in a small cluster.

The Local Group, of which our galaxy is a member, is an aggregate

of galaxies including the Milky Way, Andromeda, and numerous fainter

objects. It is not certain that the Local Group is a clearly defined cluster.

The first group of galaxies outside the Local Group that clearly is a

cluster is located in the direction of the constellation Virgo. It con-

tains 2500 galaxies, is located approximately 60 million light-years

from the Local Group, and is one of the larger clusters known.

About 300 million light-years from our Galaxy, in the constellation

Hercules, is a giant group of galaxies called the Hercules Cluster, which

contains about 10,000 galaxies, each with 10 billion to 100 billion stars.

The photograph facing page 3 shows one small region in the Hercules

Cluster, containing approximately 50 galaxies. In this photograph the

2 The "spike" is an image of the struts in the tube of the telescope.
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spiked objects and the small spots of light are stars situated in our

Galaxy along the line of sight to the Hercules Cluster; every other object

is a galaxy of stars.

The Hercules Cluster and other large clusters of galaxies like it are

the largest systems of matter definitely known in the Universe. We might

expect to find clusters of clusters of galaxies, but no clearcut proof

of their existence has been obtained. Perhaps we will find solid evi-

dence for clusters of clusters when astronomical observations improve

in accuracy.

THE FORCES THAT HOLD THE UNIVERSE TOGETHER

All objects in the Universe, from the smallest atomic nucleus to the

largest galaxy, are held together by only three fundamental forces:

a nuclear force, the force of electromagnetism , and the force of gravity.

Most powerful is the nuclear force3 which binds neutrons and protons

together into atomic nuclei. This strong force of attraction pulls the

particles of the nucleus together into a very compact body with a density

of one billion tons per cubic inch. Although it is an exceedingly strong

force, it has a very short range. The nuclear force will not attract two

particles if they are more than oneten-trillionth of an inch apart.

Next strongest is the electrical (electromagnetic) force, which is ap-

proximately 100 times weaker than the nuclear force. This force binds

electrons to nuclei to form atoms, and it binds atoms together into

solid matter. It grows weaker with increasing distance between two

particles, although unlike the nuclear force, it does not disappear

entirely at any point.

Least powerful is the force of gravity. The gravitational force is exceed-

ingly weak, about 1038 times4 weaker than the force of electricity. Grav-

ity, like electricity, falls off in strength with increasing distance, but never

disappears entirely. In spite of its intrinsic weakness, gravity holds the

moon in orbit around the earth, the earth and other planets revolving

around the sun, and the sun and other stars clustered together in our

Galaxy. s
_ ^^^^^^^^^^^^^^^^^^^^^^m

In some ways gravity is the simplest force of the three. Its simplicity

3 Two kinds of nuclear force exist— the one discussed here, and a weaker one,

called the Weak Force. The latter plays no substantial role in our discussion

and is omitted for simplicity.
4 10 38 = 1 followed by 38 zeros. If this number were to have a name it would be

100 trillion trillion trillion.

5 The disparity in strength between gravity and electricity is demonstrated by the

following example. A fist-sized piece of iron weighs about one pound. That is,

all the mass of the entire earth pulls the iron to the ground with a force of one
pound. But a few turns of copper wire, through which an electric current is

flowing (an electromagnet) will suffice to lift this piece of iron up from the

ground against the gravitational force' of the whole earth.
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lies in the fact that the force of gravity acting between two objects always

pulls them together and never pushes them apart.

The electrical force is more complicated, because its action on some
pairs of particles is to pull them together, while on others its action is to

push them apart. The explanation of these two kinds of action has come
out of laboratory studies of electricity during the last 200 years. These

studies show that two types of electric charge exist, positive and negative.

Protons, for example, carry a positive charge, and electrons carry a

negative charge. The studies also show that two particles bearing the

same kind of charge— that is, both positive or both negative— repel

each other. If two particles carry opposite charges, they attract one

another. The nucleus of the atom, which carries positively charged pro-

tons, can hold electrons in orbit around it for this reason.

The Dominant Force in Outer Space

In spite of the strength of the nuclear force, it has a negligible effect

on the motions of stars and planets in space, which are controlled by

the relatively weak force of gravity. The nuclear force, powerful though

it is, plays no role in space because its effect is confined to extremely

small distance, whereas the force of gravity falls off relatively slowly

with increasing distance,6 and can still be felt across the diameter of a

solar system, or even across the distances that separate stars from one

another or galaxies from neighboring galaxies.

Why is the force of electromagnetism not dominant over gravity in

controlling the motions of the stars and planets? This force can also

extend to great distances, just as the force of gravity does, and it is many

times more powerful. The answer comes out of the fact that when both

kinds of electricity, positive and negative, are present, their effects tend

to cancel. If an object has precisely the same amounts of positive and

negative electricity, it is electrically neutral and exerts no electrical force

at all on other objects located at a great distance from it.

Many electrons and atomic nuclei move freely in the spaces around

every star or planet. If a star or a planet picks up an excess of protons

from the space around it and becomes positively charged, it immediately

exerts a force of attraction on all the negatively charged electrons moving

nearby. These electrons migrate to the star or planet and are captured by

it; the star or planet continues to attract electrons in this way until it has

picked up enough charge to cancel the excess positive charge it possessed

at the start. It is now electrically neutral, and no longer exerts an elec-

trical force on other objects.

If the star or planet picks up an excess of electrons initially, it becomes

a center of attraction for all positively charged nuclei moving through

the space around it, and will pick up nuclei until its negative charge is

canceled and it is electrically neutral once more.

19
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The force of gravity cannot be canceled in this way because there

appears to be onh, one sign of "gravitational charge." Mass always pulls

other mass, and two mass repel one another. There may be a

second kind of gravity, or antigravity, in the Universe, but thus far

physicists have been unable to find evidence for it.

Undiscovered Forces

Are there other forces in nature? Is there a fourth force and a fifth?

Why are there only three forces? No one knows the answers to these

questions. It is even more interesting to ask whether there might be

connections among the fundamental forces of gravity, electromagnetism,

and the nuclear force. Is it possible that there are fewer than three

basic forces? Perhaps there is an underlying unity in the Universe that

runs even deeper than the unity the physicists have uncovered thus

far. Einstein spent the last 25 years of his life in the effort to discover a

connection between gravity and electromagnetism which, his instinct

told him, must be there. Yet, his instinct, superb though it was in re-

vealing the truths of the special theory of relativity and the general theory

of relativity, seems to have failed him in his last endeavor; for he never

succeeded in finding a connection between these two forces that was

satisfactory to him and to other physicists. Perhaps there is no connec-

tion; or perhaps it will require another genius, as great as Einstein, but

born in a later age when more is known, to uncover this connection.

These are among the unanswered questions of physics today.

Main Ideas

1. Dimensions of the solar system.

2. Scale of distances in the Milky Way Galaxy; organization of the

Milky Way Galaxy.

3. Organization of galaxies in general; emptiness of space in a galaxy.

4. Distances between galaxies; clusters of galaxies.

5. Basic forces acting on matter in the Universe; a brief account of the

role of basic forces in the organization of the Universe.

Important Terms

Andromeda Galaxy gravity multiple star

cluster of galaxies light-year nuclear force

dwarf galaxy Local Group planet

electromagnetic force molecule
stars galaxy Milky Way



Questions

1. If the sun were the size of an orange, on that scale how big would

the solar system be? How far away would the nearest star be?

2. Imagine each disk-shaped galaxy like ours to be the size of a dinner

plate. On this scale, what would the distance be from our Galaxy to

Andromeda? What would the average distance be between stars in

the Galaxy? What would the extent of the observable Universe be,

assuming its true radius to be 8 billion light-years?

3. What is the speed of light? At that rate of travel, how big is a light-

minute (the distance light travels in a minute)? How big is a light-year?

(Show your calculations.)

4. List the hierarchy of structure from the smallest subatomic particles

to the largest structures in the Universe. After each structure, list the

basic force responsible for holding it together.

5. Can you think of a reason why clusters of clusters of galaxies probably

do not exist? What characteristic of the gravitational force might ex-

plain this phenomenon?

6. Assuming that the Universe is infinite, what intensity of starlight would

you expect to observe at the surface of the earth, coming from all the

stars in the Universe? Explain.

7. It has been suggested that our Universe may be an atom in a larger

cosmos, and each atom in our world a universe of its own. What

philosophical and scientific arguments can you offer pro and con

regarding this suggestion?
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2 The Nature of Light

Most of the information we possess about the Universe has come to

us in the form of light from distant stars and galaxies. The manner in

which this light reaches us was once one of the great mysteries of the

natural world. Consider Vega, for example, which is a very bright star

visible in the autumn sky and located 26 light-years from us. When

you look at Vega, your eye responds to light that started on its journey

26 years ago, departing from Vega as a train of waves and moving

steadily outward at the rate of 186,000 miles per second. The train

of waves covered nearly 20 billion miles every day; year after year

these waves traveled across the space between Vega and the sun, until

they reached the earth and entered your eye. There they produced

chemical changes in your retina that were passed to the brain as the

sensation of light.

There is no problem in understanding what happened to the light in

the final stage of its journey from Vega to you. The mystery of the Wave motion.
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phenomenon is connected with the time during which the light was

en route across the space between the stars. Throughout that time the

light waves traveled in a nearly perfect vacuum, containing very little

matter. But without matter, how can a wave exist? A wave means the

repeated vibration of individual particles of matter, in which each par-

ticle moves up and down or to and fro, as the crests and troughs of the

wave train pass by. The wave is no more or less than this sequence of

vibrating particles. Without the particles, there is no wave. This is

well known to be the case for sound waves, for example. When a sound

wave passes through air, the individual molecules of air move back

and forth with each crest and trough of the wave train. If the air is dense

so that many molecules are moving back and forth, the sound wave is

relatively strong. If the air is less dense so that fewer molecules are

vibrating, the sound becomes weaker. If no molecules are present, sound

waves cannot exist at all.

LIGHT AS AN ELECTRIC VIBRATION

The answer was discovered one hundred years ago by James Max-
well, an English physicist. Vibrations of electric force can pass through

a vacuum without any particles to carry them. Light is one particular

kind of electric vibration. When a star radiates light into space, it i

actually sending out trains of electric vibrations. No particles are involve

What is meant by a vibrating electric force? It sounds like a peculiar

notion. Actually, vibrations of electric force can be created very easily.

Consider an electrically charged particle, such as an electron, and

imagine that it is at rest initially. The electron will exert an electric force

on any other charged particle near it. It is the center of an electrical

sphere of influence stretching out into space in all directions. The electron

is surrounded by a field of electric force (Figure 2.1).

Suppose that another charged particle, such as a proton, for example,

is located at some distance from the electron. Since opposite electrical

charges attract, a force will pull the two charged particles toward each

other. This^force of attraction is like a rubber band, drawing the two

particles together.

a.
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Figure 2.

1

electron.

The field of force around an

Suppose that the two particles are held fast and prevented from

approaching one another. Now jiggle the electron up and down very

quickly.

The quick change in the position of the electron produces a cor-

responding change in the electric force felt by the other particle. The

key question is, when does the other particle feel the change in electric

force? Does it feel it instantly? Or does it take some time for the effect

of the change in the electron's position to reach this particle?

If the particles really were connected by a rubber band, a wave would

move across the band, taking some time to travel from one particle

to the other.
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That is what happens with the electric force between two charged

particles. It one particle moves, the other doesn't feel the motion until

some time later. The particles respond just as if the force between them

were in fact a stretched rubber band. An electrical wave generated by

the motion of the electron moves rapidly along the imaginary "rubber

band"; when it reaches the proton at the other end, the proton jumps

up and down.

How fast do such electric waves move? We know their speed from

the mathematical investigations of Maxwell. In 1865 Maxwell was
studying electricity and predicted, on the basis of complex mathematical

reasoning, thaJL_waves of electric force should travel through space at

a speed of/f86,0(Xymiles per second.

Maxwell s prediction for the speed of electric waves is extremely

high. It means that if two charged particles are separated by, say, a dis-

tance of 10 feet, and one particle is jiggled sharply, the other particle

feels the resultant electric disturbance only a 100-millionth of a second

later.

Maxwell was not thinking about light at all when he made this cal-

culation, but as soon as he arrived at his result he realized that the speed

of these electric waves was very close to the speed of light, which had

been measured many years earlier, and was known also to be approx-

imately 186,000 miles per second. Some people thought this was a

coincidence, but Maxwell was certain that it was not. He concluded that

light waves were waves of electric force.

Returning to the example of the two electric charges, let us suppose

now that the electron vibrates up and down continuously. A train of

waves of electric force, traveling at 186,000 miles per second, will

move out into space from the vibrating electron. When the train of

electric waves reaches the proton, it will cause the proton to move up

and down in response to the motion of the electron. A signal has been

transmitted from the electron to the proton by means of the electric

vibrations traveling through the space between them.
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The situation is the same as if you and a friend were holding on to an

elastic cord, and you jiggled your end of the cord at a steady rate. A
train of waves would travel down the cord toward your friend. The vibra-

tions would exert a force on his hand when they reached it, causing his

hand to vibrate at the same frequency as yours (Figure 2.2).

Now we can see how light signals are transmitted from one point to

another. The electrons in the outer layers of a star send out electric

waves into space. When these waves reach some other material, such

as the retina of your eye, they cause the electrons in the atoms of that

substance to vibrate also, at the same frequency. In the case of the retina,

the vibrations produce chemical changes, which create a signal that is

passed along to the brain. That is how you receive the light from a star.

THE ELECTROMAGNETIC SPECTRUM

A fundamental law of magnetism tells us that a changing electric force

will produce a magnetic field. If the electric force varies regularly, as

in a train of electric waves, the accompanying magnetic field will also

vary regularly. As a consequence, the train of electric waves set up by

a jiggling electric charge is accompanied by a train of magnetic waves

that moves through space at the same speed, that is, the speed of light.

The two kinds of waves are tied together inseparably; one cannot exist

without the other. For this reason, light is called an electromagnetic

wave, or electromagnetic radiation, rather than simply an electric wave.

Light is not the only kind of electromagnetic radiation. Gamma rays,

X-rays, ultraviolet radiation, infrared rays, radar, television signals, and

radio waves are also types of electromagnetic radiation. Together with

light, they form the electromagnetic spectrum.

>l

Figure 2.2 Waves generated by a vibrat-

ing object.
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All electromagnetic waves travel at the same speed, which is the speed

of light. This is 186,283 ± 0.6 miles/second or 299,793 ± I km/sec in a

vacuum and less in material substances. The different parts of the electro-

magnetic spectrum differ from one another only with respect to the fre-

quency of the electromagnetic waves.

The retina of the human eye is sensitfve to electromagnetic waves with

frequencies between 4.3 x 10 14 vibrations per second (usually written as

cycles per second and abbreviated cps) and 7.5 x 1014 cps. Hence this

band of frequencies is called the visible region of the electromagnetic

spectrum. When electromagnetic waves with a frequency of 7.5 x lO14

cps strike the retina of the eye, the signal sent to the brain registers this

light as "blue-violet" in color. If electromagnetic waves with a somewhat

lower frequency strike the retina as, for example, waves whose frequency

is 6.5 x 1
14

cps, the eye signals to the brain that "blue" light has arrived.

If the frequency of the light striking the retina decreases further, the eye

sends to the brain, in succession, signals indicating the sensation of

"blue-green" "green," "yellow," "orange," and "red" light. Light whose
frequency is 4.2 x 10 14 cps provides the sensation of a "deep red" color

(Color Plate 2). ^^^^^^^^^»
If the electromagnetic waves have a frequency higher than 7.5 x 10 14

cps, the eye does not respond to them. Such waves, lying beyond the

violet edge of the spectrum, are called ultraviolet light. If the waves have

a frequency lower than 4.3 x 10 14 cps, the eye again does not respond to

them. These waves, whose frequency is lower than the lowest frequency

of visible light at the red end of the spectrum, are called infrared light or

infrared radiation.

Why does the eye respond to the band of frequencies between 7.5 x

10 14 cps and 4.3 x 10 14
cps, and to no others? The answer is that this

band of frequencies can pass freely through the gases that make up the

earth's atmosphere without being absorbed, whereas other electromag-

netic waves coming from the sun, with frequencies higher than 7.5 x 1
14

cps or lower than 4.3 x 10 14 cps, are heavily absorbed in their passage

through the atmosphere. 1 The human eye has evolved in response to the

need for seeing objects on the earth's surface with the aid of sunlight. If it

were sensitive to frequencies far outside the visible region, that is, far out-

side the band of electromagnetic radiation that gets through the atmos-

phere, there would be little difference between night and day, and your

eyes would be of relatively little value to you. An eye with a peak sensi-

tivity in the middle of the band of frequencies that passes through the

atmosphere is the most useful kind of eye that a person can have. On
another planet, with a different atmosphere that is, perhaps, strongly ab-

sorbing in what we call the visible region, but transparent in the infrared

region, evolution might generate creatures with infrared-sensitive eyes;

or, on still another planet, there might be creatures with ultraviolet-

1 Long radio waves also pass through the atmosphere, but they are considerably

weaker than visible light.



sensitive eyes, depending on the electromagnetic wavelength for which

the atmosphere of the planet is transparent.

The X-ray region of the electromagnetic spectrum consists of waves
with frequencies ranging from 3 x 10 16 cps to 5 x 10 18

cps. This region

lies next to the ultraviolet region in the spectrum. The gamma ray region

of the spectrum has the highest frequencies of all, ranging upward
from 3 x 10" cps.

At the other end of the spectrum, microwaves or radar cover the fre-

quency ranges from 3 x 10 10 cps to 3 x 10 12 cps, just beyond the infrared

portion of the spectrum. Beyond the radar region is the television and FM
band of frequencies extending from 3 x 108 cps to 3 x 105 cps. Radio

waves have the lowest frequencies in the spectrum, extending downward
from 3 x 10 5 cps.^

Electromagnetic waves are often described in terms of their wavelength

rather than their frequency. An example will demonstrate the conversion

from wavelength to frequency. Suppose an electron vibrates one million

times per second, creating an electromagnetic wave with a frequency of

10 6 cps. That is, in one second a million waves are sent out. Since the

velocity of light is 186,000 miles per second, this train of one million

waves has moved 186,000 miles in that second. Clearly the length of

each wave is 186,000/1,000,000 =0.186 miles = 1230 feet.

This is an example of a general jgjfljyj^^on neeting frequency and

wavelength:
. , speed of wave

wavelength = -^
frequency

The formula holds for^n'^^p'^or'wave and is not restricted to light

waves.

Figure 2.3 shows the complete electromagnetic spectrum with fre-

quencies and wavelengths indicated. The names given to the various

parts of the spectrum also are shown.

Column 2 of the figure indicates how transparent the earth's atmos-

phere is to electromagnetic radiation of various wavelengths. This part

of the diagram indicates the types of electromagnetic waves that are use-

ful as tools in astronomy. It shows that the atmosphere blocks radiation

from outside the earth everywhere except in the visible region, a part

of the infrared, and a part of the radio region. These bands of electro-

magnetic radiation are three windows of the atmosphere through which

earthbound astronomers can look out at the Universe.

The first window, in the radio regipn, covers the band of wavelengths

extending from a few millimeters up to 100 meters. This is a true window,

with very little atmospheric absorption of radio waves over that large

range of wavelengths. The second window, in the visible region, has

been the source of most astronomical knowledge until recent times.

The third astronomical window, in the infrared region, extends from the

long-wave end of the visible spectrum in the deep red, at a wavelength

of approximately 7000 angstroms, 2 to approximately one millimeter,

29
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Figure 2.3 The electromagnetic spectrum.

Opaque

Partially transparent

Transparent

on the border of the radio region. The infrared window, unlike the radio

window, is murky or opaque in many places, but a few transparent

bands have been found in this region, and they have already yielded

vital information that will be discussed in later chapters.
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ELECTROMAGNETIC RADIATION FROM A HEATED OBJECT

A star, or any other hot object, radiates electromagnetic waves stretch-

ing across the entire spectrum from infinitely short wavelengths to



infinitely long ones. However, the waves emitted at various wavelengths

do not have equal intensities. The intensity is always weak at very short

and very long wavelengths, and it is strongest at some wavelength in

between. What determines the wavelength at which the intensity of

the radiation is strongest?

A moment's reflection will tell you the answer. Suppose that you

place a bar of iron in a furnace and steadily raise its temperature. At

first, the iron feels hot and sends out heat but does not glow visibly;

at this point the peak of its radiation is in the infrared region. As the tem-

perature of the iron increases, it begins to emit radiation in the visible

region, first turning dull red in color, then cherry-red, then yellow, and

finally, at the highest furnace temperature, becoming white-hot.

This simple thought-experiment— which has its counterpart in many
experiences of everyday life involving kitchen stoves, soldering irons,

and so on — shows that the temperature of an object determines the wave-

length at which it radiates most of its energy. As the temperature of the

object increases, the radiation emitted by it moves toward shorter wave-

lengths—from the infrared to the red, then to the yellow, to the blue,

and eventually, if the temperature mounts high enough, presumably

past the blue and the violet into the ultraviolet.

As a parenthetical question, you may ask why an object becomes

white-hot at furnace temperatures. This seems difficult to understand

because white is not one of the colors of the spectrum. The answer is

that when an object is heated to the point where its peak intensity is

in the visible spectrum — in the yellow, let us say— it will also emit

radiation at surrounding wavelengths in the blue, green, and red. That

is, it will radiate a mixture of all wavelengths in the visible region.

Such a mixture of all colors is recorded by the eye and brain as the

sensation of white light.

There is a formula connecting the temperature of a glowing object

and the wavelength at which it radiates with the greatest intensity. This

formula, known as Wien's law, is

2.89 X1Q7

where T is the temperature in degrees Kelvin and K mi , s is the wave-

length at which the intensity has its peak. (The wavelength is expressed

in angstroms.) Notice that the formula agrees with your everyday experi-

ence on the way in which the color of a heated object changes as its

temperature increases: the hotter the object, the shorter the wave-

length of its most intense radiation.

Graphs of Radiated Energy versus Wavelength

Scientists have measured in the laboratory the amount of energy radi- 31

ated at different wavelengths by objects at various temperatures. Theo- the nature of iicht



retical physicists have also calculated the distribution of radiated energy.

Both measurement and theory predict a bell curve, with a sharp decrease

of energy on the short wavelength side of the peak and a slow falloff on

the long wavelength side. The circles on the graph in Figure 2.4 represent

measurements made in the laboratory of the intensity of radiation emit-

ted by an object at a temperature of 1600°K. The solid line in this graph

shows a theoretical calculation of the energy radiated by an object at

the same temperature. The agreement between the measurements and

the theoretical curve is nearly perfect.

The sun has a temperature of roughly 6000°K. Figure 2.5 shows the

energy radiated at different wavelengths by the sun, 3 or by any other star

3 Neglecting the absorption lines.

Figure 2.4 Measured radiation from an

object at 1600°K.

Intensity

of

radiation



or object with a surface temperature of 6000°K. The shaded portions of

the spectrum lie outside the visible region; the visible part of the spectrum

is shown without shading.

This graph illustrates some interesting facts about the sun. Although the

peak of the sun's energy emission is in the visible region, the total amount

of energy emitted by the sun as visible light is less than the amount

emitted outside the visible region. Indeed, the sun emits more energy in

the infrared region alone than it does in the visible region. When we are

exposed to the sun we can feel the infrared radiation as heat on the skin;

the small amount of ultraviolet radiation causes sunburn and suntan,

however.

THE DOPPLER SHIFT

Imagine yourself on an accelerating spacecraft moving rapidly away
from the solar system en route to Barnard's Star in a search for earthlike

planets orbiting one of the sun's near neighbors. The ship is equipped

with engines powerful enough to accelerate it to half the speed of light so

that the round trip can be completed in the lifetime of the crew. As the

ship accelerates to its cruising speed, you look back occasionally at the

sun, now reduced to one star among many in the black sky. To your sur-

prise you find that the sun seems to be cooling down. Its color changes

gradually from yellow-white to orange, and finally to red.

Looking ahead to Barnard's Star, a relatively cool, reddish star as seen

from the earth, you find that this star seems to be getting hotter. Its color

changes from red to orange, yellow, and finally to yellow-white.

When the ship reaches Barnard's Star and decelerates preparatory to

dropping into orbit, a backward glance at the sun reveals that it seems to

be growing hotter and recovering its normal yellow-white color, while

Barnard's Star appears to be cooling rapidly to its familiar reddish hue.

The flight is imaginary and may never take place, but the description of

the changing star colors is based on a concrete physical fact: if you are

moving toward or away from a heated object, you see an apparent change

in the wavelength of the light emitted by it. If you are moving away from a

star, the radiation that you see from that star will seem to be shifted

toward longer wavelengths, that is, toward the red end of the spectrum. If

you are moving toward the star, the radiation will seem to be shifted

toward shorter wavelengths, that is, toward the blue end of the spectrum.

Similar changes occur when the source of the radiation is moving

instead of the observer. If a star is moving away from you, its radiation

seems to be shifted toward the red end of the spectrum; if it is moving

toward you, its radiation seems to be shifted toward the blue end of the

spectrum.

These cases are examples of a phenomenon discovered in 1842 by an

Austrian physicist named Christian Doppler and called the Doppler 33

or the Doppler shift. This effect can occur in any kind of wave motion, thi igmt



Figure 2.6a A source of light generates an

electromagnetic nave

Figure 2.6b Another vibration of the

source adds a wave to the train.

and it is not limited to electromagnetic waves. The effect arises whenever

the observer and the source of the waves are moving toward or away from

one another. It does not matter if one is moving and the other is at rest, or

if both are moving; the observed Doppler shift is the same.

The explanation of the Doppler shift is not complicated. We will use

electromagnetic waves as an example. Suppose an oscillating electric

charge— the source of the waves— is sending waves into space in the

direction of the observer (Figure 2.6a).

Every time the charge completes one oscillation, one more wave is

added to the outgoing wave train (Figure 2.6b).

Suppose that the source commences to move backward in the direction

away from the observer. New waves continue to be added to the train,

one after the other, as the source oscillates up and down. Each of these

waves moves out into the medium at the same speed as before. However,

during the time in which the oscillating charge creates one wave, the

charge itself moves backward, so that the length of the wave is stretched

(Figure 2.7).

The amount of the increase in the wavelength depends on the velocity

of the source and the velocity of the wave train. If the source moves

slowly in comparison to the wave train, each wave will be stretched by a

correspondingly small amount. If the source moves backward nearly as

fast as the wave train moves forward, the waves will be stretched enor-

mously. These ideas can be expressed in a formula giving the change in

wavelengths AA produced by a motion of the source at a velocity v, when
the speed of the waves is Vand their original, unstretched wavelength is \:

K

Figure 2.7 The stretching of the waves by
the receding motion of the source.

The same type of reasoning applies when the source moves toward the

observer instead of away from him. In this case, the length of a wave is

decreased because the oscillating charge moves forward during the time

in which the wave is produced. Again the amount of the effect depends

on the speed of the source and the speed of the wave train: the larger the

speed of the source in comparison to the speed of the waves, the greater

the effect. The same formula can be used for this case as for the case of



backward motion, if we agree to attach a plus sign to the velocity of the

source when the source is moving away from the observer and a minus

sign to it when it is moving toward the observer. This rule is reasonable

because the distance from the source to the observer increases in the

first case and decreases in the second.

The formula also applies to the case in which the source is fixed and

the observer is moving, or the case in which both are moving. The formula

can be used in any of these cases if v is defined as the net speed at which

the source and the observer approach or recede from one another. 4

Let us now return to the imaginary spacecraft speeding from the sun to

Barnard's Star at one-half the speed of light. According to observations,

the radiation from these stars is peaked at a wavelength of 4700 A for the

sun, and 10,000 A for Barnard's Star. Using the above formula, we can

calculate the shift in wavelength when the velocity v of the spacecraft is

equal to one-half the speed of light or approximately 93,000 miles per

second.

AX = 93,000 mps = 1

X 186,000 mps 2

AX = X x j = 4700 x| = 2350 A

Thus, the shifted wavelength corresponding to the sun's radiation at

4700 A is now

X (new) = X (old) + AX = 4700 A + 2350 A = 7050 A

This wavelength lies at the far red end of the visible spectrum. 5 The eye

would see the sun as a deep red star if the observer were traveling away

from it at this speed.

,, c AX 93,000 mps 1

Barnard s Star: — = . __ ...—c- = —
X 186,000 mps 2

AX = X x j = 1 0,000 Ax| = 5000 A

Thus, the shifted wavelength corresponding to 10,000 A is

X (new) = X (old) - AX = 1 0,000 A - 5000 A

= 5000 A

This wavelength lies in the middle of the visible spectrum. The eye would

see Barnard's Star as a yellow-white star if the observer were traveling

toward it at the same speed.

4 This formula is not precise because it does not include effects of relativity

theory. The exact formula derived from relativity theory is A (new) = K (old)

V(1 ±v/c) / (1 +vfc, in which c is the speed of light. The upper sign is \ alid for

a receding source and the lower sign for an approaching source. When v/c is

small the approximate and exact formulas are in close agreement.

5 The relativistic formula (footnote 4) yields 8150 A. Below, when approaching 35

Barnard's Star, the relativistic formula yields 5800 A. thi icht



The Cosmological Red Shift

The Doppler shift is connected with one of the most remarkable dis-

coveries in modern astronomy. Around 1913 the American astronomer

V. M. Slipher discovered that light from distant spiral galaxies is shifted

in wavelength toward the red end of the spectrum by a substantial

amount. The effect discovered by Slipher is known today as the cos-

mological red shift. The Doppler effect is the only satisfactory way to

explain the red shift. Applying the law for the Dopper shift to Slipher's

discovery, we see that these distant galaxies are moving away from us.

In the case of the distant galaxies the red shift is very large, corresponding

to a velocity of recession close to the speed of light. In a later chapter

we will come back to the red shift in the light from galaxies and discuss

its implications for the birth of the Universe.

PHOTONS

One of the most surprising facts to emerge from twentieth-century

science was the discovery that while light usually behaves like a train

of waves, sometimes it behaves like a hail of particles. For example,

when light strikes a photoelectric cell, it ejects an electron from the

metallic surface of the cell. It would be impossible to account for this

so-called photoelectric effect if light were simply a train of waves, be-

cause the energy of the wave would be spread over the entire surface

of the cell, and there would not be enough energy concentrated at any

single point of the surface to tear an electron out of the metal.

However, the effect can be explained if the light beam consists of a

stream of small particles. Then, as each "particle" of light hits the sur-

face, its energy is concentrated at the point of impact, and a collision

with an electron at that point can lead to the ejection of the electron.

The "particles" of light are called photons. Photons travel at the speed

of light, and have energies that depend on their wavelengths; the shorter

the wavelength of the photon, the greater its energy. To explain effects

like the Doppler shift, we must describe light as a train of waves; but to

understand some of the effects that occur when light strikes matter, such

as a metallic surface, we must often describe the light as a stream

of photons.

Main Ideas

1. What electromagnetic waves are; how they are produced and prop-

agate.

2. The relationship between frequency and wavelength.

3. Major regions of the electromagnetic spectrum.

4. The transparency of the atmosphere to electromagnetic radiation of

various wavelengths.

36 5. The relationship between the temperature of an object and its color.

stars 6. The Doppler shift.



Important Terms

absorption

angstrom

color

cosmological

red shift

cps

Doppler shift

electric force

electromagnetic

radiation

electromagnetic (radia-

tion, spectrum, wave)

electron

frequency

gamma ray

infrared radiation

light

microwave

photon

radio waves

temperature

ultraviolet

radiation

visible light

wavelength

white light

window
X-ray

Questions

1

.

Describe how the motion of one electron can affect another electron

some distance away. Is the effect felt immediately? If not, at what

speed does the effect travel between the two electrons?

2. Invent your own definition of a wave. Assume that your task is to

describe a wave to a person who has never seen one.

3. If two physicists with perfect reflexes attempt to measure the speed of

light by standing on hills two miles apart with flashlights and syn-

chronized watches, what precision is needed in their watches to yield

a 1 percent accuracy in the measurement?

4. What would be the wavelength of the radiation produced by an

electron vibrating 1000 times per second?

5. A radar signal is beamed toward Mars and the echo is received seven

minutes later. How far is Mars from the earth on this occasion?

6. How do the following differ from visible light?

(a) X-rays

(b) Infrared radiation

(c) Radio waves

(d) Gamma rays

7. What portions of the electromagnetic spectrum would you select for

viewing from an orbiting astronomical observatory? Why?

8. The sun's temperature is 5800°K. At what wavelength does it radiate

the maximum energy? To what color does this correspond? Barnard's

Star is red-orange in color. What temperature would you predict for

its surface?

9. The eye is insensitive to wavelengths longer than 7000A. To what

temperature must an iron be heated before it begins to glow visibly?

10. When the electromagnetic spectrum emitted by a distant galaxy is

analyzed, it is found that the characteristic patterns of radiation

emitted by familiar elements are present, but with their wavelengths

shifted toward the red by 1 5 percent. Is this galaxy moving away from

or toward the earth? At what speed?

11. Describe a world in which the speed of light is 100 feet per second.
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3 The Tools of the Astronomer

Electromagnetic radiation is the principal link between the earth and the

stars. This radiation passes through "windows" in our atmosphere to the

surface of the earth, where it is collected by the telescope and analyzed

into its component wavelengths by the spectroscope. These instru-

ments—the telescope and the spectroscope— are the essential tools of

the astronomer.

THE OPTICAL TELESCOPE

The telescope was probably invented sometime between 1600 and

1608. Opticians in Germany and Holland were designing telescopes in

1 608, and by 1 609 some of the Dutch instruments had found their way to

Italy, where they aroused the interest of a professor of mathematics at

Padua named Galileo Galilei. Galileo either copied the known d<

of the instrument or figured out its principle himself; in either case he built ml Palomar Ob^cr\ jtorv photographed

one, grinding his own lenses for that purpose. The military value of the in moonlight.
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Figure i.la

bv g/<

The bending ol a ray of light

Figure 3.1b A marching band turns right.

Figure 3.2 A light ray is bent toward the

base of a prism.
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invention struck him first, and he made a gift of his instrument to the

powerful government of the city of Venice, explaining that it could pro-

tect the city against seaborne invasions by bringing into view "sails and

shipping... two hours before they were seen with the naked eye." The

senate of Venice immediately doubled Galileo's salary.

Next Galileo raised his telescope to the heavens. He examined the

moon first and, although his instrument had a magnification of only 30

powers, he could see that the surface of the moon, far from being of a

polished smoothness, as had been thought, was "uneven, full of hollows

and protuberances, just like the surface of the earth itself." Then he

looked at the sun and found its bright surface marred by dark, ugly

blotches— the sunspots. He looked at Jupiter and found that it was a disk,

like the moon but smaller, instead of the point of light that the naked eye

saw. He also detected four small stars, invisible to the naked eye, that

moved around Jupiter as the earth moves around the sun, or the moon
around the earth. These were the four largest of Jupiter's twelve moons;

today they are known as the Galilean satellites of that planet.

Finally, Galileo discovered that he could see far more stars through the

telescope than were visible to the naked eye. A person with sharp eye-

sight can count 5000 stars in the sky, if he has the patience for the task.

Galileo, with his primitive telescope, increased the number to 50,000.

The Principle of the Telescope

The telescope revolutionized astronomy. How does this miraculous

instrument work? The answer requires a detour through the basic ideas of

optics and lenses. The working of the telescope depends on the effect

produced by glass on rays of light passing through it. Light entering a

piece of glass at an angle is bent downward as it passes through the glass.

This property of glass, called refraction, is caused by the fact that light

travels more slowly in glass than air. As a beam of light enters a piece of

glass traveling at an angle to the surface, the part of the beam that hits the

glass first slows down, but the remainder of the beam continues to move
at full velocity, close to 186,000 miles per second. As a result, the beam
turns downward toward the glass (Figure 3.1a).

A band marching down a football field changes its direction in the

same way. If the file of marchers on one side of the band — say the right

side— takes shorter steps than the marchers on the left side, the band will

wheel around the slow-moving marchers and turn to the right (Figure 3. 1 b).

Suppose we apply these ideas to a beam of light entering a glass prism

at an angle. The light is deflected downward as it enters the glass, and

deflected a second time as it emerges from the other side. We can de-

scribe its complete path by saying that it is bent toward the base of the

prism (Figure 3.2).

Now place two prisms together, base to base, and trace rays from a

light bulb, located at the left. All rays of light passing through the upper

prism are bent downward and rays of light passing through the lower

prism are bent upward. As a result, the rays converge on the other side of



the double prism. If we place a piece of paper at the right, we will see on

it a bright spot formed by the converging rays of light. The two prisms

have focused the light from the bulb. They are a crude, imperfect lens.

Unfortunately, not all the rays converge to the same point. The rays

passing through the prisms near the apex come together at a greater dis-

tance than the rays passing through near the base.

That is, the focusing is blurred. To improve it, the angle of the prisms

must be changed near the base.
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Now the rays converge to one place. If a sheet of paper is placed there,

a small, bright spot of light should appear on it. We have constructed a

focusing device out of the prisms.

The focusing effect can be improved by filling in the cracks between the

prisms and rounding off their outer surfaces in such a way that all rays of

light from the source at the left will converge to a single point on the

right. Now the combination of prisms has been converted to a lens.

Beyond the point at which the rays of light converge, they diverge

again in the same manner as they diverged from the original object. If you

place your eye beyond this point, and look toward the lens, the diverging

rays of light enter the eye and fall on the retina, conveying a message to

the brain that they are emanating from a copy of the original object

located at the new point of divergence.
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No object is actually there, but we say that an image of the object has

been formed by the lens at this point.

Now we are ready to apply our understanding of lenses and magnifica-

tion to the telescope. The telescope consists of two lenses, the objective

and the ocular. The light from a distant object enters the objective lens

first. This is the larger of the two lenses. The objective lens forms an image

of the distant object, just as in the preceding diagrams. The purpose of the

ocular lens is to serve as a magnifying glass. The person using the tele-

scope puts his eye close to the ocular, and uses it to magnify the image

formed by the objective. Because the distant object's image is magnified

the object appears to be much closer than it actually is (Figure 3.3).



________

Light rays

from

distant Objective

object
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distant object

formed by

objective
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Eye

Figure 3.3 The principle of the telescope.

Light rays from a distant object enter the

objective lens at left. The objective lens

forms an image of the distant object at

the other end of the telescope, near the

ocular. The ocular at ts as a magnifying

lens. The eye looks through the ocular and
sees the image magnified, making the dis-

tant object seem closer than it really is.

REFLECTING TELESCOPES

Astronomers also use a second principle of telescope construction,

one that dates back to the time of Isaac Newton. When Newton was a

student at Cambridge, and about 23 years old, he had an ingenious idea

for making a telescope without going to the trouble of grinding a glass

objective lens. Newton was not the first to have this idea; others had

thought of it years before him, but Newton was the first to make it work.

The Newtonian Reflector

Newton reasoned that the important aspect of a telescope lens was

simply its ability to converge rays of light. A concave spherical mirror

has the same property, thought Newton; it will reflect rays of light from

a distant object in such a way as to bring them together near a single

point (Figure 3.4).

After passing through this point, the rays of light will diverge and, to

the eye placed near the mirror, it will seem that they are coming from

the point of convergence. All that will then be necessary is to place a

magnifying lens in front of the eye so that the image can be enlarged

for examination, and we will have a telescope. That is, we will have a

device for forming an enlarged image of distant objects.

Figure

light.

1.4 Concave mirror convt
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There is one problem with this reflecting mirror telescope. Clearly,

Newton's head would have been in the way when he tried to examine

the image. To solve this difficulty, he placed a small mirror at an angle

of 45 degrees, as shown in Figure 3.5, so that the rays of light were

reflected to the side. Only a small part of the original light, the part

blocked off by the relatively small mirror placed inside, was lost. A
magnifying lens placed at the side as an ocular then permitted the observ-

er to look at the magnified image, as in an ordinary telescope.

Figure }.5 Tin- Newtonian reflecting

telescope.

fi^>" m

The first reflecting telescope Newton built had a mirror only two inches

in diameter (Figure 3.6 a and b). Being so small, it offered no advantage

over the refracting telescope, or telescope with an objective lens, as a

means of collecting more light. Newton built it for an entirely different

reason; he built it to get rid of troublesome color fringing that plagued

the makers of the simple telescopes based on lenses. A lens, like a prism,

tends to break up white light into its component colors. A mirror reflects

Figure 3.6 Newton's first

(a) side view, lb) front view.

telescope:
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all colors of light at the same angle and, therefore, all the colors contained

in the beam of light are brought to a focus at the same point. That is,

a mirror has no color fringing (Figure 3.7).

Of course, when the image formed by the mirror is viewed through a

magnifying lens, some color fringing is produced by that lens, but if

the color fringing caused by the objective is eliminated, the clarity of

the final image is much improved.

Figure 3.7 Red light and blue light are

focused at different points by a /en- (left);

a mirror Iright) focuses all color at the same
point.

The Cassegrain Reflector

Another version of the reflecting mirror telescope, in some ways even

more ingenious than Newton's, was invented by the French astronomer

Cassegrain in 1672. Cassegrain proposed to cut a small hole in the

center of the concave mirror. He placed a small mirror opposite the main

one, near the point of convergence, so as to reflect the rays of light as

they converged. However, Cassegrain's small mirror was oriented so

that it reflected the converging rays straight down the axis of the tele-

scope and through the hole in the main mirror (Figure 3.8). The small

mirror had to be convex in shape, so as to spread the rays of light enough

to bring them to a focus outside the tube. With a magnifying lens placed

at the hole in the main mirror, the observer could now view the magni-

fied image in comfort.

The Cassegrain reflector offered a great practical advantage over the

Newtonian reflector because the astronomer was stationed at the bot-

tom end of the telescope tube, and could stay on the ground in safety

and comfort while he studied the sky. In using a large-sized Newtonian

reflector, on the other hand, the astronomer had to perch precariously

frainian if"
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on a bosun's chair or scaffolding as much as 40 feet above the ground, at

considerable danger.

Newton sneered at Cassegrain's invention as a proposal without merit

and succeeded in discouraging Cassegrain, who sank back into ob-

scurity and never built a model based on his design. "Its advantages are

none," said Newton to the Royal Society. It was only much later, after

Newton's death, that astronomers came to appreciate the virtues of this

clever design.

Mirrors: Metal versus Glass

In spite of the advantages of the reflecting telescope over the refracting

instrument, the reflector did not come into wide use until the twentieth

century. Prior to that time, telescope mirrors were cast out of metal alloys,

usually in mixtures of copper, zinc, and tin that could be polished fairly

well but tarnished rapidly on exposure to the air, seriously reducing the

brightness of the image. In 1 850, a technique was developed for deposit-

ing a thin film of brightly reflecting silver on glass. This technical develop-

ment tipped the balance in favor of reflecting telescopes from that point

on. It was then possible to make the telescope mirror out of glass, which

could be ground accurately to a concave surface and coated with a thin

film of silver or some other brightly reflecting metal to give it a high polish.

In principle, when the metal coating became tarnished, the coating could

be applied again, so that the mirror had an indefinitely long lifetime.

However, silver-coated glass mirrors suffered from a serious defect.

Glass expands and contracts with changes in temperature. If the tele-

scope mirror was ground to the right shape at room temperature and used

at night at a lower temperature, it would not have the correct shape

during its actual use because of the contraction of the glass. As a result,

the telescope image would be blurred and distorted.

In addition, the silver coating tarnished rapidly and had to be repol-

ished inconveniently often. In repolishing there was always the danger

that the shape of the mirror would be affected, ruining the focusing prop-

erties of the telescope and clarity of the image.

The road to success in making large reflecting telescopes opened

up with the development of the technology for casting mirrors out

of Pyrex glass, about 50 years ago. Pyrex glass expands and contracts

very little in comparison with ordinary glass and can be counted on to

preserve the precisely concave shape given to it during the grinding and

polishing process. Today, mirrors are made of Pyrex glass or of fused

quartz, a hard glasslike substance, more expensive than Pyrex and dif-

ficult to manufacture, but even better than Pyrex at keeping its size and

shape at different temperatures.

At about the same time that the Pyrex mirrors came into use, a physics

46 professor at Johns Hopkins University developed a practical way of

stars coating the mirror with aluminum rather than silver. The aluminum



mirror reflected more light, did not tarnish noticeably, and was hard

enough to be washed with soap and water, an operation that would

entirely wipe away a thin silver film.

The 200-inch telescope on Mount Palomar has a mirror made out of

Pyrex glass covered by aluminum. The mirror is in the shape of a parabola,

a superior shape because all the light rays are reflected to a single point

rather than near a point, as with a spherical mirror. The grinding and

polishing of the Mount Palomar mirror required 1 1 years, including a

four-year interruption during the World War II. Five tons of glass were

removed by polishing during that 11-year period. When the polishing

was completed, the mirror surface was true to the desired parabolic

form within one-millionth of an inch over every point of the 30,000

square inches on its surface (Figure 3.9).

Figure 3.9 The 200-inch mirror com-
pleted for testing before aluminum coat-

ing is applied. The ribbed structure, de-

signed to give strength with minimum
weight, shows through the surface.
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LIMITATIONS ON THE SHARPNESS OF TELESCOPE IMAGES

The telescope is an ingenious instrument and an immense improve-

ment over the naked eye, but it has its limitations, as all instruments do.

One of the most important limits is on the sharpness of the image. This

limitation stems from two causes: diffraction and atmospheric blurring.

Diffraction

The magnifying power of a telescope may be increased by increasing

the power of the ocular lens, but the objective determines the sharpness

of the picture. As the image formed with the telescope becomes more

magnified, it also becomes increasingly blurred, so that no additional

details can be seen, although the image is larger. As a rough rule of

thumb, the maximum useful magnification is approximately 50 times the

diameter of the objective in inches. Greater magnifications than this may
be impressive but do not reveal any new information.

Why does the size of the objective limit the useful magnification of

a telescope?

The answer lies in the nature of light itself, which sets a fundamental

limitation on the magnifying powers of a telescope. A beam of light trav-

eling freely through space moves in a straight line. However, when the

beam passes close to the edge of an object, the part of the beam nearest to

the edge bends and travels in a slightly different direction. This effect,

known as diffraction, spoils the convergence of light rays passing through

a lens or reflecting from a mirror and blurs the image produced by the

lens or mirror in a way that cannot be removed, no matter how much

expense and trouble are put into their design.

The reason for diffraction becomes clear if we remember that light

moves in a series of waves, like sound waves, or waves on the ocean. As

the waves go past the edge of an obstacle, some spill over the side, just as

sound waves spill over the side in passing the corner of a building. If you

are standing around the corner from a friend and he shouts to you, you

can hear him even if there are no buildings or objects to reflect the sound

to you, because the sound wave bends around the corner (see Fig-

ure 3.10a).

The degree of bending of light waves is a million times smaller than for

sound waves. In fact, the amount by which light bends in passing an ob-

stacle is so minute that usually the naked eye cannot detect it. Only care-

fully arranged instruments can disclose it. For this reason, most people

believe that light always travels in straight lines (see Figure 3.10b).

Let us see what diffraction does to the clarity of the image formed by a

convex lens. Suppose that the lens is mounted in a tube, as it would be if

it were part of a telescope. The outside of the tube blocks off all parts of

the light beam except those parts passing through the lens itself. Thus, in

stars this case, the edge of the lens itself provides the obstacle that the light



(a) Sound (b) Light

beam must pass on its way to the eye. The parts of the beam of light that

pass through the objective lens near its center are undisturbed by the edge

of the lens. After leaving the lens, they converge to a single point. How-
ever, the parts of the beam passing through the lens near its edge are bent

away from their course by the diffraction effect, so that these parts of the

beam do not converge to the same place as the parts of the beam that pass

through the center. Instead, they converge farther out (Figure 3.1 1).

If a screen is placed where the main beam of the lens should be focused,

it will show a blurred patch of light with a bright spot in the center

(Figure 3.12).

The bright, central spot is produced by the converging action of the

lens on the main beam. The surrounding blurred patch results from dif-

fraction of light waves at the edge of the lens.

When an astronomer takes a photograph of a star through a large tele-

scope, he often overexposes the central spot and surrounding patch of

light, so that they appear as a uniformly bright disk. This bright area is

called the diffraction disk. If two stars lie close together, their diffraction

disks may overlap to such an extent that they appear as a single star on

photographs taken through a telescope.

Suppose that we look through a telescope at an object with many indi-

vidual details, such as the moon. Every point on the moon becomes a

spot of light in the image through the focusing action of the objective

lens. However, the spots of light are not sharply defined points. Because

of the diffraction effect, each point on the image is actually a blurred disk

of light that overlaps neighboring points. For this reason, the eye cannot

see any details of the image that are closer together than the width of the

disk of light produced by diffraction.

An inexpensive telescope usually has an objective lens with a diameter

of about 2 inches. The blurring effect of diffraction on a lens of this size

prevents the observer from seeing details on the moon that are less than

Figure 3.10(a) Bending of sound at the

edge oi an obstacle.

Figure 3.10(b) Bending of light at the

edge of an obstacle.

Figure 3. 1 1 Bending oi light at the edge of

a lens.

^— i

figure 1.12 Blurring of the image oi a

point of light by the bending of light rays

K the edge of the tens.



1 miles in size. A hole on the moon big enough to swallow up the city of

Paris would be invisible through a 2-inch telescope.

For larger lenses or mirrors, the relative effect of the edge is less than for

smaller lenses, and the diffraction is correspondingly less important.

With a telescope containing a lens 12 inches in diameter, for example,

features on the moon as small as 1.5 miles across can be seen. A good

12-inch telescope costs a thousand dollars or more, and it is the largest

telescope ordinarily used by anyone except a professional astronomer.

Instruments used in astronomical research are both larger and consid-

erably more expensive. The 40-inch telescope at Yerkes Observatory, for

example, cost approximately $300,000 (Figure 3.13). The money for this

telescope was donated to the University of Chicago in 1892 by Charles

Yerkes, owner of the Chicago streetcar system. Pictures of the moon

obtainable with the Yerkes telescope are vastly superior to the ones taken

by smaller instruments, because of the decreased diffraction effect.

Figure 3.14a and b shows the region of the crater Clavius on the moon

taken with telescopes of two different sizes. Figure 3.14a was taken

through a telescope of 10-inch diameter. Figure 3.14b on the right was

Figure 3.13 The world's largest retracting

telescope, at Yerkes Observatory in

Williams Ba\ . Wisconsin.
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Figure 3.14 Clavius crater region of the

moon; (a) through a 1 0-inch telescope,

(b) through the 36-inch Lick telescope.

taken with the 36-inch telescope at the Lick Observatory in California.

Examination of the photographs shows many small craters visible in the

Lick photograph, especially on the floor of the large crater Clavius near

the top of the photograph, that cannot be seen in the photograph made
through the 10-inch telescope.

Atmospheric Blurring

When engineers and scientists working for the National Aeronautics

and Space Administration began to design a spacecraft for the manned
landing on the moon, they required information even more detailed than

that provided by a 40-inch telescope. Jagged rocks a few feet long at the

landing site could damage the landing gear, or soft dust might swallow

up the entire landing craft and astronauts. These conditions had to be

known beforehand so that the astronauts and the mission could be pro-

tected from disaster. According to the theory of diffraction, NASA should

have been able to secure needle-sharp lunar photographs simply by using

a telescope with a very large objective lens. With such a telescope we
might also be able to settle the question of the canals on Mars and look

for other signs of life on that planet.

Unfortunately, there is a limit to the amount of detail that can be seen

from the earth, no matter how large a telescope is used. Rays of light from

the moon or other objects in the heavens are bent slightly by the earth's

atmosphere as they travel through it on their way to the telescope. This

bending of the rays in the atmosphere has nothing to do with diffraction.

It stems from the fact that light travels at a slightly slower speed in air than

in a vacuum. In a vacuum it travels at 1 86,283 miles per second, while in

air at ground level, it travels at 186,235 miles per second. When a ray of

light from a star enters the earth's atmosphere at an oblique angle, it

bends because of the slightly slower speed of travel in the atmosphere,

just as a ray of light is bent when it enters a piece of glass (Figure 3.1 5a

and b). The bending of rays of light in the atmosphere would have no

effect on the clarity of the star image formed by the telescope, if the air

were perfectly quiet; it would only shift the apparent position of a star by

Figure 3.15(a) Light bending as it enters

glass.

Figure 3.15(b) Light bending in the at-

mosphere.
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a small amount. The atmosphere, however, is continuously in motion

and, as a result, the position of the image dances about continually, many
times a second. It moves rapidly on the retina of the astronomer's eye if he

looks through the telescope, or on the photographic film, if he uses a

camera instead. If the astronomer takes a photograph through the tele-

scope, the dancing motion will blur the photographic image.

Good and Bad "Seeing"

A clear, cold night, when the stars are twinkling brightly, is a bad night

for the astronomer, for he knows that when the stars twinkle most, the

image in his telescope is moving rapidly and all photographs will be very

blurred. Astronomers refer to the conditions of the atmosphere as the

"seeing." If the atmosphere is quiet on a particular night and the stars

shine steadily, the "seeing" is said to be good that night. When the stars

twinkle, the "seeing" is bad.

When an astronomer photographs the telescopic image of a star he can

reduce the blurring if he makes the exposure time of the film short enough

to freeze the star or other astronomical object into one position. Astron-

omers, however, take most of their photographs with long exposures so

that they can capture as much light as possible from faint, distant objects.

Even the moon, which is the brightest astronomical object next to the sun,

requires an exposure time of a second or more when it is photographed

through a large telescope. As a result, photographs of the moon taken

through large telescopes are badly blurred by the atmospheric jiggling

of the image.

The effect of the atmosphere on lunar photographs is evident in the

contrast between a photograph of the rim of Alphonsus crater, taken with

the 100-inch telescope at the Mount Wilson Observatory in California

(Figure 3.16a) and a photograph of the same region taken from the

Ranger spacecraft as it hurtled toward the moon's surface (Figure 3.16b).

Figure 3.16(a) A section of the floor and
surrounding rampart of Alphonsus crater,

photographed by the 1 00-inch telescope at

Mount Wilson. No feature smaller than one
mile in diameter can be seen.

Figure 3.16(b) The same area, photo-

graphed from a height of 1 15 miles above
the moon by a camera on the Ranger 9

spacecraft. Surface features as small as

300 feet in diameter may be seen.
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The earth's atmosphere produced all the blurring and loss of detail evi-

dent in the Mount Wilson photograph, the effect of the diffraction being

negligible when the telescope diameter is as large as 100 inches.

The amount of atmospheric blurring varies from night to night, but on

the average it is such as to erase any lunar features in the photographs if

the feature is less than one-half mile in size. The diffraction effect in a

24-inch telescope produces the same amount of blurring in lunar photo-

graphs: about one-half mile. If the diameter of the telescope is made
larger than 24 inches, this diffraction effect will be decreased, but no

change in telescope design can eliminate the problem posed by the

earth's atmosphere. That is why we could never know, by photographing

Mars from telescopes on the earth, whether any forms of life existed on

that planet; that is also why it was impossible to prepare for the lunar

landing some years ago by taking photographs of the moon from the

earth, but was necessary instead to send a spacecraft above the earth's

atmosphere to take better pictures.

Superiority of the Eye

One increase in the sharpness of earthbound observations is possible.

The eye can see more details through a telescope than the photographic

plate can record. As the telescope image dances about because of atmos-

pheric motions, the eye moves very rapidly, following the erratic move-

ments of the image. In this way, the eye eliminates some of the blur

produced by the atmosphere. Astronomers find that the eye can observe

about three times as much detail as can be recorded with a photo-

graphic plate. For this reason, the best views of the moon and Mars from

earth have always been obtained by the human observer rather than the

camera. A trained astronomer observes details on the moon's surface as

small as 500 to 1000 feet across, when the seeing is good. When the

planetary astronomer, Giovanni Virginio Schiaparelli, asserted that he

saw canals on Mars in 1877 at the very limits of his visual acuitv, it was

impossible to test his claim by taking photographs of Mars, because the

photographs surely would not reveal details that the eye could barely see.

To obtain the maximum amount of detail on the moon or Mars, the

observer must use his eye rather than the camera, and he must also use a

telescope large enough to produce a diffraction disk that is small in com-

parison to the blur produced by the atmosphere under the best seeing

conditions. Telescopes with diameters of approximately 40 inches satisfy

this requirement. Still larger telescopes produce a slight improvement in

the sharpness of the image because of the smaller diffraction effects, but

the gain in clarity does not offset the vastly increased cost of a big tele-

scope. A 200-inch telescope costs roughly 30 times as mu< h as a 40-inch

telescope. The diffraction disk is considerably smaller, but the improve-

ment in sharpness of the image is hardly noticeable unless the atmos-

pheric conditions are exceptionally good. With average "seeing," pho- 53

tographs of the moon taken through a 200-inch telescope are no better the tools of th<



than those taken through the 36-inch Lick telescope. Figure 3.17 shows

Clavius photographed through the Lick telescope (a) and the Palomar

telescope (b).

Figure 3.17 Clavius crater; (a) photo-

graphed through the 36-inch Lick telescope,

(b) photographed through the 200-inch

Mount Palomar telescope.

4
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Why are telescopes ever made in sizes larger than approximately 40

inches? There must be a reason why Andrew Carnegie, a hardheaded

steel magnate, gave millions of dollars to the work on the Mount Wilson

100-inch telescope, and why the Rockefeller Foundation gave six million

dollars for the construction of the 200-inch telescope on Mount Palomar

in California.

The answer is that professional astronomers do not use their telescopes

solely to see details on the surface of the moon, or to search for evidence

of life on Mars. High magnification is not their only goal; they are also

interested in searching out the secrets of the universe at great distances

from the earth, and what they need for that purpose is light-gathering

power.

A telescope of large diameter gathers more light than a small telescope

and can therefore reveal stars that are too faint or far away to be seen

with a smaller instrument. A 12-inch telescope enables us to see stars as

far away as the edge of our Galaxy, about 100,000 light-years distant.

We can also see other galaxies outside ours with a 12-inch telescope,

some of them as far away as 200 million light-years. The 200-inch tele-

scope on Mount Palomar collects approximately 250 times as much light

as a 1 2-inch telescope, or two million times as much as the eye, and en-

ables us to detect ordinary galaxies as far away as 8 billion light-years.

With this incentive, astronomers built refracting telescopes with lenses

of larger and larger diameters during the last century until, in 1913, a

telescope was constructed with an objective lens that had a diameter of

40 inches. Since that time, no refracting telescope has been built with a

larger lens. It is impossible, with all the refinements of twentieth-century

technology, to make a lens larger than 40 inches in diameter, except at

prohibitive expense. To mention only one of the difficulties, a large lens



sags in the middle under its own weight, destroying the shape into which
it was ground for a perfect image. A larger mirror can be supported from

the back to keep its shape. For this and other reasons, all large telescopes

today are built on the reflecting principle.

Electronic Image Intensifiers

Astronomers rarely look through a large telescope; instead they place

a photographic plate at the focus of the telescope. A plate is better than

the eye because it forms a permanent record that can be studied at leisure;

also the plate can be exposed throughout the night in lengthy time ex-

posures, capturing images of faint, distant objects that the eye cannot see.

Astronomers are particularly interested in such faint objects because

among them are exceedingly distant galaxies billions of light-years away.

The light from these distant galaxies must have started out on its trip to

the earth billions of years ago; thus, a study of the images and spectra

formed from this light can give us a picture of the Universe at an earlier

stage of its existence, answering questions of great interest related to the

origin of the Cosmos.

Suppose a galaxy is very distant and faint, and even a full night's ex-

posure does not suffice to record any information about it. This will

happen if the light from the galaxy is so weak that less than 1000 photons

from it are collected by the telescope during the course of the night's

exposure. The reason for that limitation lies in the photographic plate

itself; a minimum number of photons— approximately 1000 — must strike

a grain in the emulsion in order to blacken it.
1
In principle the difficulty

could be overcome by constructing a telescope so large that its mirror

collects at least a thousand photons from the faint galaxy in one night,

but that solution to the problem would be extremely expensive. Alterna-

tively, one of the larger telescopes currently in operation could be ded-

icated to the study of that single galaxy for a long period of time. During

this period the same plate would be exposed to the faint rays from the

galaxy night after night. In practice, large telescopes are hardly ever used

in this way, because only a few such instruments exist in the world and

many astronomical investigations of great importance compete for time

on them.

An ingenious electronic device called the image intensifier, or image

tube, provides astronomy with a more practical way of gathering more

light from faint objects. The image intensifier is placed at the focus of the

1 The lights of surrounding towns create an additional problem for the astronomer

who attempts to photograph a distant galaxy. Although an observatory may be

many miles from any town, its telescope can still receive a diffuse glow of illumi-

nation at night, as a result of the reflection of city lights from clouds and dust

particles in the atmosphere. In the case of the Mt. Palomar telescope, the limits

imposed by the lights of Los Angeles and San Diego are more serious than the 55

limitations of photographic emulsions. the tcxhs of thi



telescope and the photographic plate is mounted behind it. Every photon

that enters the front of the image tube triggers 1 00 photons that leave the

rear of the tube and strike the photographic plate. Thus the time required

for a photographic exposure is reduced by a factor of 1 00. An image tube,

mounted at the focus of the 200-inch telescope, converts it into the equiv-

alent of a 2000-inch instrument in light-gathering power. 2

The image intensifier is shaped like a tube or cylinder, usually a few

inches in diameter and six or eight inches long. The front face of the

tube is constructed like the surface of a light meter or a photoelectric

cell, with a thin layer of material that gives off electrons when light falls

on it. Light from the telescope strikes this layer, ejecting electrons from

it. Because the layer is exceedingly thin, the electrons penetrate through

it and emerge from the other side, entering the interior of the tube.

The other end of the tube contains a metallic foil charged with positive

electricity. The positive charge exerts a strong force of attraction on the

negatively charged electrons, pulling them down the tube with increasing

speed. When the electrons reach the far end of the tube, they are travel-

ing many times faster than they were when they started out side with

very little loss of speed.

A phosphor layer, similar to a TV screen, is located immediately be-

hind the foil. The electrons strike the phosphor layer. Each electron, on

hitting the phosphor, creates a flash of light, just as in a TV set. The light

flash contains approximately one thousand photons. In this way, working

through the intermediate stage of the fast-moving electron, the image

tube converts the single photon that enters into a burst of many photons

that leave. A photographic plate is located behind the phosphor. The

burst of photons from the phosphor falls on the plate, blackening a grain

and recording the image.

The image intensifier was invented about 20 years ago, but has only

come into widespread use in astronomy in the last few years. Although

image intensifiers are new instruments in comparison to the telescope

and the spectroscope below, they are likely to have a revolutionary

impact on astronomy. The comparision between Figure 3.18 and 3.15

illustrates the usefulness of the image intensifier.

THE SPECTROSCOPE

We will see in the next chapter that astronomers acquire much of their

information about the stars by breaking up starlight into separate wave-

lengths and measuring the intensity of light at each wavelength. Each ele-
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, where r is the radius of the mirror. A ten-fold increase in radius produces a

stars 100-fold increase in area.



Figure 3.18. A 3-hour exposure of a star

field recorded directly on a photographic

plate, using the 90-inch telescope of the

Steward Observatory.

Figure 3. 19. A 20-minute exposure of the

star field shown in 3.18, obtained with the

same 90-inch telescope, but recorded with

the aid of an electronic image intensifier.

Although the exposure time is one-tenth as

long, this image reveals many additional

sMrs that were too faint to be recorded

when the image intensifier was not used.

merit in the star radiates a characteristic pattern of wavelengths. Bv

separating the light into its individual wavelengths, we can detect these

patterns and determine which elements are in the star, how much of each

the star contains, the temperature of the star, how fast it is moving through

space, and a great deal of other important information about it.
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The eye cannot be used for this purpose because it is unable to resolve

a ray of light into its individual wavelengths. To separate the wavelengths

in a beam of light, the eye must be aided by an instrument called the

spectroscope. Spectroscopes separate the various wavelengths in a beam
of light from one another so that each wavelength can be examined indi-

vidually. If the separate wavelengths are photographed, instead of being

examined by eye, the instrument is called a spectrograph.

Prism Spectroscopes

Figure 3.20 The bending of a ra\ of light

as it enters §

Figure 3.21 The separation of a ray of

light into component colors as it enters

the glass.
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The commonest type of spectroscope makes use of a property of light

traveling through glass. As we pointed out in our explanation of the tele-

scope, a ray of light is bent as it enters a piece of glass because light

travels more slowly in glass than in air (Figure 3.20). The speed of light in

glass depends on its wavelengths, the speed of blue light in ordinary

glass being approximately 1 21 ,000 miles per second, whereas the speed

of red light is 122,000 miles per second. Because of the difference in

speeds, blue light is bent by a larger angle than red light on entering a

piece of glass obliquely.

When a ray of light composed by many wavelengths enters a piece of

glass, the light breaks up into a number of different beams, each beam
consisting of one wavelength (Figure 3.21). The beams travel through the

glass in different directions according to their wavelengths. In other

words, the glass separates the wavelengths in the ray of light. When the

light emerges from the glass into the air again, it should be possible for the

eye to see each of these wavelengths.

If the glass is cut in the shape of a prism, the rays will be bent twice—

once when they enter the prism, and a second time when they leave it. On
entering and leaving the prism, they will bend by angles that depend

on their wavelengths. Each time, the blue wavelengths will bend more

than the red. Thus, using a glass in the shape of a prism roughly doubles

the spread between the blue and the red wavelengths in the beam. This is

the principle of the prism spectroscope or spectrograph. If the ray of light

contains two wavelengths that are very close together, they will still over-

lap after passing through the prism. In order to separate close-lying wave-

lengths, the light is usually passed through a narrow slit before it enters

the prism. After leaving the prism, the light will consist of several narrow

beams, each beam being an image of the slit in the one color or wave-

length characteristic of the substance emitting the light. The eye or the

camera sees the images of the slit as narrow lines of light. These are called

spectral lines (Color Plate 1).

The set of spectral lines makes up the spectrum of the light that is being

analyzed. We will see that each element's atoms radiate their own char-

acteristic pattern of wavelengths. These wavelengths, which pass through

a spectroscope and are analyzed into a line spectrum, are a means of

identifying the presence of that element. If the light from a star contains

the spectral lines of a familiar chemical element, we know that that ele-

ment exists in the star.



Figure 3.22 shows the components of a complete spectroscope. The

gas discharge tube shown at the left is a typical light source. The end of

the spectroscope facing the light source is sealed off from light except for

a narrow slit, which admits a small amount of light from the source. The

light from the slit passes through the prism after first passing through a

lens placed between the slit and the prism. The lens makes the beams

diverging from the slit run parallel. The parallel beam enters the prism

and emerges from the other side as a number of distinct beams, one for

every wavelength in the original light from the gas discharge tube. The

beams travel in different directions according to their wavelengths. The

light then passes through a second lens that focuses its components into a

number of images of the slit. There is one slit image or spectral line for

each wavelength in the original light.
Figure 3.22 The principle of the prism

-pec tro scope.

Gas

discharge

tube Lens

Slit

Photographic

If the instrument is used as a spectroscope, the eye is placed beyond the

second lens and sees many slit images, one for each wavelength in the

light source. If it is used as a spectrograph, photographic film is placed at

the focus of the second lens to record the slit images. The entire series of

slit images makes up the spectrum of the light emitted from the source.

The size and appearance of a typical spectrograph can be seen in

Figure 3.23, which shows a prism spectrograph attached to the end of the

72-inch reflecting telescope of the Dominion Observatory in Canada.

The telescope is in a vertical position in this photograph. The mounting

for the ocular appears at the top of the photograph with the main tube of

the telescope extending upward from it. The Cassegrainian design is used

here, with the light coming downward from above through a hole in the

center of the main mirror.
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Figure i.23 \ prism spectrograph at-

tached to a large reflecting tele-cope The

spectrograph contain- two prisms arranged

in tandem to increa-e the separation oi the

\ariou- wavelength- in the light beam. The

diagram at right -how- the path ot the ra\ at

light from the ocular opening through the

two prisms to the photographic plate on
which the spectrum will be recorded. iThe

ocular is removed when the spectrograph is

attached, becau-e it- function i- taken o\cr

b\ one of the len-e- in the spectrograph. I

The Importance of the Spectroscope

A big telescope is a very impressive object, and even a small telescope

has great appeal to all, because one can actually look through its eye-

piece and see for oneself many of the interesting objects in the heavens.

The spectroscope, on the other hand, is no more than an adjunct to the

main instrument, mounted on the end of the telescope as a minor attach-

ment. Although it is capable of producing a pretty pattern of colors, nor-

mally one does not look through it, but instead a photographic film or

plate is placed at the exit end of the instrument to record the distribution

of wavelengths as an uninteresting pattern of gray and black lines. Yet if

this seemingly modest instrument is removed, the value of the telescope is

enormously reduced; the telescope captures the appearance of celestial

bodies, but the spectroscope analyzes their nature.
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The Grating Spectroscope

The glass prism is not the only device that can spread light into a spec-

trum. A device called a diffraction grating can also be used. Astronomers

prefer the diffraction grating because it spreads light into a broader spec-

trum than the prism and can, therefore, separate very closely spaced lines.

In addition, the grating works equally well at wavelengths in the infra-

red, visible, and ultraviolet regions of the electromagnetic spectrum

whereas the use of the glass prism is limited to visible wavelengths only,



since glass is opaque to infrared and ultraviolet radiation. This is the most

important advantage of the grating over the prism, since the infrared and

ultraviolet regions of the spectrum have supplied much valuable informa-

tion about stars and galaxies that astronomers could never have gathered

from visible radiation alone.

The diffraction grating is based on the property of light waves known as

diffraction. As we said earlier, diffraction is the bending of a light ray that

passes close to an obstacle. Suppose that we consider a black screen in

which there is a narrow opening, that is, a slit. Assume that a beam of

light falls on this screen. Assume also that this light beam contains light

of only one wavelength. If the width of the slit is larger than the wave-

length of light, most of the beam goes through the slit unchanged in

direction. At the edges of the beam, however, a pronounced spreading

or change in direction of the light occurs because of the closeness of

the edge of the slit (Figure 3.24).

The important property of diffraction, with respect to its possible use in

a spectroscope, lies in the fact that the amount of the spreading depends

on the wavelength: The longer the wavelength, the greater the angle

through which the light is bent as it passes the edge of the slit.

A single slit, however, does not yet provide an adequate basis for con-

structing a spectroscope. It turns out that if we use only one slit, or a small

number of slits, the spectral lines produced by the diffraction effect are

fuzzy and ill-defined, and the separation according to wavelength is not

very pronounced; but if a large number of exceedingly narrow, precisely

parallel, and finely spaced slits are used, the diffraction effect leads to

spectral lines that are sharp, bright, and very widely spaced according to

their wavelength. In other words, it makes an excellent tool for producing

a spectrum.

Such a device— a large number of narrow, closely spaced slits in a

screen — is called a diffraction grating.

The diffraction gratings actually used in spectroscopes differ in one

respect from the one we have described. From a practical viewpoint, it

would be very difficult to construct a screen with thousands of narrow

slits in it, and so instead the grating is made by scratching many narrow,

parallel lines on a smooth, hard surface (Figure 3.25). Usually the lines

are scratched on a metal surface with a diamond point. Each scratch

scatters the original beam and produces an outgoing wavelet of light, just

as if it were a narrow slit through which light was passing from the other

side.

When the wavelets from these many scratches are added up, they have

exactly the same effect as the addition of the waves from a large number

of closely spaced slits. However, the ruled scratches have the advantage

that they can be much more finely spaced than slits in a piece of glass or

metal. Standard diffraction gratings are ruled with about 15,000 lines per

inch, and astronomers use gratings ruled with as many as 30,000 lines per

inch. Figure 3.26 shows a ruling engine, specially designed for making

diffraction gratings, in the process of ruling lines on a glass disk. The lines

are scratched by a diamond point controlled by a screw that has been

Figure 3.24 The bending of light ,i( j/ie

edge of an opening.

vww
Figure 1.25 Principle oi .\ diffraction

grating based on reflet tion.
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Figure 3.2b Lines being ruled on a reilei-

tion-t\pe grating.

machined to the highest possible precision. The lines are ruled very

slowly, the making of one grating requiring several months. Once the

grating is ruled, however, it is possible to obtain many replicas from it of

surprisingly high precision by pouring a solution of collodion or gelatin

onto the surface and stripping it off after it has hardened. Gratings made in

this way for student use can be obtained for as little as 10 cents.

Diffraction gratings stretch the visible range of wavelengths out into a

spectrum spanning an angle of as much as 60 degrees. In contrast, the

most effective glass prisms spread the visible spectrum over an angle of

only 20 degrees. The ability of a grating or a prism to spread out the spec-

trum is called its dispersive power. The high dispersive power of the dif-

fraction grating enables the astronomer or the laboratory spectroscopist to

separate different spectral lines that lie extremely close together. This

accuracy is essential when the astronomer seeks to identify the elements

occurring in stars by comparing their spectral lines with spectral lines of

known elements measured in the laboratory.

RADIO TELESCOPES
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The chart of the electromagnetic spectrum on page 30 (Figure 2.3)

shows that in two wavelength bands— the visible and the radio — electro-



magnetic waves pass freely through the earth's atmosphere. Astronomers

call these bands windows in the spectrum. Until 1931 astronomical

observations were confined to the first window, but in that year an elec-

trical engineer named Karl Jansky stumbled across a phenomenon that

led to the opening of the radio window. He was not thinking about astron-

omy at the time, but trying to solve a practical problem in communica-

tions. Telephone conversations transmitted by radio between London and

New York were frequently obliterated by static and hissing noises, and

Jansky had the assignment of finding out where the static came from so

that it could be eliminated. He found that when obvious causes of static,

such as thunderstorms, were eliminated, one type of noise still remained.

This was a hissing sound that did not seem to be connected with any

earthly phenomenon. Probing into the nature of the mysterious hiss, he

found that it came from a fixed direction in space, which later turned out

to be the center of our Galaxy. Jansky had stumbled on radio waves from

space. His accidental discovery opened up the new field of radio

astronomy.

Jansky's discovery was made with a few wires stretched on wooden
frames. Today most radio astronomers use carefully shaped, curved

reflectors that collect and focus radio waves just as the curved mirror

of the Mt. Palomar telescope focuses light waves. If the curved reflector

is pointed at the sky and used to study radio signals coming to us from

various directions in space, it is called a radio telescope. Although the

radio telescope was invented only 40 years ago, and astronomers have

actively employed it for less than 20 years, it has already added a large

body of information to our knowledge of the Universe.

Advantages of the Radio Telescope

One of the basic reasons for the importance of radio telescopes is the

fact that a radio wave can pass freely through a cloud of dust that would

completely absorb light rays. Astronomers use them to see through the

dust in space in the same way that air traffic controllers use radar waves

to see through clouds. 3 With his telescope, the radio astronomer has been

3 Airport radars send out a radar beam into space, which bounces off the air-

craft and returns an echo to the airport, indicating the plane's distance. This

technique is called "active" radar. Radio astronomers usually "listen" pas-

sively to radio signals from distant stars and galaxies. These objects lie too tar

away for a radio signal to be sent out to them and bounced back. The only ex-

ceptions to this passive role of the radio astronomer are provided by the ob-

jects in our own solar system -the moon, the sun, and the planets -which are

close enough to provide an echo of detectable strength if a radar or radio signal

is transmitted to them. Extensive studies of the moon and planets have been

carried out by this technique, which has grown into a new branch of astronomy

call "radar astronomy."
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able to chart the structure of our own Galaxy, in spite of the fact that most

of the Galaxy is completely obscured by huge clouds of dust that lie in the

space between the stars. By plotting the intensity of radio waves coming

to us from various parts of our Galaxy, astronomers have learned that the

Galaxy has the form of a spiral, similar to the shape of our neighbor, the

Andromeda galaxy. They have also made fundamental discoveries re-

garding other galaxies — discoveries that could never have been made by

studying the visible light emitted from these galaxies.

Another reason for the importance of radio astronomy is the fact that

we can see farther into space with radio telescopes than we can with

optical telescopes. That is, radio telescopes can detect galaxies— by
means of the radio waves they emit— that lie at least twice as far away as

the faintest and most distant galaxies that an astronomer can see with an

optical telescope. In this sense, radio telescopes have doubled the radius

of the observable universe.

It seems surprising at first that radio telescopes have a greater range

than optical telescopes, because distant galaxies emit far less energy

in the form of radio waves than they do in the form of visible light. One
obvious reason for their greater range is the fact that they have a larger

diameter than optical telescopes and, therefore, a larger collecting area.

Another important reason is the fact that when a galaxy is far away,

and relatively faint, the rays of visible light from it are blanketed by a

general background of illumination in the night sky, which is pro-

duced by man-made lights and the so-called night glow— a kind of phos-

phorescence of air molecules in the upper atmosphere— and by the

zodiacal light— a soft and very faint glow of light that results from sun-

light hitting particles of dust in the solar system and bouncing back to

the dark side of the earth. Usually the background radiation is too faint

to be seen by the eye; you may look up into the sky on a moonless night

and find it completely black; but, nonetheless, your eye is being bom-

barded by a small amount of light at all times, at an intensity too low for

your retina to detect it, but sufficient to obscure the light from the faintest

stars.

In the radio region, however, the sky harbors practically no radiation

at all. With respect to radio waves, the sky is always blacker than the

blackest nighttime sky in the visible region. For this reason, the radio

signal from a very distant galaxy will emerge out of the general sky

background and be easily detectable, even though the intensity of the

radio signal is far lower than the intensity of the light beam from this

galaxy.

It is interesting to note that with respect to radio waves the daytime

sky is as black as the nighttime sky. Thus radio astronomers, unlike

optical astronomers, can see galaxies as well during the day as they can

at night. They can even see them on a cloudy day or night since radio

waves pass freely through clouds, although at the shorter wavelengths in

the radio region, the clouds do present some problem because they

64 absorb and reflect small amounts of radio energy, as well as emitting

stars some radio waves themselves.



Comparison with Optical Telescopes

The radio telescope differs from the optical telescope in three important

respects. First, it uses an antenna plus a radio receiver as a receiving de-

vice, instead of the eye or a photographic film. It would do no good to

"look" through a radio telescope, because the eye is completely insensi-

tive to radio waves. Photographic film is also insensitive to radio waves;

hence, you cannot use a camera to record the "images" that a radio tele-

scope focuses. The only device that reacts sensitively to radio waves is an

antenna— an electrically conducting wire along which electrons can

move freely. To understand how the antenna works, remember that a

radio wave is a kind of electromagnetic wave. As the train of electric

waves moves past the antenna, it exerts a changing electric force on the

electrons in the antenna. The electric force reverses its direction repeat-

edly as the waves move by. In response to this continually reversing force,

the electrons surge up and down the length of the antenna. The antenna

is connected to a radio receiver, which detects the tiny electrical changes

produced by the surging electron currents in the antenna and magnifies

their strength a million times or more so that they can be easily measured

and recorded (Figure 3.27a).

The receiver is connected to a recording device, which may be a

pen moving across a slowly revolving drum of paper. As the radio

telescope scans the sky, it may happen to point in the direction of a

strong source of radio waves such as a radio galaxy, which is the equiva-

lent of a bright object for an optical telescope. The radio receiver will de-

tect a sharp increase in the strength of the signal, and the pen will record

a peak on the drum of paper. An example is shown in Figure 3.27b,

which is a drawing of a recording made by a radio telescope pointed

at a galaxy.

If the signal from the radio receiver were connected to a loudspeaker

instead of to a recording pen, you would hear the distant galaxy as a

crescendo of static emerging out of the general background of hissing

noises, as the axis of the telescope swept past the direction of the radio

galaxy. The effect would be similar to that produced on your automobile

radio when you drive under a high-voltage wire.

/ Antenna * '

Figure 1.27(a) Drawing oi .1 radio tele-

Figure 1.27(b) Recording of a signal from

.1 radio galax) received b) j radio tele-
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The second difference between radio and optical telescopes concerns

the surface of the "mirror." The mirror in a radio telescope does not

have to be smooth and brightly polished, as is necessary for the mirror

of a high-quality optical telescope. In fact, the "mirror" of a radio

telescope can have holes in it, or even be constructed out of wire mesh

instead of solid glass or metal; and work just as well as if it were a beau-

tifully finished and perfectly reflecting spherical mirror. Figure 3.28

shows the wire mesh 210-foot telescope in Australia.

Figure 3.28 The open-mesh "mirror" or

dish oi the 210-foot radio telescope at

Coobang \ alle\ m Australia. Radio signals

from space are focused b\ the spherical

w ire-mesh surface and detected bv the

antenna mounted on a tripod above the

center oi the dish.
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How can a "mirror" with holes in it reflect waves? The explanation is

that an electromagnetic wave cannot "feel" any hole, irregularity, or

roughness that is smaller than its wavelength in size. Most radio astronomy

is done at wavelengths ranging from about one-half inch to a few yards.

For use at these wavelengths, the reflecting surface need only be "true"

to a spherical or parabolic surface to within a fraction of an inch or so.

The surface itself can resemble a gravelly or pebbly pavement, but as

long as the bumps, hollows, and holes are no more than a fraction of an

inch in size, the telescope mirror will reflect radio waves just as well as

if it were a finely polished piece of metal. In fact, the reflecting surface

of a radio telescope is usually so rough that it is not called a mirror

at all. Instead, it is called a dish.

Figure 3.29 shows the radio telescope at Jodrell Bank in England.

For many years this telescope was the largest dish in the world that was

fully steerable, with a construction enabling it to point at any direction

in the sky. It has recently been supplanted as the world's largest fully



Figure 3.29 The 250-foot radio telescope

at jodrell Bank.

steerable telescope by a 300-foot dish in Bonn, Germany. The surface

of the Jodrell Bank dish was originally constructed out of an open

wire mesh, but later the mesh was covered with metal to improve the

accuracy of the telescope at shorter wavelengths. This improvement

made the telescope heavier, but permitted it to be used with wavelengths

as short as 4 inches. The original mesh covering limited the use of the

telescope to wavelengths of 10 inches and greater.

The third difference between radio and optical telescopes is cost. Radio

telescopes are less expensive to build per inch of diameter. Much of the

expense of a large optical telescope comes from the cost of casting the

mirror and polishing its surface to an accuracy of a fraction of a wave-

length in the optical region. Because the required accuracy is about

one-millionth of an inch, the degree of polishing required is extensive,

and the amount of skilled labor and the costs are correspondingly high.

That is one of the reasons why the largest optical telescope in use thus

far-on Mount Semindniki in the U.S.S.R.- has a diameter of only 236

inches or 19.6 feet. The dish of a radio telescope can be made much

larger at reasonable expense.

The largest radio telescope in the world -1000 feet in diameter- is

located in Puerto Rico, in the hills near Arecibo on the western end of the

island. It is actually a fixed dish built into a natural bowl in the hills (Fig-
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ure. 3.30a). However, the direction from which it receives signals, that is,

the direction in which it "looks," can be varied by as much as 1 5 degrees

on either side of vertical. This flexibility comes from suspending the

antenna-receiver from cables strung above the bowl, which permits the

antenna-receiver to travel across the valley like a cable car (Figure 3.30b).

The direction in which the telescope points also varies during the course

Figure 3.30 The thousand-foot dish at

6o, Puerto Rico. The dish u.is made
b\ placing wire mesh over a natural howl
in the mountains.

The bowl is oriented vertical!) upward

and is immo\able. but receives signals irom

many directions as a result of the earth s

rotation.

^^dditional flexibility in direction is

obtained bv shifting the antenna, which is

mounted on a trolley suspended from cables

500 feet above the valley floor.
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of the day with the rotation of the earth. The combined variation is suffi-

ciently great for the instrument to be "pointed" at all the planets in the

solar system as well as at a number of galaxies and nebulas.

Signals from Intelligent Beings?

Occasionally confusion arises concerning the nature of the radio sig-

nals that come to us from outer space. The term "radio signal" seems to

have the meaning of a voice communication, or a stream of dots and

dashes sent out by intelligent beings. However, the signals that radio

astronomers record are not of this kind. In fact, no astronomer has yet

received a signal that he feels indicates the presence of intelligent life in

space. The radio signals picked up from stars and galaxies resemble a

steady noise of static. They are rapidly fluctuating radio waves containing

all frequencies jumbled together in a chaotic fashion, and they can be

explained entirely by natural causes, without resorting to a theory of

transmitters constructed by intelligent beings.

Although the radio signals received from space show no signs of having

been produced by intelligent life, many people have wondered whether a

few signals produced by intelligent beings might be mixed into the jum-

bled static of the natural radio waves. Radio astronomers in the United

States and the Soviet Union have made several attempts to detect signals

from intelligent beings, but to date no successes have been reported.

NEW WINDOWS ON SPACE

With the advent of the space age, the entire electromagnetic spectrum

has opened up to the astronomer. From the first astronomical use of the

telescope by Galileo in 1609 until the discovery of radio waves coming

from space in 1931, telescope observations in the visible band of wave-

lengths occupied the center of the stage in all astronomical investigations.

After the birth of radio astronomy in 1931, radio telescopes shared the

burden of exploring the universe with optical telescopes. Now many

other regions of the electromagnetic spectrum are becoming accessible to

the astronomer, in addition to the radio and optical wavelengths. Most of

the newly accessible wavelengths are strongly absorbed by the atmos-

phere and could not be seen until the opening of the space age, when

astronomers were able to send their telescopes into orbit. At relatively

long wavelengths in the infrared region, some radiation penetrates to the

ground where it can be observed with telescopes, or to the stratosphere

where it can be observed from balloons. However, the very short-wave

length regions of the spectrum - extending from the far ultraviolet into the

X-ray region and then into the gamma-ray region -can only be observed

from platforms in space, because the atmosphere blanks out all these
t
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Figure 3.31 A balloon ascends into the

stratosphere carrying an infrared telescope.

Infrared Astronom) The science of infrared astronomy was born only

a few short years ago, although the existence of a window in the electro-

magnetic spectrum in the infrared region had been known for a long time.

The problem plaguing earlier would-be infrared astronomers was that

there was no good way of detecting infrared waves. Photographic plates,

which are the heart of modern optical astronomy, are only sensitive to

light of visible and shorter wavelengths, and do not react at all to infrared

waves. Radio receivers, which are the heart of radio astronomy, also do

not respond to infrared waves. But in 1963 a physicist named Frank low,

working on a problem not related to astronomy, built a divice that turned

out to be an extremely good detector of infrared radiation, one thousand

times more sensitive than any infrared detector that had been built up to

that time. Low's secret was that he cooled his detector to the temperature

of liquid helium, a few degrees above absolute zero, making it extremely

responsive to even the faintest trace of heat radiation that fell on it.

Once the supersensitive infrared detector was built, Low immediately

saw its applications to astronomy, although, like Jansky, he had not been

thinking about new astronomical windows in the sky when he began his

project. Placed at the focus of an ordinary reflecting telescope, in place

of the normal photographic plate, the liquid helium-cooled detector

provided an excellent way of collecting the very faint infrared radiation

from distant stars and galaxies. Low's work marked the birth of infrared

astronomy.

The type of sensitive infrared detector first designed by Low has come
into extensive use among astronomers. Because so many exciting discov-

eries have been made with infrared telescopes working on the ground, the

astronomers engaged in this branch of research have been strongly moti-

vated to send their infrared telescopes up into the atmosphere in balloons

and high-altitude aircraft, so that some of the murkiness that obscures the

infrared windows on the ground will be cleared up. This murkiness is

almost entirely the result of water vapor in the atmosphere, which is con-

fined to low altitudes. An aircraft flying at 40,000 feet has only half as

much water above it as exists above a telescope situated on the ground,

and a balloon, flying at altitudes up to 1 00,000 feet, has only 1 percent as

much water vapor above it as is found at ground level.

The balloon flights have been particularly fruitful, the amount of water

vapor remaining above balloon altitudes being so small that certain

regions of the infrared spectrum which are completely blacked out from

the ground — such as the region between one-tenth of a millimeter and

1 millimeter— become accessible. Figure 3.31 shows the launching of a

large helium-filled balloon, more than 10 stories high when fully in-

flated, from which there is suspended a gondola containing a one-inch

telescope with a liquid-helium infrared detector mounted at its focus.

The balloon-borne infrared telescope in Figure 3.31 was responsible

for the discovery that the center of our Galaxy emits a large amount of

infrared radiation. This was the first important astronomical result ob-

tained with a one-inch telescope since Galileo discovered the phases

of Venus in 1609. Measurements with a similar, but larger, instrument

flown in a high-altitude aircraft in 1975 determined the probable cause



of the infrared radiation. Apparently, dust collected at the center of the

Galaxy absorbs light from the stars in the Galactic nucleus, and the

absorbed energy raises the temperature of the dust from a few degrees

above absolute zero to 50 degrees kelvin, causing it to radiate in the

infrared.
4

Ultraviolet Astronomy. The ultraviolet region has always tantalized

astronomers because it lies on the edge of the visible region, and some of

its radiation — that in the near-ultraviolet just beyond the visible band of

violet wavelengths— penetrates to the ground in sufficient amounts to be

observed to a limited degree. It has always seemed to astronomers that if

the curtain could be rolled up to reveal the full ultraviolet region, their

knowledge of the universe would be enormously enhanced.

A satellite containing instruments designed solely for ultraviolet astron-

omy was launched in 1968 and provided the first comprehensive survey

of the sky at wavelengths in the far ultraviolet— entirely inaccessible from

the ground — extending down to approximately 1000 A. The ultraviolet-

telescope satellite, called Copernicus, is one of the largest and most

complex scientific satellites ever launched to date. Figure 3.32 shows the

Copernicus satellite. It weighed 4400 pounds, was 10 feet long and 7 feet

in diameter, and contained seven telescopes looking out one end and

4 Degrees kelvin (°K) are temperature units measured above absolute zero

in the centigrade scale. Matter at absolute zero is in its state of lowest possible

energy. Somewhat loosely, at absolute zero all atoms are at rest. A temperature

of absolute zero is —273° C and —459° F.

Figure 3.32 The Copernicus satellite

photographed during a prelaunch test.
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tour telescopes looking out the other. The largest telescope had a mirror

with a diameter of 32 inches. The mirrors were made of beryllium instead

of quartz or glass in order to minimize their weight.

A description of Copernicus indicates how astronomy can be done in

space by remote control. The telescope was equipped with photo-

electric cells constructed to search for and lock onto certain guide-stars.

Spinning flywheels located inside the satellite body were used to shift

the orientation of the satellite in response to ground commands, working

on an action-reaction principle; that is, as the flywheel turned oneway,
the satellite turned the other. With the aid of these devices, the body of

the satellite, and the satellite's telescopes, could be pointed to a chosen

star with an accuracy of one minute of arc, or one-sixtieth of a degree.

This pointing accuracy corresponds to hitting a 25-cent coin at a distance

of 100 yards. Astronomers controlling the satellite from the ground sent

up radio commands, causing the satellite to swivel about in the sky so

as to look at any chosen star or galaxy.

In place of the photographic plates normally used to capture the image

of a star in a ground-based telescope, the Copernicus telescopes em-

ployed photoelectric cells which converted light into electric currents

that could be measured and recorded.

Among the initial results from Copernicus are the first ultraviolet

observations of planets, galaxies, and quasar 3C273 — the object that

emits more energy than any other seen thus far in the sky. (See Chapter

1 1 .) The results show that the Andromeda galaxy and several others are

abnormally luminous at wavelengths shorter than 2700 A, a result that

may be difficult to explain if it is true for all galaxies. Another Copernicus

measurement, made with the 32-inch telescope carried on the satellite,

indicates the presence of deuterium 5
in the space between the stars.

Most of this deuterium was probably made during the first moments in

the history of the Universe. According to theoretical studies, the amount

of deuterium present in the Universe today depends sensitively on the

density of matter in the Universe at that earlier time. In Chapter 12 it

will be seen that this information regarding the cosmic density of matter

has contributed to the resolution of the outstanding cosmological ques-

tion: Will the Universe expand forever?

X-Ray Astronomy. The next shortest region of the spectrum beyond the

ultraviolet is the X-ray band of wavelengths, extending from roughly

100 A down to 1 A. Astronomical observations of the sky in this band of

wavelengths, made from rockets and satellites, have revealed that a

number of points in the sky are copious X-ray emitters. All are character-

ized by an enormous amount of X-ray power. On the average, each of

these sources sends out in space, in the form of X-rays alone, about 1000

times the total energy radiated by the sun at all wavelengths.

The first X-ray satellite was launched in 1970 from a floating platform

on the equator off the coast of Kenya in the Indian Ocean. It was named
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Uhuru, meaning "freedom" in Swahili. The Uhuru satellite weighed

315 pounds and was eight feet long.

As the satellite circled the earth in orbit, it rotated once every 12 min-

utes, scanning the sky to obtain a complete survey of X-ray sources. The

direction of its telescopes was controlled by an electromagnet mounted in

the body of the satellite, which could be magnetized by a radio command
from the ground, causing the electromagnet to act as a compass needle in

the earth's magnetic field. The tendency of the electromagnet to align

itself with the earth's magnetic field provided a force that was used to

control the satellite orientation. Using this device, the satellite could be

focused on strong X-ray sources with a precision of 1 minute of arc.

Several other satellites devoted to X-ray astronomy were launched

after Uhuru. The most significant aspect of their observations is the

finding that most X-ray sources, unlike the majority of stars, undergo

large changes in intensity with time. In some cases the changes are

irregular; in others they are as regular as the ticking of a clock. Usually

the variations are rapid, with a burst of X-rays coming from the source

every few seconds. In one instance, sharp bursts of X-rays occur a thou-

sand times a second. One of the variable X-ray sources observed by

Uhuru appears to be a black hole in space. This identification is still

tentative; if it is confirmed, X-ray satellites will have been responsible

for the discovery of the most bizarre object ever predicted by theoretical

astronomers.

Gamma-Ray Astronomy. Gamma rays are a form of electromagnetic

radiation with exceedingly high energy and short wavelength. These rays

are absorbed by the earth's atmosphere and very few reach the ground.

However, they have been studied from space with the aid of gamma-ray

telescopes orbited in several satellites. The satellite observations indicate

a diffuse glow of gamma radiation in the Galaxy, as well as several con-

centrated gamma-ray sources. In a few cases, the concentration of gamma
rays seems to be coming from a prominent supernova remnant, such as

the Crab Nebula. However, no satisfactory explanation has been given for

the production of gamma rays in a supernova remnant. In addition, very

short bursts of gamma rays have been detected, lasting a few seconds or

less. Brief bursts of intense gamma radiation of this kind could be created

in the moments of the supernova explosion itself, as a result of nuclear

collisions in the extremely hot, dense gas, but no supernovas were

visible in the direction from which the bursts came. An adequate explana-

tion for the bursts does not exist at the present time. Observations in the

gamma-ray region are in their infancy, but it seems likely, as with other

newly opened windows in the electromagnetic spectrum, that these

measurements will also make an important contribution to astronomy.

Astronomy irom Skylab. A large instrumented space station called

Skylab (Figure 3.33a) was launched in 1973 with astronomy as one of

its principal scientific objectives. Three scientist-astronaut crews were

sent into orbit for periods of one to several months to conduct obser-
73



vations with telescopes, cameras, and other instruments (Figure 3.33b).

The astronomical instruments were designed mainly for the study of the

sun. Solar flares and other disturbances on the sun's surface were ob-

served during the missions. One of the most interesting results was a

series of photographs of the sun taken with an X-ray telescope. Figure

3.34 is an example. The X-ray photographs show intense X-ray emission

from the disturbed areas on the sun's surface. They also show curves

and loops that seem to follow magnetic lines of force above the sun's

surface. The X-ray emitting regions are connected with the presence of

strong, localized magnetic fields on the sun's surface (Chapter 14) from

which lines of magnetic force loop upward into the corona or outer

atmosphere of the sun.

Main Ideas

1. Refraction; the way a lens works.

2. The definition of an optical image.

3. How refracting and reflecting telescopes work.

4. Limitations on the telescope; the distinction between magnification

and resolution.

Figure 3.33(a) The Skylab Space Station

in orbit
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Figure 3.33(b) Physicist Owen Carriot

setting up instruments in space near the

cluster of solar telescopes mounted out-

side the Skylab.

Figure 3.34 An x-ray photograph oi the

sun taken irom the Skylab on May 28, 1 973.
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5. The use of image intensities in astronomy.

6. The principles of the prism spectroscope and grating spectroscope.

7. How radio telescopes work.

8. Telescopes above the atmosphere.

Important Terms

atmospheric blurring

Cassegrain reflector

concave mirror

convex mirror

diffraction

diffraction grating

dispersive power

focus

image (tube) intensit'ier

lens

Newtonian reflector seeing

objective lens

ocular lens

optical telescope

photoelectric cell

plate (photographic)

radio telescope

reflecting telescope

refraction

refracting telescope

spectral lines

spectrograph

spectroscope

spectrum

Questions
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1 . Describe how a converging lens produces an image. Gradually move
a small magnifying lens away from this page. Describe the changes

you see. Can you explain them?

2. Describe the role of each of the two lenses in a simple refracting

telescope.

3. The lens at left is called a diverging lens. Predict how parallel rays

of light would bend as they pass through this lens. Draw the paths of

the rays. Can you invent a telescope by combining a diverging lens

with a converging lens?

4. Discuss the relative advantages and disadvantages of refracting and

reflecting telescopes.

5. What factors blur the sharpness of the image produced by a telescope?

How can you reduce each of them?

6. A two-inch telescope can distinguish features on the moon larger

than 10 miles in size. What is the smallest sunspot that can be seen

with this instrument?

7. Explain how attaching an image intensifier to a small telescope may
achieve the same result as building a very large telescope.

8. List the parts of a complete prism spectrograph and state the purpose

of each.

9. Discuss the relative advantages and disadvantages of optical reflecting

and radio telescopes. Why can a radio telescope be used for a larger

portion of the day than an optical telescope? The radio astronomer is



plagued by terrestrial radio noise, or static. List the possible sources

of static.

10. Discuss the relative advantages and disadvantages of an observatory

in earth orbit and an observatory located on the moon, from both the

practical and the pure research viewpoints.
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4 The Message of Starlight

During the early years of the nineteenth century the telescope and the

spectroscope evolved rapidly, and by the midpoint of the century they

had reached a relatively advanced state of development. With these in-

struments in hand, the astronomer possessed the essential apparatus

necessary for an inquiry into the properties of stars. Yet in 1850 he knew

no more about the true nature of the stars than astronomers had known in

Newton's time. The instruments were available, but new theoretical con-

cepts were needed. The new concepts came out of laboratory investiga-

tions into the nature of the atom.

THE ATOM

Astronomy began to grind to a halt in the middle of the nineteenth Prominent hydrogen lines in a sequence of

century. The optical telescope had reached a high state of perfection, and Cellar spectra.
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nobody yet dreamed of other windows in the sky. Tens of thousands of

stars had been catalogued and put away on the shelf. Two new planets

unknown to the ancients had been discovered, but a thorough search had

failed to reveal signs of any others. Astronomers seemed to know every-

thing that could be learned about the stars as points of light. They did not

know what the stars are made of, or why they shine, but this knowledge

seemed to be forever denied to man because of the enormous distances

that separated our solar system from other stars. Astronomy— the oldest

science— was ready to enter the graveyard of dead subjects. It was re-

vitalized by a basic discovery in physics.

The discovery was that a hot atom radiates light at a series of wave-

lengths peculiar to that element. The chemical composition of a star

could therefore be determined by analyzing the light coming from that

star. This is the message of starlight. It reveals to us what the stars are

made of, and how they are born, evolve, and die.

A German physics professor named Kirchhoff, working with the chem-

ist Bunsen, who invented the Bunsen burner, was the first to realize that

flamirtf send out a coded message about themselves to all who
have the wisdom to read it. Kirchhoff discovered how to break the code,

and with his discovery astronomy was reborn. Let us begin the study of

modern astronomy by entering the laboratory of the atomic physicist to

study the unique properties of the atom.

The Difference Between the World of the

Atom and the Everyday World

The electrons in an atom circle around the nucleus, attracted to it by

the electrical force, in the same way that satellites circle in their orbits

around the earth under the attraction of the gravitational force. However,

the orbiting electron and the orbiting satellite turn out to behave very dif-

ferently. When we launch a satellite into an orbit, the orbit can be at any

distance from the earth that we choose, depending on the power of the

rocket. If a certain amount of rocket power will get a satellite into a given

orbit, an increase in that rocket power will put it into a higher orbit. Any

orbit is possible for the satellite if we put enough power into launching it.

This is a simple fact that agrees with our everyday experience on the

earth: If you throw a ball up into the air, it will rise a certain distance; if

you throw it up a little harder, it will rise a little higher.

But the familiar laws of nature, as we know them in the everyday world,

do not apply to the world of the atom. A completely different set of laws

governs that world. According to these laws, an electron can only circle

the nucleus in certain allowed orbits of definite radius. In the hydrogen

atom, for example, the smallest orbit possible to the electron has a radius

of 0.53 A. (The angstrom, equal to 10~ 8 cm, is a convenient unit for ex-

pressing distances between atoms; its symbol is A.) No orbits smaller than

0.53 A are allowed in the hydrogen atom. That is, no hydrogen atom has

stars ever been found in which the electron's orbit is smaller than 0.53 A.



Moving outward, the next allowed orbit in the hydrogen atom has a

radius of 2.12 A. No hydrogen atom exists in the world in which the elec-

tron orbit has a radius between 0.53 A and 2.12 A. The rules of the

atomic world forbid these intermediate radii. Furthermore, the rules are

very precise; the orbit radius has to be exactly 0.53 A or 2. 1 2 A. An orbit

with a very slightly different radius— 0.52 A, say, or 2.10 A— never occurs.

The limitation on possible sizes of orbits is not the only peculiarity of

the atom. The number of electrons in each orbit is also limited. When
dealing with orbiting satellites, we can place as many satellites in an orbit

of a given radius as we wish; if a satellite is placed in an orbit with an

altitude of 1 10 miles, no law of nature prevents us from placing a second

satellite in an orbit with precisely the same altitude. But in the world of

the atom, the number of electrons in a given orbit is limited by a compli-

cated set of rules, which have been worked out by atomic physicists over

many years and are a part of the laws of the atom. If these rules specify

that a given orbit may contain no more than two electrons, for example,

we can be sure that we will never find an atom in which there are more

than two electrons in that particularorbi^
The allowed orbits for the electrons in an atom are

called shells. The laws of the atom specify the radii of the electron shells

in each atom, and the maximum number of electrons that may occupy

each shell.

The carbon atom, for example, has precisely two electrons in a shell

with a radius of 0.2 A, and four electrons circling in a shell outside the

inner group, at a radius of 0.5 A. According to astronomers, this is true not

only of all the carbon atoms examined on the earth but also of every

carbon atom in the universe.

Our experience with everyday events provides no precedent for such

peculiar laws. These laws become important only when we investigate

the properties of an object as small as an atom or smaller; on a larger

scale of distances, such as an inch, a foot, or a mile, their effect is negligi-

ble. When the Danish physicist, Niels Bohr, proposed a special set of

laws for the world of the atom around 1910, many other physicists

objected, but within a few years it became clear that the properties of

the atom could not be explained in any way except by the special rules

proposed by Bohr, and now these laws of atomic physics are universally

accepted. However, they are still just as hard to understand in terms of

everyday experience as they were 66 years ago.

Electron Shells in the Atom

Every type of atom has its own special set of electron orbits or shells,

the radii of these shells are peculiar to each element. The number of shells

increases from small atoms to bigger ones. However, the maximum num-

ber of electrons in each shell remains the same for all elements. The inner-

most of the allowed orbits, called the first shell, can hold up to two 81

electrons and no more. It is this shell that contains two electrons in the the mi \rlicht





Figure 4.3 An atom of uranium.

electron will absorb enough energy in such a collision to break the bond

that holds it in its orbit. This excited electron will then jump outward to a

new orbit, in which it circles the nucleus at a greater distance than it did

before. An atom in which an electron has absorbed energy and jumped

into a larger orbit is said to be in an excited state.

If the force of the collision is very great, the electron may leave the

atom entirely. An atom that has lost an electron is said to be ionized; the

part of the atom left behind by the departing electron is called an atomic

ion, or simply an ion. If the atom has lost one electron, it is sometimes

referred to as being singly ionized; if it has lost two electrons, it is doubly

ionized; and so on.

Usually it is the electrons of the outermost shell that are affected by

collisions. The electrons of the inner shells are more tightly bound to

the nucleus and less readily disturbed by outside forces; also, the elec-

trons in the shells surrounding them act as an electrical screen against

disturbances.

An Example: Excited States of the Hydrogen Atom

In the ground state of the hydrogen atom the radius of the electron's

orbit is 0.53 A. Because of the special nature of the laws of the atom, the

electron in the hydrogen atom cannot circle in an orbit smaller than

0.53 A; orbits larger than 0.53 A also are forbidden, until we come to an

orbit with a radius of 2.1 2 A. This is the first orbit above the ground state

83



""
"""""v.



Exciting an Atom by Absorption of Light

Collisions are not the only means by which the electrons in the atom

can be propelled from the ground state to a higher state. Suppose a beam
of light shines through a gas composed of atoms. This beam of light is

equivalent to a hail of photons. If the energy of the photons in the beam is

precisely equal to the difference between the energy of the electron in its

ground state orbit and the energy of the electron in one of its excited

orbits, a photon can be absorbed by an atom in the gas, kicking the elec-

tron in the atom from its ground state to an excited orbit (Figure 4.6).

The electron remains in the excited orbit for about one hundred-millionth

of a second and then collapses down to the ground state, emitting a pho-

ton of the same energy and the same wavelength as the absorbed photon.

Photon

(Ground state)

(Excited state)

Figure 4.6 A hydrogen atom is raised to

an excited state by the absorption of a

photon.

ATOMIC SPECTRA

The size of an electron's orbit, and the amount of energy required to get

the electron from its ground state to various excited states, depend on the

strength of the force holding the electron to the nucleus. This force de-

pends, in turn, on the number of protons in the nucleus. That is, it depends

on the nature of the element involved. Thus, each element has its

own set of electron orbits, which are the same for every atom of that

element, but they are substantially different from the electron orbits

of every other element. This set of facts— the uniqueness of electron orbits

in an element— is the reason that underlies the use of atomic spectral

lines as the means of identifying an element. Many branches of modern

science depend on this property of the atom.

The Spectrum of a Heated Gas

Suppose we have a glass container filled with a pure gas consisting of

atoms of one kind, such as hydrogen or helium. If the temperature of the
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gas is low, nearly all the atoms \\ ill be in the ground state. It the gas is now

heated, collisions will become more \ lolent, and an nu reasing fraction of

the atoms will be raised to e\c ited states. Collapsing from these exc ited

states to the ground state, these atoms will emit photons with wave-

lengths characteristic of the kind of atom that makes up the gas in the i on-

tainer. Of course, photons of mam ditterent energies and wavelengths

will be emitted by the atoms of the heated gas, bee ause ea< h atom pos-

sesses many excited states, and transitions can ex c lir between any one of

these excited states and the ground state, or from one excited state to .in\

other excited state. As a result oi the emission of all these photons with

various energies and wavelengths, the heated gas will glow with a light

composed of many different colors.

If the temperature of the gas is only moderately high, collisions will

occur with only a moderate degree of torn', muI it is possible that no

more than the first excited state will be reached. In this case, the light

emitted by the heated gas will then consist oi a single color or wave-

length, corresponding to the wavelength of the photon emitted in the

transition from the first excited state to the ground state*. If this light is

examined through a spectroscope, a single bright line will be seen at the

wavelength or color of the emitted photon. As the temperature of the gas

is increased, collisions grow more violent, and the atoms are raised to

higher and higher states of excitation. To the single line that appeared in

the spectroscope when the temperature of the gas was moderate, there

will be added more and more lines until, at very high temperatures, the

spectroscope will show a great number of lines representing all possible

transitions between allowed states of the atoms in the gas. This set of

lines is called the spectrum of this kind of atom.

Ground state

1st excited state!

Figure 4.7 Transition of a hydrogen atom
from the first excited state to the ground
state with emission of a photon.
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An Example: The Spectrum of the Hydrogen Atom

Consider the hydrogen atom once again as an example. When a hy-
drogen atom undergoes a transition from its first excited state to the
ground state, a photon is emitted with a wavelength of 1216 A, deep in

the ultraviolet portion of the spectrum (Figure 4.7).

A line at this wavelength should be the first to appear if hydrogen gas is

heated to a high temperature and examined through a spectroscope. If the
temperature is raised still higher, or the hydrogen atoms are excited in

some other way, as, for example, by passing an electric discharge through
the gas, some of the atoms will be raised to the second excited state of
hydrogen. A hydrogen atom raised to the second excited state can col-
lapse down to the ground state in either of two ways: it can proceed
directly from the second excited sta»- to the ground state, or it can
undergo a transition to the first excited state as an intermediate step, and
from there go the ground state. In the first case, a single photon is emitted
at a wavelength of 1026 A, corresponding to the energy difference
between the second excited state and the ground state. In the second



case, two photons are emitted, the first with a wavelength of 6562 A, in

the red region of the spectrum, and the second with a wavelength of

1216 A, in the ultraviolet region. The arrows in Figure 4.8 show three

transitions between the first and second excited states and the ground

state. Each transition produces a photon whose wavelength is shown in

parentheses. The sum of the energies of the 1216°A photon and the

6563 A photon is equal to the energy of the single photon emitted in

the direct transition to the ground.

As higher states of excitation are reached, the number of alternative

ways in which the atom can return to the ground state also increases, and

the series of lines emitted by the gas becomes very complex. However,

we can introduce a degree of order into this complicated series of lines of

different wavelengths by separating the lines into the following groups.

In the first group, place all the lines produced when the hydrogen atom

undergoes a transition from any excited state to the ground state; this

series of lines, of which the first one has a wavelength of 1216 A, is known

as the Lyman series.

In the second group, place all the lines produced when a hydrogen

atom undergoes a transition from any excited state to the first excited

state; this series, in which the first line has a wavelength of 6563 A, is

known as the Balmer series.

In the third group, place all lines that are produced when the atom

undergoes a transition from a higher excited state down to the second

excited state; this series, in which the first line has a wavelength of 1 8,756

A, is known as the Paschen series.

Figure 4.9 shows the transitions, indicated by arrows, that give rise

to the various lines in the above series.

Figure 4.10 shows the first 12 lines in the Balmer series of the hy-

drogen atom.

Figure 4.9 brings home the fact that each group, or series of lines,

represents a transition to one particular final state of the hydrogen

Figure 4.8 Transitions from the first and
second excited states of the hydrogen

atom to the ground state.

%}z&
2nd 3rd

excited excited 4th

state state excited state

Figure 4.9 Formation of the Lyman,

Balmer, and Paschen series of spectral

lines in the hydrogen atom.

Figure 4.10 The Balmer series.
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atom. This interpretation of the lines emitted by the hydrogen atom was

first put forward by the great Danish physi< ist, Niels Bohi more than 60

years ago, at the beginning of the twentieth century. Prior to that time, no

one had any idea of the meaning of the spectra emitted by atoms. In

spite of the failure of physicists to make <wx sense out of these singular

sequences of spectral lines. An enormous amount of work went into

measuring the wavelengths of the lines and classifying them, partly fbl

their usefulness as the fingerprints of atoms, a\u\ partly in the hope of

learning something about the structure of the atom, which was .it thai

time an entirely mysterious objec t.

Emission Spectra

The sequence of lines emitted by atoms oi a given kind, when heated to

a high temperature, is called the emission spectrum, or sometimes the

bright-line spectrum of that atom. An enormous amount of effort has been

invested in spectroscopic examination of the light emitted by atoms. The

wavelengths of the lines in the spec tra of all the elements have been care-

fully measured, tabulated, and published. The wavelengths of most lines

have been measured with an accuracy of a trac lion of an angstrom; a\h\,

in the case of certain lines, the precision of the wavelength measurement

is one ten-thousandth of an angstrom. The wavelengths of the lines in the

spectrum of an element are as unique a charac teristit of thai element as

your fingerprints are of your identity. The published tables of wavelengths

of the lines in the spectra of the elements are equivalent to the fingerprint

files of the FBI.

Absorption Spectra

Suppose we have a source of light that emits radiation of all visible

wavelengths, such as, for example, a tungsten lamp. If the light from
this lamp is examined through a spectroscope, we will see the full range

of colors in the visible spectrum, starting with violet at the short-wave-

length end, and shading imperceptibly into indigo, blue, green, yellow,

orange, and finally to red in the long-wavelength end of the visible

region. Now let us place a glass container, filled with a gas of unidentified

atoms, between the spectroscope and the light source, so that the light

from the source must pass through the gas on its way to the spectroscope
(Figure 4.12).

The original light contains photons ^f all wavelengths and energies;
among these photons are some whose energy is precisely equal to the dif-

ference between the energies of the ground state and one of the excited
states of the type of atom that fills the container. Such a photon can be
absorbed by an atom in the container, raising the atom from its ground



state to an excited state. This absorption process removes the photon of

that particular wavelength from the beam of light. The excited atom col-

lapses quickly to its ground state again, emitting another photon of pre-

cisely the same energy and wavelength as the photon it had just previ-

ously absorbed. However, the new photon need not be emitted in the

same direction in which the old one was traveling; in fact, it is usually

emitted in a different direction (Figure 4.1 1).

Thus, the reemitted photons do not enter the spectroscope because

they are not traveling in the right direction to do so. They leave the con-

tainer at the sides, the top, or the bottom, and they are removed from the

beam as far as an observer looking through the spectroscope can deter-

mine (Figure 4.12). Therefore, the continuous spectrum of the light source

will, as seen through the spectroscope, be marked by dark lines at certain

wavelengths. The wavelengths that are "dark" are those whose photons

have been removed by absorption in passing through the gas.

Incoming photon

Ground state

atom

Figure 4.11 Atom absorbing photon and
emitting it in a different direction.

Exited atom

Figure 4.12 The removal of selected

wavelengths from a beam of light passing

through gas.
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But what wavelengths are these? They are the wavelengths that cor-

respond to the difference between the energ\ of the ground state and the

energy of an excited state for the atoms of the gas. It is precisely these

wavelengths at which light would be emitted it the gas were heated to a

high temperature, so as to produce a bright-line or emission spec trum. If

we photograph the continuous spectrum in the above experiment marked

by dark lines at certain wavelengths as we have described, and place it

alongside a photograph of the emission spec trum ot the atoms of the gas

in the container, we will find that every dark line in the continuous spec-

trum is matched by a bright line in the emission spec trum of the atom.

As an example, the sodium atom has two very intense emission lines

located close to one another in the yellow region of the spec trum, at

5890 A and 5896 A. The states ot the sodium atom that produce these

lines are easily excited when the sodium atoms are placed in a flame; it is

because of this that the color of a Bunsen burner flame turns yellow if salt

is thrown on it. Color Plate 3 shows the two yellow lines in the emission

spectrum of sodium, as seen through a spe< trosc ope th.it is pointed at a

flame to which sodium has been added. Above the emission spectrum of

sodium is an illustration of an absorption spectrum of sodium, produced

when a glass container of sodium vapor is placed between the spectro-

scope and a light source. The two dark lines in the yellow region of the

spectrum occur at precisely the same wavelengths as the two bright lines.

Either pair of lines indicates that sodium is present.

That is, the dark lines in the continuous spectrum, produced when a

beam of light passes through the gas and some of the photons are

absorbed from this beam, are the fingerprint of the type of atom that

makes up that gas, in just the same sense that the emission spectrum
produced by that atom when heated also is its fingerprint. The dark lines

in the continuous spectrun rpUon spec trum.

Either the absorption spectrum or the emission spectrum can be used to

identify an element.

STELLAR SPECTRA

Stars are flaming balls of gas whose surfaces are at high temperatures
ranging up to tens of thousands of degrees. Violent collisions occur at

these temperatures, raising many atoms to excited states, and producing a
rich emission spectrum with a great number of lines. These lines may be
so many in number as to nearly fill in the spectrum of colors. Moreover,
because of the high density of the gas in the star, collisions are very fre-

quent, so that an electron in an excited siate often is disturbed by a second
collision before it has a chance to collapse down to its ground state orbit.

Such disturbances blur the sharpness of the transition to the ground state,

and spread each line in the spectrum out into a broad band of color.
Neighboring lines in the spectrum overlap one another as a result, so that



by the time the light leaves the surface of the star the separate spectral

lines have been blurred into a continuous spectrum, that is, a rainbow of

light including all wavelengths.

Stars have atmospheres just as planets do. The atmosphere of a star lies

above its surface, and consists of the same elements that are contained in

the body of the star, but at very low density. The light radiated from the

surface of a star must pass through this atmosphere on its way out. This

light is, as we have noted, a continuous spectrum. The atoms in the star's

atmosphere will absorb some of the wavelengths in the continuous spec-

trum of radiation coming up from the surface beneath, just as, in the lab-

oratory experiment described above, the atoms of gas in the glass con-

tainer absorbed some of the wavelengths in the beam of light passing

through them. As a result, when the spectrum of the star is examined in a

spectroscope by an astronomer on the earth, he will find that it is crossed

by dark lines that are the absorption lines of the atoms composing the

star's atmosphere. These atoms have left their fingerprints on the star's

light. This is the way in which astronomers determine the materials out of

which stars are made: they collect the starlight in telescopes, spread it out

into its component wavelengths, and photograph the resultant absorption

spectrum.

The Sun

The first star to be studied through a spectroscope was the sun, which

the British astronomer William Hyde Wollaston examined in 1802.

Wollaston found that the sun emitted a continuous spectrum that was

interrupted by a series of dark lines. In 1814 a German telescope maker

named Joseph von Fraunhofer repeated the observations, using a dif-

fraction grating instead of a prism. He counted 754 dark lines, which

scientists now call the Fraunhofer lines. Fraunhofer noticed that some

of the dark lines fell in the same positions— that is, had the same wave-

lengths—as the bright lines in the spectra of certain elements studied

in his laboratory. For example, he found that many dark lines in the sun's

spectrum lay at the same wavelengths at which iron emits bright spectral

lines when heated and vaporized. Figure 4.13 shows a part of the sun's

Figure 4.13 Solar spectrum compared
with laboratory spectrum of iron, indicating

presence of iron in the sun.
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spectrum and the spectrum ot excited iron atoms. The agreement be-

tween the dark lines in the sun's spectrum and tin 1 bright lines emitted

by iron is too close to result from mere ( oin< iderM e. I raunhofei realized

this tact, but he was unable to supply the reason for the apparent coin-

cidence. Had he done so, he would have founded the modern s< ien< e

ot" astrophysics.

Fraunhofer's dark lines remained unexplained lor nearly hall a ( ontury,

until in 1859 when another German scientist, named Gustave Robert

ihotf, realized their meaning, kirc hholt c ame to his realization more

or les-. in ace idem .1- is often the < ase with great dis« overies, not that he

deserves less credit tor his discovery on thai account. \i c RJental dis-

coveries often make no impact on the world, because their discoverers

lack the insight and the touch oi genius ne< essary to appre< iate the larger

significance of their own work. Ki re hhotl possessed the insight needed to

convert his experimental result into a great addition to knowledge.

Kirchhoffs discovery was th.it sodium vapor pla< ed between .1 spe< tro

scope and a continuous light source— he used sunlight— produced two

dark lines at the same wavelengths at which heated sodium vapoi pro

duced two bright lines. Kirc hholt thought that he was going to intensify

the normally bright yellow lines ot sodium by inserting ,1 flask ol sodium

vapor into the path of his light beam; he was not expecting to produce

dark lines when he performed the experiment. This is the sense in which
we can say that he came on his discovery by a< c ident Hut, once he had
produced the dark lines, he saw their meaning, which was that the atoms
of sodium vapor had absorbed the characteristic wavelengths ol the

sodium atom from the beam of light passing through them. Also, he im-

mediately saw that if this explanation was correct, he possessed the key to

determining the composition of the sun and other stars. If sodium vapor
could absorb its characteristic wavelengths, so could the elements in the

atmosphere of the sun. The Fraunhofer lines, then, were proof ol the

existence of certain elements in the sun.

By this experiment, and his interpretation of it, Kirchhoff became the

father of astrophysics. His work ushered in the modern age of astronomy.
Scientists have observed thousands of dark absorption lines in the sun's

spectrum, and by comparing their wavelengths with the wavelengths of

bright lines emitted by elements in laboratory experiments on the earth,

they have detected the presence ot 67 elements in the sun. The par-
ticularly fine photograph of the sun's spectrum shown in Figure 4.14
stretches across the full range of the visible spectrum, from the violet

end at 3900 A to the red end at 6900 A. The wavelengths and colors are
noted above the spectrum, and some dark lines are labeled below the
spectrum with the name of the element responsible. Approximately 1000
lines are visible in this photograph.

Figure 4.15 shows the solar astronomer R. S. Richardson with a com-
plete spectrum of the sun that he has spread out on the floor in a strip of
photographs 40 feet long. He needs this degree of detail to study the thou-
sands of lines that are crowded into the sun's absorption spectrum.
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Figure 4.15 A detailed >olar spectrum 40

ieel long.

Other Stars
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When you compare the absorption spectrum of the sun with the spectra

of other stars, you find that some stars have sunlike spectra but the

spectra of other stars look quite different. For example, consider the blue-

violet region, running from 3900 A to 4600 A. In this region, the sun's

spectrum shows two lines for hydrogen (at 4101 A and 4340 A) plus hun-

dreds of lines produced by iron and other elements (Figure 4.16a). The

spectrum of the star Vega shows the same two hydrogen lines in the blue-

violet (Figure 4.16b), but they are much blacker and more intense than

the sun's spectrum and, apart from the two hydrogen lines, the spectrum

of Vega shows very little else. The many lines that are present in the sun's

spectrum in the blue-violet region are absent.



Manganese

ron
Calcium

(a) (SUN) 41 41 +

(b) (VEGA)

|X = 4101A \ = 4340 A
|

Hydrogen lines

Figure 4.76 The absorption spectra of the

sun (a) and Vega (b).

At first, you might conclude that Vega has a much higher percentage of

hydrogen than the sun, because its spectrum shows stronger absorption

lines for that element. You might also think that Vega has no iron, because

the lines of this element are missing from its spectrum, and that the sun,

whose spectrum is crowded with iron lines, must have a rich abundance

of this metal.

Actually, the differences in the spectra of the stars are deceptive. All

stars are made of a similar mixture of materials. There are some differ-

ences in composition from one star to another, but these differences are

far less than the variations in the spectra of stars would seem to indicate.

To understand why the spectrum of one star can differ greatly from the

spectrum of another, even though their compositions are the same or very

nearly the same, consider the two hydrogen lines in the spectra of the sun

and Vega (Figure 4.16). One of these lines is produced when the elec-

tron in the hydrogen atom absorbs a photon and is kicked upward from

the first excited orbit to the fourth excited orbit. The other line is produced

when the electron is kicked upward from the first excited orbit to the fifth

excited orbit (Figure 4.17). In both cases, the atom must be in the first

excited state above the ground state to produce this line. Now suppose

that we are dealing with a star whose surface temperature is relatively

low. In this star, because of the low temperature, nearly all hydrogen

atoms at the surface will be in the ground state. Few atoms will be in

excited states. Therefore, in the spectrum of such a star the Lyman series of

hydrogen lines in the ultraviolet, corresponding to transitions from the

ground state to excited states, will appear prominently. However, the

Balmer series, including the two lines referred to above, will be relatively

weak, because the Balmer lines can be formed only when the hydrogen

atom is initially in the first excited state, and at the low temperature that

we are assuming for this star very few atoms will be in any excited state.

Now consider a star whose surface temperature is somewhat higher. A

greater number of hydrogen atoms on the surface of this star will be in

excited states than in the case of the cooler star; therefore, transitions
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Figure 4.17 Transitions producing hydro-

gen lines in the solar spectrum.
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still stronger than they are in Vega's spectrum? It would seem so ac-

cording to our explanation. However, another factor entering into the

case of extremely hot stars cuts down the intensity of the hydrogen lines.

At an extremely high temperature most of the hydrogen atoms are stripped

of their electrons — that is, ionized — by the violent collisions that take

place in the hot gas. An ionized hydrogen atom is a proton, which cannot

absorb light. Thus, in extremely hot stars, the hydrogen lines become
fainter again.

You can see this effect clearly in Figure 4. 1 9. The figure shows the spec-

trum of a star like Vega and the spectra of five other stars, once again

all lined up under one another so that the wavelength scales match, and

arranged in a sequence of surface temperatures with the Vegalike star

on the bottom and the hotter stars above it. The sequence of surface

temperatures marked at the right runs from 10,000 °K at the bottom to

approximately 35,000 °K at the top. The hydrogen lines are discernibly

Figure 4. 18 Effect of temperature on the

intensity of hydrogen lines.

35,00O*K

22,500°K

20,500
8K

15,600'K

13,600°K

10,000°K

Figure 4.19 Effect of increasing tempera-

ture on the intensity oi hydrogen lines.

(VEGA)

97

SSACE or STARLIGHT



fainter in the hotter stars at the top ot this figure. In very hot stars with

surface temperatures in the neighborhood ot 50 000 K. the hydrogen

lines are hardly visible, because only a negligible fraction oi the hydrogen

atoms in these stars retain their electrons.

Classification of Stellar Spectra

Suppose we arrange all the stars in the sky in a sequence, with the

hottest stars at the top ot the list and the coolest at the bottom. What

will their spectra look like? Astronomers use precisely this scheme to

classify the complicated varieties ot stellar spectra.

O Stirs Astronomers have grouped together all stars whose spectra

show the lines J helium, r he presence of ionized helium

spectrum is a direct sign that the tempwitUPtof tfNAfl^

is at least 30,000 K. The reason is that the imrod to ionize

helium — to strip an electron from the helium atom — is greater than for

any other kind of atom. For this reason, only the very hottest stars con-

tain large numbers of ionized helium atoms.

The group of stars with ionized helium lines in their spectra are called

"O" stars or "O-type stars Very hot O-type stars have temperatures

in the neighborhood of 50,000 °K. Fhus, the O-type stars may be con-

sidered to have temperatures ranging from $0,000 K to 50,00<) K.

The ars are rel I and

lines of ionized

helium, n. reason tor their

uncluttered appearance is that all the other kinds of atoms they possess

in abundance, such ,is iron are heavilv ionized because of the high

temperatures; tl I heir inner elec-

trons ,kc> so tightl> bound to the nu< !eus th.it ver> large amounts of

energy are required to move them from their ground state orbits to ex-

cited orbits. Consequently, the photon that is emitted when the electron

collapses back to the ground state again is highly energetic, with a short

wavelength in the deep ultraviolet region of the spectrum. This ultra-

violet radiation cannot be seen from the surface of the earth because it

is absorbed in the atmosphere. We are learning more about the very

hot stars today because we are beginning to perform ultraviolet astron-

omy with telescopes orbiting the earth in satellites above the atmosphere.
B Sfarv in stars with temperatures below about 30,000 °K, collisions are

less violent, and very few, if any, helium atoms will be ionized. Thus,
in the spectra of these somewhat cooler stars, you wou[d expect to find

the lines of neutral helium but not the lines of ionized helium. If the

temperature of a star is still lower, the energies required to excite neutral

helium atoms are not available, and the lines of this element do not
appear in the spectrum. Astronomers use the presence or absence o(
the lines of neutral helium as a means of marking off another group of

ise spectra contain lines of neutral helium but do not con-



tain lines of ionized helium are referred to as "B" stars or "B-type" stars.

The temperatures of B-type stars range from a lower limit of roughly

10,000 °K to an upper limit of about 30,000 °K.

Figure 4.20 shows the spectrum of an O-type star compared with the

spectrum of a B star that is nearly but not quite hot enough to be placed

in the O classification. Notice that the spectrum of the B star does not

contain the lines of ionized helium that are clearly visible in the spectrum

of the O star. However, it does contain the lines of neutral helium.

Lines of ionized helium

r .1
4200 A 4541 A 4686 A

50,000° K

25,000° K

Lines of neutral helium

A Stars. In a star with a surface temperature of 10,000 °K, the neutral

helium lines are just barely visible. Below 10,000 °K, they become very

faint and finally disappear entirely. Stars that are somewhat cooler than

B stars and have no neutral helium lines are called A stars. They fall

within a temperature range from 10,000 °K down to 8000 °K. Figure

4.21 compares the spectra of a B star and an A star with surface tem-

peratures of 25,000 °K and 10,000 °K, respectively. The spectrum of the

A star is placed below the spectrum of the B star. Notice that the lines of

neutral helium show clearly in the spectrum of the B star at wavelengths

of 4,026 A and 4,471 A, but these lines are missing from the spectrum

of the cooler A star.

Observe that the hydrogen lines are very strong in the A-star spectrum.

They remain strong down to a temperature of approximately 8000 "K.

Below 8000 °K, the strength of the hydrogen lines declines once more,

because fewer and fewer collisions have the strength required to move

Figure 4.20 Comparison between O-type

and B-type spectra.

B-type

A-type

Lines of neutral helium

25,000°K

10,000°K

Figure 4.21 Comparison between A-type

and B-type spectra.
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Figure 4.22 Spectrum oi an F-type star.

the electron in the hydrogen atom upward to an e\c ited orbit ( H « ourse,

it the atmosphere did not block them out, the ultraviolet Lyman lines

could be observed in these stars. On the other hand, as we have seen, at

temperatures greater than 12,000 k, a large fraction ot the hydrogen

atoms in the outer layer ol a star are ionized, and the strength <>l the lines

decreases tor that reason. It happens that the combination oi the two

opposing factors— degrees ot ionization mu\ strength of collisions

combines to produce a peak strength ot hydrogen lines tor temperatures

in the 8000 k to lo.ooo k range, rhese intense hydrogen lines c hara<

terize the spectra of -\-t\pe stars.

h Stars The A-type stars are followed by "I " or "I -type" stars which

are defined as stars with surface temperatures ranging irom 8000 °K down
to 6000

J
K. Spec tra ot st.us in this group possess \cr\ strong lines ol ionized

calcium at the \ iolet end ot the spec trum .is well as many lines lot metals

such as iron and titanium. I ines lor neutral atoms oi metals make their

first clear appearance in F star-

An example ot the spectrum ol an F-type st.u is shown in I igure A 22

Polaris, the North Star, is a star of this type. Note that in the spectrum of

the F-type stars, for the first time in the de* ending sequem eof tempera-

tures, the simple, uncluttered spectra of the hotter stars give way to a

complicated, many-lined spectrum.

Ionized

Calciumm
Manganese

Iron

I

Strontium fW«>gen

7,000°K

F-type

Beginning with the F stars, the changes from one type to the next are

more subtle, and the divisions more arbitrary, than in the hotter stars.

C Stars Continuing in descending order of temperatures, the stars be-
yond the F-type are known as "G-type" stars and have surface tempera-

45UU k to 6000 °K. The sun, with a surface tem-
perature of approximately '800 K, is a G-type star. Its spectrum contains
thousands of closely-spaced lines (Figure 4.23).

Figure 4.23 Spectrum of a G-type -tar.
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K Stars. The next group of stars, with surface temperatures lower
than the G-type stars, are known u s "K" stars or "K-type" stars. This
group contains stars with temperatures that range from 4500 °K down to

3500 °K. K-type stars have a spectrum that is very densely packed with
the absorption lines of metals and other elements.
M Stars. After the K stars come the "M" stars, the coolest stars in the



standard classification list. The temperatures of M-type stars range from

3500 °K down to 2000 °K. In these stars, the temperature is so low that

even the relatively fragile bonds holding together the atoms in a mol-

ecule can be preserved. Barnard's Star is an example of an M star.

When molecules appear in the outer layers of a star, they produce

an absorption spectrum of a very special and easily recognizable kind,

quite different from the spectrum produced by an atom. The spectrum

of a typical molecule is characterized by many finely-spaced lines

crowded together into a band of wavelengths. This type of spectrum is

called a band spectrum. An example from the emission spectrum of the

cyanide molecule is shown in Figure 4.24. Approximately 100 lines are

crowded into a wavelength band of 47 A in this spectrum.

Molecular Spectra. The explanation of the bands in a molecular

spectrum is as follows: when atoms are bound together in a molecule,

the electrons of these atoms can absorb photons and jump upward to

higher orbits, just as electrons do on an individual atom. Such a jump or

transition should produce one absorption line at a wavelength charac-

teristic of the molecule involved and similar in appearance to the absorp-

tion line of an atom. The reason that the spectra of molecules contain

dense bands of lines is that a molecule, unlike an atom, has a com-

plicated structure consisting of several "pieces," the pieces being the

individual atoms that make up the molecule. This structure can vibrate

in and out, and it can also rotate in space. When an electron in a mol-

ecule jumps from one orbit to another, the molecule may change its

rate of vibration or rate of rotation at the same time that the electron

makes its jump. When the molecule's vibration or rotation changes,

its energy also changes by a small amount. The difference in energy from

one kind of vibration to another, or one type of rotation of the molecule to

another, is quite small in comparison to the difference of energy involved

in the transition of an electron from one orbit to another. Because of

these small differences, the energy of the electron's transition is separated

into many closely spaced energies, and the wavelength of the line ac-

cordingly is spread out into a large number of finely spaced lines covering

a band of wavelengths. This group of finely spaced lines is the band

spectrum of the molecule.

The most intense band spectrum to appear in the spectra of stars

is the band spectrum of titanium oxide. The two atoms in this molecule-

titanium and oxygen — are very tightly bound to one another, and there-

fore the molecule appears in the outer layers of stars before any other

type of relatively common molecule can do so. Astronomers use the

presence of absorption bands for titanium oxide as their criterion for

distinguishing M stars from hotter stars. Figure 4.25 shows the spectrum

of an M-type star, with several bands for titanium oxide appearing at the

right side of the spectrum in the places marked. The spectrum belongs

to Barnard's Star, the sun's second nearest neighbor.

Notice that the individual lines in the bands of the titanium oxide

molecule cannot be seen. The light from most stars is so faint that

astronomers cannot spread out any particular part of the star's spectrum

383\ = 3836 A X = 3883 A

47 A

Figure 4.24 A molecular band spectrum.
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Figure 4.25 Spectrum of an \1-t\pe •tar.

M-type

(Barnard's

star)

TiO bands

3,000°K

to an extent great enough to allow them to photograph the individual

lines in a band spectrum. The only st.u that is bright enough to lorm an

exception to this statement is the sun. I igure 4.26 shows a hand spec-

trum of the titanium oxide molecule in the absorption spectrum of the

sun. This spectrum shows three adjacent, overlapping hands ot titanium

oxide, each band starting at the place marked In the arrow.

Figure 4.26 Individual lines in TiO band

spectra from the sun.

Type



A through Q (with J missing for some reason). Later, astronomers realized

that a classification by surface temperature made more sense, and the

stars were rearranged, but the force of tradition prevailed, and the

letter designations of the original listing were retained, although they no

longer followed alphabetical order.

The stars with the most intense hydrogen lines originally were desig-

nated by the letter A, and they are still designated by this letter although,

because they are not the hottest stars, they are no longer at the begin-

ning of the sequence. Stars with quite faint hydrogen lines, placed near

the end of the original sequence and designated with the letter O,

are the hottest class of stars, and they are therefore at the head of the

modern sequence.

An Album of Stars. The photographs of the spectra of all the principal

types of stars are collected in Figure 4.27 (below). Each spectral type

or class is divided into ten subclasses running from for the hottest to 9

Figure 4.27

type.

Temperature versus spectral

STAR TYPE

05

BO



for the coolest subclass, luo subdivisions are included tor each type, in

order to display the smoothness ot the transition in stellar spectra from

the hottest to the coolest stars. The most significant lines in the spectra

are indicated at the top ^i\ bottom ot the figure. At the let! ot eac h

spectrum appears the name ol a familiar star ol this type, il a familial

example exists. At the right is shown the temperature corresponding to

the spectral type and the color ot the star.

DETERMINATION OF THE ABUNDANCES OF THE ELEMENTS

FROM STELLAR SPECTRA

The discussion 01 atomic am\ stellar spectra earlier in the chapter

emphasized that every element i trum

of a star in the form of a unique Iral lines. In prnu iple, il should

be possible to determine the abundant es ol .ill the i hemk .il elements in

a star
2
directly from these spec tral lines. When we looked into the subjec t

in more detail and tried to find out how to measure the 1 abundant es ol .111

element such as ( hydrogen from the intensity ot its spectrum, we found

iture ol the star was a compile all A careful

study ot the situation revealed that temperature i^ just as important in

determining the strength n \ the ^|>«>t tr.d line as the abundance <>t the

element itself.

This line of thought led us gradually away from our origin. il < oik em
with the relation between stellar spec tr.i ,\nt\ the chemical ingredients

of a star, and into the area of stellar temperatures.

Now that the relation between the spectrum of a star and its tempera-

ture is clear, let us return to the original question: How can we measure

the relative abundances of the elements in a star accurately from the

analysis of the star's spectrum?

As we saw in the case of hydrogen, this question does not have a

simple answer. A faint set of absorption lines for a particular element

does not necessarily mean that the abundance of that element is low. In

the photograph of the sun's spectrum on page 93, for example, the two
intense calcium lines at 3934 A and 3968 A are much more intense

than the Balmer line of hydrogen at 6563 A, but the abundance of hydro-

gen in the sun is several hundred thousand to a million times greater

than the abundance of calcium. The explanation is that the intensity of

2 Actually, the spectral lines yield the abundances in the star's atmosphere,
where the absorption takes place, and not in the interior of the star. However, it

is generally assumed that all stars are formed out of a well-mixed, homogeneous
cloud of materials and, therefore, that the composition of a stellar atmosphere

104 is representative of the star as a whole. The core of the star is, of course, never
homogeneous, since new elements are always accumulating there as a result of

nuclear fusion reactions (Chapters 7 and 8).
STARS



an absorption line of an element depends not only on the number of

atoms of the element that are present, but also on the fraction of these

atoms that are in the correct initial state to produce that absorption. The

6563 A line in the hydrogen spectrum is produced when an electron

moves up from the first excited state of hydrogen to the second excited

state. At the temperature of the sun's surface, most hydrogen atoms are

in the ground state, and relatively few are in the first excited state. Con-

sequently, the 6563 A line is faint.

If the fraction of the atoms of each element in the ground state, the

first excited state, the second excited state, and so on, could be deter-

mined, the difficulty would be resolved. The astronomer obtains this

information with the aid of a calculation. He uses accurate formulas

that predict how many atoms will be in the ground state and in each

excited state for a given temperature. In applying these formulas to a star

with a given mass and radius, the astronomer first guesses at the value

of the temperature on its surface and the abundance of the elements in

its atmosphere, then calculates the intensities of the lines in the spectrum

with the aid of the formula, and finally compares the theoretical spectrum

with the observed spectrum. He adjusts and readjusts the values of the

temperature and the relative abundances that he had assumed in order

to secure the best possible agreement between theory and observation,

finally arriving at a value for both the abundances of the elements in

the star and the temperature at its surface.

The graph of the cosmic abundances of the elements on page 197

is partly based on computations of this kind. The temperatures listed

for various spectral types on page 103 are derived from similar

computations.

OTHER INFORMATION YIELDED BY STELLAR SPECTRA

Stellar spectra are a gold mine of facts regarding the structure of stars.

In addition to revealing the ingredients of a star and the temperature on

its surface, the star's spectrum can reveal whether the star is a small

object, like Barnard's star, or a distended red giant like Betelgeuse; it

can indicate the speed with which the star is rotating on its axis; and it can

determine the strength of the star's magnetic field, if any. The spectrum

of a star can even reveal that the star is shedding its outer layers in a

massive ejection of material to space.

The Shape of a Spectral Line

To obtain this information, it is necessary to examine not only the

intensity of the line but also its detailed shape. If you measure the degree 105

of blackness of an absorption line on a photographic plate, you will find the message or starlight



that usually the line is blackest, or most intense, at its center, and shades

off gradually to either side of the center, th.it is, to longer and shorter

wavelengths. The shape of the line refers to the pun is t - manner in which

the intensity falls off to either side of the center.

The photograph facing page 79 provides a < leai example of the gradual

decrease in the intensiu of the absorption on the short-wavelength and

long-wavelength sides ot an absorption line. I"his photograph is an

enlargement of a section ot Figure 4.27. One segment oi the enlarge-

ment containing the hydrogen absorption line .it 4101 A, is reprodiH ed in

Figure 4.28. If we could accurately measure the degree oi blackening

of the photograph at various wavelengths in the vicinity ot this line, we
would obtain a graph similar to I igure 4.29. This figure shows the per-

cent of light transmitted through the star's atmosphere at wavelengths

near 4101 A.

Figure 4.29 is the shape of this particular line. Because the hydioKon

spectrum is relatively intense in an A-t\|>e st.u. its sh.i|H' is < hara< terized

by a flat bottom, indicating neari) complete absorption over a substan-

tial range in wavelength. Weaker lines have the bell-shaped appearance
shown in Figure 4.30.

Figure 4.31 shows shapes of several lines of varying intensities ranging

from very weak (a) to moderately strong (/>) and very strong (c). These
line shapes were calculated for the absorption line of singly ionized i al

cium located in the ultraviolet region of the solar spectrum at 3934 A.

This is the first calcium line in the solar spectrum shown in Figure 4.14.

The computed line shapes shown in the graph correspond to calcium
ion abundances of approximately 3 x 10", 3 x 10 14

, and 3 x 10 16

ions per square centimeter in the sun's atmosphere. Line shape (c)

agrees approximately with the observed shape of the Ca line in Figure

4.28.

I he shape ot a line can lx- measured accurately
by passing a narrow beam of light throuKh the photograph i< plate on
which the star's spectrum ( j determining the amount of

light transmitted through the plate with the aid of a photocell mounted
below (Figure 4.32).

The narrow beam of light and the photocell are stationary. The photo-
graphic plate bearing the spectrum is mounted on a sliding track con-

figure 4.28 Photograph of 4101 A absorp-
tion line of hydrogen in the spectrum of an
A-type star (Altair).
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Center of line Figure 4.29 Variation of absorption with

wavelength for the intense 4101 A line in

Figure 4.28 (approximate).

Wavelength

Figure 4.30 Inverted bell-shape charac-

teristic of a relatively weak absorption line.

Wavelength

Figure 4.3 I Shapes of lines of varying in-

tensity: (a) weak; (b) strong; (c) very strong,

calculated for the line of singly-ionized

calcium at 3934 A in the solar spectrum.

Wavelength relative to center of line (angstroms)

trolled by an accurately machined gear that moves it slowly through the

light beam. Whenever the beam passes through an absorption line in

the course of the plate's motion, the photocell records an increase in the

intensity of the light passing through the plate. (The intensity increases

because the plate is a photographic negative.) The photocell readings,

plotted on a wavelength scale, yield a graph similar to Figures 4.29 and

4.30, on which the intensities and shapes of spectral lines are accurately

displayed.

Devices of this kind are basic items of equipment in every astronomical

observatory. They are called densitometers because they measure the

density or degree of blackening of the photographic emulsion. The

beam is as narrow as a thousandth of a centimeter in the most precise

instruments, which are called microdensitometers.
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Figure 4.32 Essential element* oi a densi-

tometer.

Figure 4.33 shows the result ot .i mk rodensitometer s< an of the spe<

trum of Zeta Ophiuchi. a star .it «i distance <>t about 500 li^ht-years.

The spectrum was photographed with a one-hour exposure ,it the I i< k

Observatory 100-inch telescope. The portion of the spectrum shown in

the figure spans the interv.il from 3957 A to J980 A I he ret ord shows a

broad, relatively intense line centered at 3970.07 A with a width of about

20 A. This is a line in the Balmer scries of hydrogen prodiK ed by absorp-

tion in the atmosphere at Zeta Ophiuchi. Broad but somewhat weaker

absorption lines appear at 3964.8 and 3973.4 A. These lines are probably

due to iron.

An exceedingly narrow line, less than an angstrom wide, is also

visible at 3968.5 A. This line has been identified as an absorption line

produced by atoms of singly ionized calcium, located in the clouds of

interstellar gas and dust that occupy a part of the space between our solar

system and Zeta Ophiuchi.

Why should the absorption lines produced by hydrogen and iron atoms
in the atmosphere of Zeta Ophiuchi be very broad, while the absorption

line produced by atoms of calcium in the space between the stars is

extremely narrow? To answer this question, we must try to understand

all the major factors that influence the shape of a spectral line. In acquir-

ing this understanding, we will also gain the means of measuring many
important properties of stars.
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Factors Influencing the Shape of a Spectral Line

In the discussion of atomic energy states given on pages 80-85, the

energy of an electron in its orbit was described as a precisely defined

quantity with no variation in energy from one atom to another. If this

were the case, the photon absorbed in a transition from one electron





Figure 4.34 Comparison between the
spectrum of a red giant (above) and a Main-
Sequence star (below) with the safne spec-
tral type and surface temperature.

Collisional Broadening When two atoms collide, the electrons on

one atom repel the electrons on the other atom, distorting the shapes of

their orbits and changing the energies ot the atomic states. II one ol the

atoms happens to absorb a photon during the collision, the energy oi

the absorbed photon will be affected by this distortion. If the densit, ol

the gas is low, collisions between atoms are infrequent and the absorp-

tion of a photon usually takes place when the atom is In an undisturbed

state. In this case, collisions will have only a small eilect on the width

of a spectral line. If the density of the gas is high, an atom will frequently

be involved in a collision at the same time that it absorbs a photon, and

the energy of the absorbed photons will vary over a considerable range.

As a result, the absorption line will be substantially broadened

This effect on the shape of a spec tr.il line is known as c ollisional broad-

ening. The width of the broadened line is determined by the frequency

of collisions between atoms. The collision frequency depends on the

gas density and temperature. Thus, if the temperature is known, the

width of the spectral lines indicates the density of the gas.

Chapter 5 classifies the population oi stars into broad categories,

including Main-Sequence stars ,ux\ red giants. A Main-Sequence star is

a "normal" hydrogen-burning star, while a red giant is a star in a later

stage of its evolution, in which the outer layer of the star has expanded
into an enormous, tenuous sphere of low-density gas. A red giant can be
distinguished clearly from a Main-Sequence star through the difference

in the widths of their spectral lines, even if the surface temperatures of

the two stars are identical.

For a Main-Sequence star, the width of a collision-broadened line is

typically a few tenths of an angstrom. In the outermost layers of a red

giant, the density is much less than the density at the surface of a Main-
Sequence star, and the absorption lines are correspondingly narrower.
Figure 4.34 compares the spectrum of a red giant with a Main-Sequence
star. The narrowness of the line in the red-giant spectrum is apparent.
Theoretical investigations of collisional broadening have led to an
accurate relationship between spectral line-width and density for a given
temperature.

Doppler Broadening or Thermal Broadening. The lines in stellar spec-
tra are also broadened through the combination of their thermal motion
and the effect of the Doppler shift. Because of the random thermal
velocities of the atoms in the star's atmosphere, some atoms move to-
ward us and others move away from us when they emit their photons.
These motions produce a Doppler shift in the spectrum. The result is a
broadening of the line, called Doppler broadening, which adds to the
broadening produced by collisions. Since the degree of broadening is

determined by the average thermal velocity of the atoms, that is, by their
temperature, the effect is also known is thermal broadening 3

110

STARS

Random turbulent motions of the gas in the atmosphere of the star also broaden
the lines as a result of the Doppler effect. This turbulence broadening produces
line shapes similar to those of Doppler-broadened lines



The effects of Doppler broadening or thermal broadening are some-

what smaller than those of collisional broadening in Main-Sequence

stars, the width of a thermally broadened line being 0.05 to 0.1 A in

typical cases. However, the shapes of the lines produced by the two types

of broadening are quite different. In a Doppler-broadened line, the

absorption falls off sharply to either side of the center of the line, while

in a collisionally broadened line, the absorption diminishes more grad-

ually, forming two broad wings to either side of the center.

Figure 4.35 shows the theoretically computed shape of the absorption

line of ionized calcium in the spectrum of the sun at 3934 A. The differ-

ence between the two types of broadening is clearly evident in the figure.

Center of line Figure 4.35 Line shapes for Doppler
broadening and collisional broadening.

-0.15 -0.10 -0.05 0.05 0.10 0.15

Wavelength relative to center of line (angstroms)

Rotational Broadening. If a star is rotating, the atoms on its surface

move toward or away from the observer during the course of each rota-

tion, unless the axis of rotation is pointed directly at the observer. Let

us assume for simplicity that the axis is perpendicular to our line of sight.

Assume also that the star is rotating counterclockwise as seen from

above (Figure 4.36). Then all the atoms on the left half of the star's disk

will be moving toward the earth and all the atoms on the right half of

the disk will be receding. These motions produce a Doppler shift in each

line of the star's spectrum.

The atoms on the left limb of the star and on its equator will have the

largest velocity toward the earth and, therefore, the contribution of these

atoms to the absorption spectrum of the star will be shifted by the great-

est amount toward the blue end of the spectrum. The atoms on the right

limb of the star and on the equator will have the greatest velocity away

from us and, therefore, their contribution will be shifted by the maximum
amount to the red. Atoms at other points on the star will give rise to inter-

mediate values of the Doppler shift. The superposition of these many
absorptions will give rise to a broadened line. The extent of the broad-

ening will depend on the rate of rotation and the angle of inclination

of the axis of rotation to our line of sight. This effect is known as rota-

tional broadening.

How can rotational broadening be distinguished from collisional

broadening and thermal broadening? An absorption line looks approx-

imately the same to the eye, regardless of the type of broadening that

has produced it. However, theoretical calculations of the shapes of

Figure 4.36 Motions of atoms on the

equator of a rotating star giving rise to rota-

tional broadening.



Figure 4.37 Angle between the axis of a
rotating star and the line of sight to the
observer: (a) perpendicular; (b) parallel;
(c) intermediate.
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rotationally broadened lines reveal that they diffei significantly from

other line shapes. The differences are not sharp enough to be evidenl to

the eye when a spectrum is examined, but they can be detected it .1

densitometer tracing is made ol the line shape, as in Figure -4

theoretical formula, representing a combination ot the three broadening

effects acting simultaneously, can be fitted to tin 1 observed line shape

as given by the densitometer tracing. h\ adjusting the relative contribu-

tions to the theoretical formula from each ot the- three broadening

effects in order to secure the best possible agreement between the

formula and the measured line shape, it may be possible to deduce the

separate amounts of collisional. thermal, mu\ rotational broadening.

suppose thai we have been able

to separate rotational broadening from othei types oi broadening in the

spectrum of a star. Assume tor simplk its that the axis ol the routing st.ir

is perpendicular to our line of sight. Denote halt the width ol the rota-

tionally broadened line In ±\. Ac c ording to the formula lor the Doppler

shift (Chapter 2), the velocity, \. ol the- atoms on the limb ol the rotating

star should be approximately

AA

In this formula, \ is the speed that the atoms on the limbs of the rotating

star have toward or away from us as a result of the rotation, and c is

the velocity of light. If the radius, R, is known, the period of rotation, T,

that is, the time in which the star completes one turn on its .ixis, can
be calculated from the relation

T =
JttR

At the beginning of the discussion we assumed for simplicity that the
star's axis of rotation was perpendicular to the observer's line of sight

(Figure 4.37a). Usually the axis is tilted at an angle to our line of sight,

diminishing the amount of rotational broadening. For example, if a star

is rotating very rapidly, but the axis of rotation is pointed directly toward
the earth (Figure 4.37b), atoms on the surface of the rotating star will
have no velocity toward or away from the observer, and the star's spec-
tral lines will show no rotational broadening.

In general the axis of rotation is tilted at an intermediate angle (Figure
4.37c).

There is no way of determining the inclination of the axis of rotation
separately from the speed of rotation Therefore, the astronomer's only
recourse is to assume that the axis of rotation is perpendicular to the
line of sight and apply the formulas given above. The speed of rotation
calculated in this way will be correct if the axis of rotation happens to
be perpendicular to our line of sight. In other cases, the calculated value
will be less than the true speed of rotation. Thus, the formulas for rota-



tional broadening on page 112 will always yield a lower limit to the

true rate of a star's rotation.

Using this method, it has been found that the hottest stars, Type O and

B, rotate most rapidly in general. A-typeand F-type stars rotate somewhat

less rapidly. A sharp decrease occurs in the rate of rotation in the neigh-

borhood of F-type stars. Nearly all G-type stars, including the sun, rotate

relatively slowly.

The difference between the rapidly rotating and slowly rotating stars

is very sharp. Many O and B-type stars rotate on their axes as rapidly as

once every 4 hours. This is the case for Zeta Ophiuchi, the star whose

spectrum was shown in Figure 4.33. The width of the very broad line

at 3970 A in the spectrum of Zeta Ophiuchi is entirely the result of

rotational broadening. From the width of the line it can be deduced, by

the methods described above, that this massive object is turning on its

axis every four hours, and possibly even more rapidly, depending on the

angle between its axis of rotation and the line of sight to earth. A star

rotating on its axis every four hours is on the verge of flying apart, like a

centrifuge that has been spun at too high a velocity.

The sun rotates on its axis today at the leisurely pace of once every

27 days. Some theories of the origin of the solar system assumed that

the sun rotated as rapidly as once every three or four hours in its youth.

According to these theories, the birth pangs of the planets slowed down

the rotation of the sun in some way. Carrying this line of thought further,

some astronomers believe that if any star is rotating slowly, a possible

reason is that a family of planets was formed around it, braking its rapid

rotation during the process of planetary birth. If this theory is correct,

it provides indirect evidence for a multitude of solar systems in the

Cosmos around us, since the majority of stars rotate at the relatively

slow rate of the sun.

The Zeeman Effect and Magnetic Fields of Stars. When an atom is

placed in a magnetic field, each of its energy levels may be split into

several levels by the action of the field on the magnetic properties of the

atom. If an energy level is split into three separate levels, for example,

the photons emitted in transitions involving these levels can have three

distinct energies and wavelengths. Consequently, a single line in the

original spectrum will be split into three separate lines when the magnetic

field is present.

The splitting of a line by a magnetic field is called the Zeeman Effect.

It is described in more detail in Chapter 12. Figure 4.38 shows the

splitting of a line by the Zeeman effect in a laboratory experiment.

A clear splitting of the lines in stellar spectra by the Zeeman effect can

usually be observed only in the spectra of sunspots, which contain intense

magnetic fields of thousands of gauss. In the spectra of stars more distant

than the sun, the light from the entire disk of the star passes through the

slit of the spectrograph, and many different intensities of magnetic fields,

from different areas on the surface of the star, contribute to the observed

spectrum. As a result, each line is a blurred average over varying degrees

of magnetic splitting. The resultant magnetic broadening is an indication

Zinc Singlet

I L
Normal Triplet

Figure 4.38 Magnetic splitting of a line in

the laboratory.
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of the average strength ot the magnetic field on the surface of the star.

The averse magnetic field on the surface ol a stai must l>e several

hundred gauss in order to produce an observable degree of magnetic

broadening. Clear indications ot magnetic broadening mh\ magnetic

field strengths of this magnitude have been found in roughly 150 stats.

The largest magnetic field observed in a star thus far is 14,000 gauss.

Figure 4.39 shows the spectrum of this star, named HD215441. In

this exceptional case the magnetic splitting into distinct lines is dis-

cernible because of the ver\ strong field.

Figure 439 Magnetic splitting of lines in

the spectrum of a star. The absorption

lines appear light against a dark back-

ground because the spectrum is >ho\\n as a

photographic negative. The sharp lines

above and below the faint stellar spectrum

are a known spectrum exposed on the same
plate in the observatory in order to deter-

mine the wavelengths of the stellar lines

accurately.

Main Ideas

1. The structure of the atom; the buildup ot the table ot the elements.

2. Ground states and excited states of the atom

3. The uniqueness of atomic spectral lines.

4. Three types of spectra: emission, absorption, and continuous.

5. The similarity between laboratory spectra and stellar spectra.

6. A comparison of the spectra of different stars.

7. The effect of temperature on stellar spectra.

8. The division of stellar spectra into spectral types.

9. The information yielded by stellar spectra.

Important Terms
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absorption spectra

atom

atomic spectral lines

Balmer spectrum

band spectrum

collisional broadening

continuous spectra

Doppler broadening

electron

emission spectra

excited state

Fraunhofer lines

ground state

helium

hydrogen

ionization

Lyman spectrum

natural width

nucleus (atomic)

periodic table

rotational broadening

shells (electron)

spectral type (class)

stellar atmosphere

stellar spectra

thermal broadening

transition

Zeeman effect



Questions

1. What are the differences between the everyday world and the world

of the atom ?

2. What is the most fundamental difference that distinguishes one

chemical element from another?

3. Describe what takes place in an atom when it is excited by a collision.

4. Explain why the wavelengths of light radiated from the atoms of an

element are unique to that element.

5. If an atom of hydrogen is emitting Balmer series lines, what line from

the Lyman series must always accompany them? Why?

6. Describe the three basic types of spectra and the circumstances

leading to each type of spectrum in the light radiated from a star.

7. Considering the fact that excited atoms collapse quickly to lower

levels, emitting photons with the same wavelength as those absorbed,

why do absorption I ines appear in the spectra of gases?

8. The sun's atmosphere produces dark absorption lines superimposed

on the continuous spectrum of radiation from the underlying

photosphere. During a solar eclipse there is a point when the photo-

sphere is covered by the moon, but not the sun's atmosphere. At

this point all the dark lines flash into bright lines. Explain.

9. Explain why the hydrogen absorption lines become weaker in the

spectra of stars whose temperatures are (a) above 12,000°K and

(b) below 1 2,000°K.

10. If you looked at the spectrum of what appeared to be a single star

and found lines of ionized helium as well as molecular bands, what

conclusions could you draw? Why?

11. Barnard's Star and Betelgeuse both have temperatures close to

3000°K, but the lines in the spectrum of Betelgeuse are considerably

narrower than those from Barnard's Star. Account for this difference

in terms of different structures for these two stars.

12. Why do the absorption spectra of ionized atoms lie mainly in the

ultraviolet region, whereas the absorption lines of neutral atoms

generally lie in the visible region?

13. Suggest a reason why the absorption spectra of G stars contain many

closely spaced lines.

14. Indicate the spectral class and probable temperature of stars whose

spectra have the following characteristics:

(a) Lines of ionized helium weak; exceedingly weak lines of neutral

helium and hydrogen.

(b) Strong lines of neutral helium; weak lines of ionized helium.

(c) Strong hydrogen lines; no helium lines.
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5 The Hertzsprung-Russell Diagram

Classifying People. A person has two basic properties that stand at the

top of any list of his physical characteristics. They are easily estimated by

looking at him, and are always used as the basic means of identifying or

classifying the individual in a group of people. They are his height and his

weight. Suppose you make a graph of height versus weight and plot a

point on it for each member of your class. We have done this for the staff

members of the Institute for Space Studies, with the results shown in

Figure 5.1.

Unless your class is very unusual, you will find that most of the points

lie close to a line. You might call this the "Main Sequence" of physical

properties of young adults in the United States. The "Main Sequence"

drawn through the middle of these points probably is typical of what

would be obtained by plotting the height and weight of any other similar

group in the United States. The significance of the "Main Sequence" line (left) E. Hertzstrung

is that it gives a connection between height and weight in the population; (right) H. N. Russell
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Figure 5 . 1 Weight versus height for a sam-

ple group of people.

100
4'9" 5' 5T
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5" 5'6"

Height

r 10- 11" 6'

this connection does not hold true, in general, for any individual member

of the population, it only holds true for the average person.

Classifying Stars. Does a star possess observable properties, analogous

to height and weight in a person, that may be considered to be its funda-

mental physical attributes? Does it have two properties that would enable

us to classify stars in the sky in the same way that we classify people? A
partial answer comes to us immediatcK : the temperature of a star, as evi-

denced by its spectral type or its color, is one basic property of the star. Is

there another? A moment's thought indicates that the intrinsic brightness

of the star is a second basic property. Is there a third? The answer is no; at

least, no other property comes to mind that is as fundamental as the

temperature and the intrinsic brightness of a star.

Color and brightness— these are the two properties that every star pre-

sents to the naked eye, and they are the only two. Presumably with these

thoughts in mind, a Danish astronomer named Hertzsprung and an

American astronomer named Russell separately decided to plot data

equivalent to color and brightness of all stars for which this information

was available. Hertzsprung and Russell had no prior thought of what
they might find. Their hope was only that the population of the skies

might arrange itself in some way, when plotted on such a chart, so as to

seem meaningful to their eyes, and that, thereby, they might acquire a

clue to the inner nature of this distant object known as a star.

The two astronomers succeeded beyond their expectations. The dia-

gram they invented, universally known today as the Hertzsprung-Russell

diagram, has become as essential to the astronomer as the slide rule is to

the engineer. As a preliminary to the interpretation of this invaluable

graph, we must develop more precise concepts of color and brightness

than the qualitative senses in which these words are normally used in

everyday speech.



COLOR

The lines in the absorption spectrum of a star are determined by the

temperature of the star's surface. The surface temperature also determines

another property of the star, one which the eye can observe easily without

the aid of any special instrument such as the spectroscope. This property

is the color of the star.

Connection Between Color and Spectral Type

We know from everyday experience that objects heated to a very high

temperature glow with a white light; objects that are heated to moderately

high temperatures are cherry-red in color, and cooler objects are dull red.

The same is true of stars. The hottest stars— the ones of the O and B

types— radiate most of their energy in the far ultraviolet region. A rela-

tively small amount of their energy is emitted in the visible region, with

emphasis on the blue end of the visible spectrum, giving these stars a

bluish-white color. A-type stars radiate a more uniform distribution of

intensity in the visible region and, therefore, are white in color. As the

surface temperature decreases, and the peak intensity moves to longer

wavelengths, the color of the star changes from blue-white to white to

yellow-white, then to yellow, to orange, and finally to red. F stars are

yellow-white, C stars like the sun are yellow, K stars are orange, and

M stars are red.

Yet the color of a star does not correspond exactly to its peak of radia-

tion. For example, the sun radiates most intensely in the blue-green part

of the visible spectrum, but it appears yellow-white rather than turquoise.

Why? The answer has two parts. First, an object radiating at peak in-

tensity in the blue-green region will also radiate appreciably at surround-

ing wavelengths, in the blue, yellow, and red; the mixture of these wave-

lengths will produce a sensation of white light with a bluish or blue-green

cast. Second, the earth's atmosphere affects the rays of light from the sun

in a way that tends to remove the blue-green component. Molecules in

the air scatter the sunlight as it traverses the atmosphere. If the atmos-

phere scattered all wavelengths to the same degree, there would be no

effect on the color of the light from the sun, but actually the shorter wave-

lengths are scattered more strongly than the red. Thus, looking at the sun

in the sky, you see light from which a large amount of blue has been

removed. This scattering effect eliminates the bluish cast that we might

otherwise expect in sunlight, shifting the peak of the spectrum toward the

yellow (Figure 5.2).

Incidentally, the scattering effect explains several other phenomena.

The sky is blue because the rays of light that enter your eye are the rays

from the sun that were scattered downward toward you by molecules of

air. Because the blue wavelengths are scattered more strongly than the

yellow or the red, the light you see in the sky is primarily blue (Figure 5.3).

Figure 5.2 Scattering of sunlight by the

atmosphere.

Figure 5.3 Why the sky is blue.
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Figure 5.4 Why sunsets are red.

The sun turns orange and then red as it sets because its rays pass through

the maximum thickness of air at sunset. I he atmosphere s< attersall oi the

blue and green light, leaving only a mixture of yellow, orange, -111(1 red in

the spectrum of the sun (Figure 5.4).

The distribution of radiation from heated objects was described in

Chapter 2, with the sun as an example. The sun emits most oi its energy

in the infrared and visible regions ot the spectrum. However, stars

much hotter than the sun emit most of their radiation in the ultraviolet.

Vega, with a surface temperature of 10,000 K, is an example of a hot

star. The graph in Figure 5.5a shows the relative amount of energy

radiated by Vega at different wavelengths. One-hall of the energy radiated

lies in the ultraviolet region, about one-third is radiated in the visible

region, and the remaining part lies in the infrared region.

Few stars have surface temperatures exceeding SO,000 K. A stai .it

this temperature emits its peak radiation at a wavelength ot 560 A, deep
in the ultraviolet region. Such stars shine mostly in the ultraviolet; they

emit a relatively small part of their radiation as visible light.

Many stars are cooler than the sun and emit most of their energy in the

red and infrared, radiating little energy in the visible region ,\nd prac-

tically no energy in the ultraviolet. As an example, consider Barnard's Star

with a temperature of 3000 "K (Figure 5.5b). This cool st.ir will emit its

peak of radiation at a wavelength of 9600 A, in the infrared region.

Figure 5.5a Radiation from an object at

10,000°K.
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Cool, red stars are more numerous than any other kirn) ot star in the

sky. They are considerably more numerous than stars resembling the sun.

However, very few red stars are visible, parth bei ause red stars tend to be

exceedingly dim, and partly because they radiate primarily in the infrared

region.

Some red stars are conspicuous exceptions to the rule that red stars

tend to be very dim. These stars, known as red giants, are relatively cool,

emitting most of their energ\ in the red and the infrared; nonetheless,

they are very luminous. Antares is an example of a red giant. Although its

surface temperature is only 3600 °K, it is thirty thousand times more

luminous than the sun; that is, it radiates thirty thousand times as much

energy into space every second.

BRIGHTNESS OR LUMINOSITY

The brightness of a star is referred to as its luminosity by astronomers.

The absolute luminositv of a star is the amount of energy radiated into

space each second from the star's surface. I his energy is partly in the

form of visible light and partly in the form of radiation at other wave-

lengths, such as the infrared or ultraviolet.

Astronomers and physicists usually measure absolute luminosity in

ergs per second. An erg is a unit of energy in the centimeter-gram-second

system. It is a very small amount of energy; when a fly collides with a

window screen it imparts about one erg to the screen on impact. A 100-

watt bulb radiates about one billion ergs per second into space.

The sun radiates about 4 x 10 33 ergs per second into space. 1 Because

the absolute luminosity of the sun is a very well-known number to all

astronomers, stellar luminosities are often expressed in units of the sun's

luminosity, written as U. The circle with a dot in its center is generally

used as a symbol for the sun in astronomy (and astrology). Alpha Cen-
tauri — the star nearest to our solar system — has an absolute luminosity of

2Lo, meaning that it radiates 8 x 1033 ergs of energy into space every

second. 2
If the earth were in the same orbit around Alpha Centauri as it is

around the sun, its temperature would be close to the boiling point of

water.

The brightest stars have luminosities ranging up to 10 6 U. An example
of a bright star is Rigel, a star in the Orion constellation. If the earth were
placed in an orbit around Rigel it would vaporize instantly. Barnard's

Star-the star second nearest to the sun- has a luminosity of 10" 2
Lo. A

planet circling Barnard's Star at our distance from the sun would have
a temperature of minus 200° Fahrenheit. The dimmest stars observed up
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1
If you were to express this number in words, it would be 4 billion trillion trillion.

2 Alpha Centauri is a triple star. This figure refers to the luminosity of the largest
member of the triplet.



to now, called red dwarfs, have luminosities extending down to 10" 6
Lo.

The sun falls in the middle of the range between the brightest and

faintest stars.

Apparent Luminosity and Apparent Magnitude

When you look at the stars in the sky, some seem considerably brighter

than others, but this impression does not necessarily correspond to their

absolute luminosity. For example, Vega seems brighter than Deneb.

Actually it is 1600 times fainter, but Deneb is roughly 55 times farther

away. Because the intensity of light falls off as the square of the distance,

the apparent luminosity of Deneb is diminished by a factor of about 3000,

relative to Vega. Consequently, Vega appears brighter than Deneb,

although Deneb is intrinsically more luminous than Vega.

Astronomers use a unit called apparent magnitude to measure apparent

luminosity. This unit dates back to the second century B.C., when the

Greek astronomer Hipparchus drew up a list of stars visible to the naked

eye and assigned a number to each one to indicate its relative brightness.

He assigned the number "1" to the brightest stars, which came to be

known as "first-magnitude stars." In Hipparchus' list, Sirius, Vega, and

Deneb were first-magnitude stars. All the stars in the Big Dipper were

second-magnitude stars. The faintest stars that the naked eye could see

were classified as sixth-magnitude by Hipparchus.

The system devised by Hipparchus is still in use today, but the units of

first magnitude, second magnitude, and so on have acquired a more pre-

cise meaning. Instead of judging the brightness of a star with the naked

eye, astronomers use a photometer to measure the visible radiation from

each star more accurately. The photometer readings reveal that, on the

average, first-magnitude stars in the Hipparchus scale are 100 times

brighter than sixth-magnitude stars. Physiologists find that when the eye

observes a linear increase in brightness in a series of light sources, the

measured increase in brightness turns out to be geometrical. That is, if the

eye records an impression of a uniform step-increase, the actual increase

is a constant multiple from one source to the next. In the case of Hip-

parchus' scale, the eye observes five uniform steps of increasing bright-

ness from sixth- to first-magnitude stars. Therefore, the true increase in

brightness from the sixth to the first magnitude must beRxRxRxRx
R = R5

, where R is the ratio of brightness of a star of one magnitude to a

star of the next magnitude. Since the photometric observations show that

the ratio of brightness of first- to sixth-magnitude stars is 100, we have

R5 = 1 00 and R = (100)
1,5 = 2.51

In other words, a first-magnitude star is 2.51 times brighter than a

second-magnitude star and (2.51 )

2 = 6.31 times brighter than a third-

magnitude star. The following table shows the relative brightness of stars

of various magnitudes compared to the brightness of a first-magnitude

star.
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Brightness

Apparent Relative to

Magnitude First-Magnitude Stars

1 1

J 1 : 2.51

3 1:6.31

4 1: 15.85

5 I: J9.82

6 1 : 100

This table gives the relative brightness of the average lor ea< h ( lass

of stars. Individual stars will differ from the average fbl their ( lass to sonic

degree. For example, Deneb, a first-magnitude st.n appears .i little I. unlet

than the average for a first-magnitude star, although it is definitely brighter

than a second-magnitude star. The photometer readings plat e il between

the two, with a relative magnitude of 1.3.

Some first-magnitude stars are brighter than the average lor their ( lass.

For example, Vega is about 60 percent brighter than the average for a

first-magnitude star. Because brighter stars have smaller numbers on the

relative magnitude scale, the apparent magnitude of Vega is 0. Sirius — the

brightest star— is four times brighter than Vega. The apparent magnitude

of Sirius must be negative. It turns out to be —1.4. The sun is 100 billion

times greater in apparent brightness than the average first-magnitude star.

Its apparent magnitude is -26.7.

With the aid of time exposure, the 200-inch telescope on Mount
Palomar can photograph stars down to the twenty-third or twenty-fourth

magnitude. A twenty-third-magnitude star has the apparent brightness of

one candle viewed from a distance of 10,000 miles.

kite Magnitude Reference books on astronomy often list the

"absolute magnitude" of a star in addition to its apparent magnitude. The
absolute magnitude is another way of expressing the absolute luminosity

of a star. The absolute magnitude of a star is defined in terms of a unit

of distance called the parsec, equal to 3.26 light-years. The explanation

for the use of this unit is given in the Appendix. A star's absolute magni-
tude is the apparent magnitude that this star would have if moved
from its actual position to a new position at a distance of 10 parsecs
from the sun. According to this definition, a star with an absolute mag-
nitude of "-1" radiates 1.2 x 10 35 ergs per second into space. The
absolute magnitude of the sun is 4.7. The absolute magnitude of Deneb-
a considerably brighter star than the sun -is -7.2. The absolute magni-
tude of Barnard's Star is ^10.7. 3

3 These numbers are bolometric magnitudes, which are based on the total energy
radiated by a star at all wavelengths. The numbers in the previous paragraph are
called visual magnitudes and are based only on the energy radiated in the
visible part of the spectrum.



Relation Between Absolute Magnitude, Apparent Magnitude, and
Distance. The distance to a star determines the relation between its

absolute and apparent magnitudes. If the star is farther away than 10

parsecs or 32.6 light-years, its apparent magnitude is greater than its

absolute magnitude. If the star is closer than 10 parsecs, its apparent

magnitude is smaller than its absolute magnitude. If the star is at a dis-

tance of 10 parsecs, the two quantities are identical. These relationships

are contained in the following formula connecting a star's absolute

magnitude M, apparent magnitude m, and distance d measured in

parsecs

M = m + 5 — 5 log d (parsecs)

The apparent magnitude of a star can always be measured. If the star's

absolute magnitude or luminosity can be estimated, its distance can be

determined from the formula by solving for d:

(j = -|o
(1/5)(m-M+5)

The Appendix discusses the use of this method to determine the distances

to stars and galaxies.

THE POPULATION OF STARS

Suppose we plot a point on a graph for each star in the sky, plotting

surface temperature along the horizontal axis and absolute luminosity

along the vertical axis. This graph would be analogous to a graph of

height versus weight for a human population. What do you expect to see

on such a graph? Will the points representing the entire population of

stars lie scattered all over the graph? Or will they lie close to a line, as

they do for the properties of height and weight for a population of men
and women?
To find the answer to this question, let us plot the luminosity and the

surface temperature of all the stars in the neighborhood of the sun (Figure

5.7). We limit ourselves to stars near the sun because it is only for these

nearby stars that we can measure the absolute distance with precision.

We must know the distance of the star to calculate its absolute luminosity

from its apparent luminosity. Remember that for the purposes of the

graph, the apparent luminosity is of no value, because it is not an in-

trinsic property of the star but depends on its distance from the sun. It is

the absolute luminosity that is the fundamental physical attribute of the

star.

Proceeding with the graph, we plot intrinsic luminosity and surface

temperature for all stars contained within roughly 10 light-years of the

sun. Within this volume of space there are 12 stars, including the sun,

whose distances are known accurately. The results of the plot are shown

in Figure 5.7.

There is no particular reason for specifying 10 light-years. We could
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Figure 5.7 Luminosity versus temperature

for stars within W light-years of the sun.
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have chosen 30 light-years and then would have had a larger number of
stars for the plot; or we could have chosen a smaller distance. However,
if we choose a distance much smaller than 10 light-years, we will have
very few stars in our sample, and it will be difficult to tell much from the
graph.

Before we try to interpret the graph, attention should be drawn to its

two peculiarities. One is that temperatures along the lower axis increase
from right to left, rather than from left to right as you would expect. This
method of plotting is simply a matter of tradition. The other is that both
temperature and luminosity are plotted on logarithmic scales, that is,

scales proportional to powers of 1 0. This kind of graph, known as a "log-
log" plot, is necessary because of the extreme variations, both in bright-
ness and temperature, of stars.

Inspection of the graph shows that for stars, just as for people, nearly all

the points fall on or near a line running diagonally across the graph; they



are not scattered randomly all over the area of the graph. We can imme-
diately draw the following conclusion: there is a connection, on the aver-

age, between the intrinsic luminosity and the surface temperature of a

star. Furthermore, we can see that the connection is such that the hottest

stars are the brightest ones and the coolest stars are the faintest. This result

agrees with our everyday experience regarding glowing objects: The

hotter a glowing object, the more energy it radiates.

The dashed line drawn on the graph represents a connection between

brightness and temperature. This line can be called the Main Sequence of

basic properties of the population of stars or, at least, of the stars that are

located near us in our Galaxy.

Just as in the case of a graph representing average height versus weight

for a human population, the line is not valid for each individual star; it

only applies to the average properties of the entire population of stars.

That is, most of the stars in the plot do not lie precisely on the line; rather

they fall to either side of it by a small amount. There are two reasons for

these deviations. First, stars do vary somewhat in their composition, and

this variation, although it is not very great, is enough to have some effect

on their properties. To some extent the scatter in the points on the graph

represents differences in composition among the stars. Second, the graph

is based on measurements that are difficult to carry out and are subject to

random errors that tend to scatter the points on the graph. If we could

carry out the measurements with infinite accuracy, the points on the

graph would probably cluster along the line more closely than they do in

practice.

In one respect, the star plot differs from the people plot. Although most

of the stars cluster along the main sequence line, one out of the 12,

marked by an arrow, lies quite far from the line, near the bottom of the

plot. Inspection of the graph shows this star has a somewhat higher

temperature than the sun but is intrinsically 300 times fainter. No
person could possibly deviate from the main sequence line of height and

weight in the human population as much as this star deviates from the

Main Sequence of stars in brightness and temperature. Discovering such

a star at the bottom of the plot is as much a surprise as it would be to

discover a thriving person who was six feet tall and weighed only a few

pounds, or one who was four feet tall and weighed 1000 pounds.

What can be the explanation for this extremely peculiar star? Perhaps

we will find the answer if we plot more stars on the graph. After all, 12

stars are not a large number. If we plot 50 stars, or 1 00 stars, we may find

that several parallel "main sequences" appear on the graph, representing

different families of stars. Then the "odd" star would be explainable; it

would belong to another "main sequence." That would be a very exciting

discovery.

With this thought in mind, we enlarge the volume around the sun to a

sphere with a radius of 20 light-years containing 90 stars, including the

sun. The graph in Figure 5.8 shows the results of a plot of luminosity

versus surface temperature for the 90 stars. We see that most of the stars

continue to lie very close to the Main Sequence line, just as in the case of
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Figure 5.8 Luminosity versus temperature

for stars within 20 light-years of the sun.
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the smaller sample. 4 However, a substantial number of stars, although
still a minority, lie quite far from the Main Sequence. The peculiar star

lying at the bottom of the earlier graph is now joined by several others
also located near the bottom, well below the Main Sequence. They are
indicated by arrows. One of them has a surface temperature of 1 4,000 °K.

If this were a normal star following the Main Sequence, it would be 200
times brighter than the sun; yet, the graph shows it to be far fainter!

Figure 5.8 shows that the majority of the stars in our neighborhood
are exceedingly faint, only a few being as bright as the sun. We would
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The Main Sequence line shown here is drawn through the middle of the dis-
tribution or stars, including stars of all ages. Frequently a theoretical Main
Sequence line is drawn for stars of zero age. Since stars move upward and to the
right on the Hertzsprung-Russell diagram as they grow older (Chapters 7 and 8),
the so-called "zero-age" Main Sequence line lies below and to the left of the
Mam Sequence line in Figures 5.7 and 5.8.



expect the brightest stars in the sky to be our neighbors, but this turns out

not to be the case, for only a dozen of the 90 stars in the list can be seen

with the naked eye under normal conditions. The bright stars that make
up the familiar constellations of the night sky are for the most part a dif-

ferent group, relatively distant, but so luminous that they outshine the

relatively dim nearby stars.

Although stars brighter than the sun are relatively rare, they are exceed-

ingly interesting because they are the giants of the sky in size and lum-

inosity. Will these luminous stars follow the Main-Sequence line on the

H-R diagram? The answer appears in Figure 5.9, showing the H-R dia-

gram for the 100 brightest stars in the sky, plotted together with the 90

1,000,000

100,000

10.000

1,000

ll 100

/IOC

Polaris

Figure 5.9 Luminosity versus temperature

tor the 100 brightest stars (light circles), and
90 nearest stars (dark circles).

-:-.-

Surface temperature of star (degrees Kelvin)
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nearest stars tor comparison. Again the majority of the Stars are c lustered

around a line which is an extension of the Main-Sequence line lor tin-

faint stars, but, as in the case of the faint stars, one group oi Stars departs

from the general pattern. The unusual stars form a trail leading upward

and to the right, into a region of stars that have very low surface tempera-

tures, and therefore are red in color, but nonetheless are enormously

bright. Normally a low-temperature, red-color star is very faint in com-

parison to the sun. Betelgeuse, however, is a star at the upper right that

is deep red in color, with a surface temperature of only 3600 °K, and yet

it is 1 00,000 times brighter than the sun!

Dwarfs and Giants

The stars in the lower-left region of the graph and those in the upper-

right region are so remarkable that they have been given special names.

The stars at the lower left are called white (/vuu/s. they are named d\\ arts

because they are small and faint, and white because they are white-hot.

The stars at the upper right are known as red giants; they are called giants

because they are large and luminous, and red because they are red in

color.

It turns out that the dwarf stars actually are very small, as their name
implies. A typical white dwarf has a diameter of about 20,000 miles, only

twice the diameter of the earth, although its mass is approximately the

same as that of the sun, which has a diameter of almost one million miles.

White dwarfs are dense, compact stars, so dense that a teaspoon of

matter from a white dwarf weighs about 1 tons.

Red giants, on the other hand, are very large in size, typically 100
million miles in diameter, or about 100 times the diameter of the sun.

These huge stars have, however, approximately the same mass as the sun
in most cases. Thus, the average density of the matter within a red giant

is very low.

THE HERTZSPRUNG-RUSSELL DIAGRAM

A great deal of interesting information can be obtained from star plots

of the kind that we have discussed above. Hertzsprung first discussed a

star plot of variables equivalent to brightness versus temperature in 1 91 1

,

and Russell discussed a similar plot in 1913. In the years since then, this

type of graph has come to occupy a central position in astrophysics
because of the valuable results that hove been obtained from it.

In honor of the two pioneers, plots of brightness versus temperature for

stars are known today as Hertzsprung-Russell diagrams. For brevity, they
often are referred to simply as H-R diagrams. The line along which most
of the points are clustered is called the Main Sequence in the H-R dia-
gram. The luminous stars that lie near the top of the H-R diagram are



called giants. The faint stars near the bottom of the diagram are called

dwarfs. The bright stars near the upper end of the Main Sequence, blue-

white in color, are called blue giants. The very brightest blue stars are

classified as blue supergiants; Rigel and Deneb are blue supergiants. The

faint stars at the lower end of the Main Sequence, orange or red in color,

are called orange dwarfs or red dwarfs; Barnard's Star is a red dwarf.

The sun, yellow-white in color, occasionally is referred to as a yel-

low dwarf.

The Numbers of Stars of Different Types. About 90 percent of the stars

in the sky are Main Sequence stars. The remaining 1 percent are divided

between white dwarfs, red giants, and a few odd minor varieties. Among
the Main-Sequence stars, the red dwarfs are the commonest variety. The

blue giants are the rarest.

The Significance of the Main Sequence

The stars along the Main Sequence are the "normal" stars in the sky.

They are the family of stars to which the sun belongs. The red giants and

the white dwarfs, on the other hand, appear to be "abnormal" stars, with

a completely different connection between brightness and temperature.

Let us put aside these puzzling, peculiar stars for the moment; their nature

will be explained in full later in the chapter. In this section we wish to

concentrate on the Main Sequence stars, and ask ourselves this question:

What is the difference between one Main Sequence star and another?

That is, can we discover one single property or characteristic of stars, that

is responsible for the distribution of stars along the Main Sequence? Is

there a property of stars such that, for example, the cool, red, faint stars at

one end of the Main Sequence have a small amount of this property, and

the hot, blue, luminous stars at the other end of the Main Sequence have a

great deal of it?

The answer is affirmative; the stars along the Main Sequence differ from

one another only with respect to their mass. The red, faint stars at the

lower end of the Main Sequence have small masses; that is, each of these

stars is made up of a relatively small amount of matter. The blue, luminous

stars at the upper end of the Main Sequence are very massive; that is,

each of these stars contains a great deal of material. Of course, even the

stars at the lower end of the Main Sequence, which we described as

having "small" masses, still are enormously massive. The reddest,

faintest stars that appear in the H-R diagram on page 129 contain 30,000

times as much mass as the earth.

The sun lies in the middle of the range between the smallest, least

massive stars and the largest, most massive stars. Its mass, which is

2 x 1033 grams, is 300,000 times greater than the mass of the earth.

The faintest and reddest star ever observed thus far has a mass about

one twenty-fifth that of the sun. The brightest, bluest and most massive

stars on the Main Sequence have masses approximately 60 times greater

than the mass of the sun.
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That is the significance of the Main Sequent e: it is a sequence ot stars

arranged in order of increasing mass, from the smallest Mars at the lower

end of the sequence to the most massive stars ,u the upper vih\. The mass

of a Main Sequence star, and nothing else, determines its temperature, its

brightness, and its place on the H-R diagram.

The graph in Figure 5.10 is the H-R diagram on page U l
) with the

values of stellar mass marked ofl along the line. All masses are expressed

in units of the sun's mass, which is 2 x 1
33 grams or 2 x 1

27
tons. Deneb

and Rigel — two of the brightest stars on the diagram — are 20 times as

massive as the sun.

Figure 5.10 Masses of Main Sequence
stars.
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TYPES OF SPECTRA PLATE 1

PLATE 2

PLATE 3

Dispersion of light by a Prism

The Continuous Spectrum
Emission and Absorption Spectra

of Sodium

STELLAR EVOLUTION PLATE 4





TYPES OF SPECTRA

PLATE 1. DISPERSION OF WHITE LIGHT
BY A PRISM. Short wavelengths (blue) are

bent through a larger angle than long

wavelengths (red).

7500 PLATE 2. THE CONTINUOUS SPECTRUM.
Visible light stretches from the boundary
of the ultraviolet at 4000 A to the boundary
of the infrared at 7000 A.

PLATE 3. EMISSION AND ABSORPTION
SPECTRA OF SODIUM. Every bright line

in the emission spectrum is matched by a

dark line in the absorption spectrum at the
same wavelength, suggesting that an
element can be identified by either its

emission or its absorption lines.

5890 A -' *-5896A



STELLAR EVOLUTION PLATE 4. THE TRIFID NEBULA. A luminous region, similar to

the Orion Nebula, divided into three parts by dark lanes of

obscuring dust in the Galactic disk.





PLATE 6. AN AGEING STAR. The Ring nebula in the Constellation

Lyra is a planetary nebula, or star undergoing transformation to

the white dwarf stage. The former envelope of the star ha*^
become a shell of gas expanding rapidly outward. The con
the star- now visible at the center of nebula- will become
a white dwarf.





GALAXIES

PLATE 8. A GALACTIC CLUSTER. The

Pleiades are a young galactic cluster

containing about 100 stars, formed 60

million years ago. Each of the hottest

stars in the cluster is surrounded by the

blue glow of its own light reflected from

the surrounding interstellar dust.

PLATE 9. A GLOBULAR CLUSTER. Ml 3 is

a globular cluster containing approximately

300,000 stars, about 10 billion years old.

PLATE 10. THE WHIRLPOOL GALA
M51 shows a blue color in the spiral

arms, produced by many newly formed
hot stars (blue giants). The white nucleus
contains older stars. The irregular galaxy
at the left may be a satellite galaxy.





THE SUN

PLATE 12. THE CHROMOSPHERE.
Photographed during the eclipse of March
1970. The red light appearing along one
segment of the moon's concealing disk has
a wavelength of 6563 A, corresponding to
the first Balmer line of hydrogen. This
light comes from the chromosphere. The
prominence near the middle of the red
segment of the disk is a mass of relatively

cool and dense gas extending up into the
corona to a height of about 50,000
kilometers.

> ^ >\>

PLATE 1 1. THE FLASH SPECTRUM. Photographed at the completion of
totality during the eclipse of March 1970. A slit was not used in obtaining this
spectrum because the source of light for most ot the linos is a wr\ narrow zone
in the chromosphere immediately above the surface, less than 5000 kilometers,
or 7 seconds of arc, in width.

Each curved line is an image of the chromosphere in one wavelength. The
complete circle in the green region at 5303 A is produced by ionized iron
atoms that have lost 13 electrons in the million-degree temperature ol the
corona. Because the region emitting the 5303 A radiation is located al high
altitudes in the solar atmosphere, it is visible around the entire rim ot the
moon's concealing disk.



PLATE 1 3. THE CORONA. Photographed in the green

light of the spectral line of 1 3-times ionized iron at

5303 A. Luminous arches faintly visible in the center

of the photograph trace lines of magnetic force

connecting two points on the surface of the sun with

opposite magnetic polarity. The left side of the

photograph also shows faint luminous streamers

radiating upward from the surface, suggesting lines of

magnetic force that stretch far out into the space

around the sun.
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PLATE 1 5. THE SURFACE OF THE MOON. A scene
at the edge of the lunar highlands, photographed
during the APOLLO 1 7 exploration, (a) At right, the
spacecraft landed on the eastern rim of the Sea of
Serenity, (b) Above, the Taurus-Littrow Mountains
appear in the background. The large rocks in the
foreground are highland basalts that probably rolled
down the nearby mountainside several hundred
million years ago. These rocks are 4 billion years old.



PLATE 16. THE SURFACE OF MARS, (a) At left, the

rock-strewn Plain of Utopia, photographed from Viking

II, with spacecraft instruments and radio antenna

pointed toward earth, in the foreground. The salmon

color of the sky results from particles of red dust in the

atmosphere, (b) Above, Martian landscape on the

Plain of Chryse, 4600 miles to the east, photographed

from Viking I. The large rock in the foreground is a foot

across. The horizon is two miles away. Bright patches

of bare rocks toward the horizon are bedrock, probably

of volcanic origin. The orange-red color is iron oxide

stain caused by weathering in an earlier era when

oxygen was more plentiful.



PLATE 17. JUPITER, (a) Above, the planet
Photographed from space at a distance of approximately
one million miles. The bands are rising and
sinking belts of clouds. Turbulent whirls at high
atitudes (top) are similar to large tropical storms on
the earth.

(b) At right, top, the Red Spot is the most
conspicuous feature on Jupiter, three times
larger than the earth, and believed to be a mammoth
hurricane. The photograph was taken 500,000
miles from the planet.

(c) At right, bottom, the Galilean Satellites

discovered by Galileo in 1610. lo (1) and Europa (2)

.

the size of the moon and have the density of rock
Ganymede (3) and Callisto (4) are nearly the size of
Mercury, but appreciably less dense, suggesting they
contain a large amount of water. The Galilean
satellites, like the moon and Mercury, seem to be
scarred by large meteorite craters.





PLATE 18. SATURN. Photographed with the Mt.

Palomer telescope. The rings of Saturn are small

fragments of rock and ice that circle in satellite orbits,

but too close to the planet to accumulate into a

single moon.



The Ends of the Main Sequence

Does the Main Sequence extend indefinitely far in both directions? Is it

cut off at either end or both ends? It seems likely that there is a lower limit

to the masses of stars; that is, if an object is extremely small, it cannot be a

star and is more likely to resemble a planet. This guess turns out to be cor-

rect; the lower limit for the mass of a star is not known precisely, but is

believed to be approximately one one-hundredth the mass of the sun.

This is roughly 10 times the mass of the planet Jupiter and 3000 times the

mass of the earth.

It is not surprising that there is a lower limit to the mass of a star, since

a great deal of mass is needed to create the enormous pressure and

temperatures that cause a star to burn nuclear fuel at its center. It is a

surprise, however, that there also appears to be an upper limit to the

mass of a star. The explanation for an upper limit to stellar masses appears

to be connected with the fact that massive stars are also highly luminous

(Figure 5.10). In fact, the light coming from the interior of a massive star

is so intense that the outward-moving photons, colliding with the

gaseous matter, exert a strong pressure on the outer layers of the star. If

the luminosity of the star is greater than 106 L© — which corresponds,

according to theoretical estimates, to a mass of about 60 Mo — the pres-

sure created by the photons is great enough to blow off part of the outer

layer. The photons continue to remove significant amounts of mass from

the star's outer layers until its mass has been reduced to 60 Mo and its

luminosity to 10 6
Lo. In agreement with this prediction, the most massive

stars that have ever been observed are about 60 times as massive as

the sun.

The Meaning of the Red Giants and the White Dwarfs

What are the peculiar red giants and white dwarfs? They are the

giant stars that lie above the Main Sequence in the upper-right corner

of the H-R diagram, and the dwarfs that lie below, in the lower-left

corner of the H-R diagram. Are they special stars that were born ab-

normal? Or are they transient stages through which every star passes

in its lifetime? Astronomers were puzzled by these questions for many
years, but today we know the answers as a result of laboratory experi-

ments combined with theoretical investigations carried out on high-

speed electronic computers. The experiments have revealed how a

star derives its energy by burning nuclear fuel, while the computations

show the changes that occur in a star as its fuel is used up.

The combination of laboratory experiments and theoretical studies

has provided a complete picture of the life story of a star, which will be

discussed in Chapters 7 and 8. According to this picture, red giants and

white dwarfs are ageing stars that have partly or largely exhausted their

fuel and are headed toward extinction. With the aid of the latest theoret-
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ical studies, we can trace the path of a star on the H-R diagram as it passes

through all the stages of its existence. We are now certain that the

giant and the dwarf are stages in the lifetime of a normal star. When a

star has burned up a large fraction of its fuel it begins to feel its age and

moves off the Main Sequence and upward to the region of the giants.

It shuttles back and forth in this region for some time, until finally its

end is near. Then, in a relatively short time, it crosses back over the

Main Sequence line toward the left and dives downward into the region

of the white dwarfs.

The sun will follow this course some billions of years in the future,

first increasing in luminosity and turning red, and then moving off the

Main Sequence and upward into the red giant region. As a red giant,

the sun will radiate enough energy to vaporize the earth. Thereafter,

the sun will move down again, this time into the region of the white

dwarfs, to become one of the many dying stars that litter the Galaxy.

There is a complication to the story. Stars of modest or average size,

such as the sun, usually follow the route described; but a star that is,

let us say, more than four times as massive as the sun ends its days in a

more spectacular fashion. After its life as a red giant is ended, it does not

simply fade away to become a white dwarf; instead, the massive star

may collapse on itself in a cataclysmic implosion. Rebounding from the

explosion, it blows its materials out into space in the event known as the

supernova; or, if it is sufficiently massive, it may contract without limit,

becoming a black hole in space (Chapter 8).

A full account of the fascinating life history of a star requires an ac-

quaintance with the basic facts of nuclear physics, which will form the

subject of Chapter 6.

VARIABLE STARS

The stars on the Main Sequence change very slowly during the course
of their lives, increasing in luminosity as they grow older. When a star

moves off the Main Sequence to become a red giant (pages 1 78-1 80), its

brightness increases more rapidly, but the change is still too slow to

become detectable in a year or in a century. Stars exist, however, that

display a rapid variation in light output, in marked contrast to the steady,

unflickering output of ordinary stars. In some cases these variable stars

change in brightness by as much as a factor of two over a period of a day
or so. The variations may be irregular or they may follow a regular cycle,
with the cycle repeated exactly from one time to the next.

Cepheid Variables

One type of variable star that undergoes regular variations in brightness
has come to assume a special importance in astronomy. This type of star,



called a cepheid variable, is found in a region of the H-R diagram located

approximately halfway between the red giant region and the upper end

of the Main Sequence. 5 Examples of the changes observed in the light

output for two cepheid variables are shown in 5.1 1. The first (a) is a ce-

pheid variable with a period of approximately 10 days, and the second

(b) is a cepheid with a period of one month.

The most familiar cepheid variable in the sky is the North Star, Polaris.

Its brightness varies by a factor of 9 percent every four days.

The location of the cepheid variables in the H-R diagram is shown
in Figure 5.12. This diagram also shows the positions of the red giants and

of other important members of the family of stars.

As will be seen in Chapters 7 and 8, the stars found in the region

between the upper Main Sequence and the red giants are in a relatively

advanced stage of their lives. Theoretical studies show that for a brief

period in this stage of its life, a star may begin to oscillate, collapsing on

itself and expanding outward repeatedly. Its size can change by as much

as 30 percent during each oscillation. These rhythmic changes in size are

accompanied by large changes in luminosity.

The surface temperature of a cepheid variable also changes during

the course of each cycle of variations in brightness. As might be ex-

pected, the surface temperature is highest when the brightness is at a

peak, and lowest when the brightness is at a minimum. For example,

a cepheid variable with a period of six days falls in surface temperature

from 7500 °K at peak brightness to 6000 °K at minimum brightness.

The corresponding change in its spectral type is from F2 to G2. Figure

5.13 shows the light curve for a cepheid variable with a period of about

six days, with the corresponding changes in spectral type indicated along

the light curve.

5 The name is derived from the fact that the first star of this type to be observed Figure 5.

1

7 (a) and (b) Light curves for

was called Delta Cephei. two cepheid variables.
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Figure 5.12 The position oi variable stars

in the H-R diagram.

100.000

10.000

Surface temperature of star (degrees Kelvin)

Figure 5.13 Change in spectral type dur-

ing the light cycle of a cepheid variable.
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The period during which a star is a cepheid variable may last as

long as one million years. Although this seems a very long time, it

is a small fraction of the billion-year lifetime of the typical star. That is

why only a few of the stars in the sky at a given time are cepheid vari-

ables, in spite of the fact that most stars pass through this stage at least

once during their lives.

The cepheid variables have an importance in astronomy that is far

greater than their small numbers would otherwise indicate. They have

become the most important yardstick of the astronomer for measuring

distances to other galaxies. Their usefulness in this connection depends
on the fact that the period of oscillation of the cepheid variable- that

is, the interval of time from the beginning of one cycle of changing

light output to the beginning of the next cycle— is uniquely related to

the average luminosity of the star. Thus, by measuring the period of

the light variations in a cepheid, we can deduce its absolute luminosity.

Since we can also measure its apparent luminosity, its distance imme-
diately follows. This method gave one of the first measures of the dis-

tance to nearby galaxies.



Novas

The family of stars contains another group whose light output varies

with time. This group of stars, unlike the cepheid variables, may be found

anywhere within a large region on the H-R diagram (Figure 5.12). Also

unlike the cepheid variables, which fluctuate in intensity rhythmically

according to a fixed pattern, this second group of stars flares up sud-

denly and unpredictably at intervals of time. On the average, the flare-

ups occur every 30 to 50 years for a given star of this type. The flare-ups

also differ from the changes of light output displayed by cepheids in

the sense that they are very violent, with the total energy output of

the star increasing by as much as a factor of a million over a short

period of time.

The irregularly flaring stars are called novas. They are found on the

H-R diagram to the left of the Main Sequence, and above the white dwarf

region. Novas are believed to be, in fact, stars that have lived out most of

their lives and are on the way to becoming white dwarfs. As we men-

tioned above, the white dwarf is the final stage in the life of all stars of

modest size.

Why is the nova different from other ageing stars that are about to

become white dwarfs? Do all ageing stars flare up as novas for a time,

as they approach this stage? Or do only a small number do so, as the

result of some special property? From the small number of novas in

the sky at any time— no more than one thousand in our Galaxy at this

moment— it is clear that the nova must be a very special kind of star.

A clue to the property of novas that makes them special may lie in

the fact that many of the novas observed thus far are found to belong to

binary stars; that is, they are one of two stars circling closely around one

another under the attraction of their mutual gravity. Why the presence

of a white dwarf in a binary should lead to a violent flare-up from time

to time is not clearly understood, but it is believed by the theoretical

astronomers that the outbursts occur when matter is pulled off the partner

star and onto the surface of the white dwarf by gravity. This material,

deposited on the surface of the white dwarf, produces an instability in

the white dwarf that leads to a violent outburst of radiation, or nova

outburst. The newly acquired matter is blown out into space by the nova

outburst and, as a consequence, the nova subsides into a normal white

dwarf state again, until some later time when enough matter has been

drawn from its companion star to produce another unstable condition,

and trigger another flare-up.

Although novas are a spectacular phenomenon for the astronomer to

observe, their occurrence does not contribute any basic new knowl-

edge to our picture of stellar evolution. Novas are more of a curiosity

than a central feature in the life story of the stars. The contrary is true

for supernovas, which are flare-ups of a star that are even more violent

than nova outbursts. Supernova outbursts, as will be seen in Chapter 8,

play a critical role in stellar evolution and in the history of the Universe.

In fact, it can be said that without the supernova outbursts that terminate
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the lives of some of the more massive stars in the sky, we would not be

here today.

BINARY STARS

A large fraction of the stars in the sky dre binar) Stars, thai is, two

stars revolving around a common center and bound to each other by

their mutual force of gravitational attraction. Binaries are not concen-

trated in any particular part of the H-R diagram. In fact, the two indi-

vidual stars making up a binary may appear in \\ idely separated portions

on the diagram.

Mass Determination from Binaries

Binaries are particularly interesting members of the family of stars

because they lead to a method of determining stellar masses. Other

methods are explained in the Appendix. The method based on observa-

tions of binaries is more important than any other because it is applicable

to many stars, and covers a large range of masses. The general idea

behind the method can be illustrated by considering a special case in

which one star in the binary is much more massive than the other. The

larger, more massive star controls the movement of the smaller star by

its gravitational pull, just as the sun controls the motion of the earth.

For an orbit of a given size, the mass of the larger star determines the

rate at which the smaller one revolves around it. The more massive the

central star is, the greater the pull of its gravity will be, and the faster

the small star must revolve around it in order not to be drawn in. There-

fore, if the size of the orbit and the period of revolution can be measured
for the small star, it should be possible to determine the large star's mass.

The mass of the sun is determined in this way from the size of the earth's

orbit and length of the earth's year.

A similar relationship holds if the two stars in the binary have com-
parable masses. In that case, the theory of motion of objects under

gravity shows that both stars revolve in ellipses around their common
center of mass. If the sizes and shapes of the two ellipses and the period

of revolution can be measured, the mass of each star can be calculated

by an extension of the idea described above. In order to translate this

description into an accurate calculation of the mass of the heavier star,

it is necessary to know the precise orbit traced by a star under the force

of gravity. In general, this orbit is an ellipse. In the special case in which
the orbit is circular, the result of the calculation is



where M is the mass of the heavier star, C is Newton's universal con-

stant of gravitation, which has the value 6.7 x 10~ 8
in centimeter-gram-

second units, R is the radius of the orbit traversed by the lighter star

around the heavier one, and P is the period of revolution of the lighter

star. Methods for finding R and P are described below.

The visual binary, Sirius A and Sirius B, provides an example of the

elliptical orbits traversed by the two members of a binary system. Sirius A
is an A-type Main-Sequence star of about two solar masses, and Sirius

B is a white dwarf of about one solar mass. The observed orbits of Sirius A
and Sirius B are shown in Figure 5.14.

The calculation required to complete the determination of the separate

masses of the two stars in a binary depends on whether the binary is

visual or spectroscopic. Visual binaries are close enough to the earth

to be resolvable into two individual points of light. Spectroscopic binaries

are too distant to be resolved, but are revealed as binaries because

their spectra show periodic Doppler shifts as each star alternately recedes

from and approaches the earth in the course of its orbit. The repeating

pattern of changes in the wavelengths of the lines immediately gives the

period of the orbital motion.

The stars resolvable into visual binaries are generally stars of low

luminosity and belong to the lower Main Sequence. The spectroscopic

binaries are important because they include stars of high luminosity,

and permit the determination of masses to be extended to the upper

Main Sequence.

Visual Binaries. The period of revolution for a visual binary is deter-

mined by direct observation of the orbits of the two stars over an extended

period of time. The shapes of the orbits and the apparent size or angular

size of each orbit are also determined by direct observation. If the dis-

tance to the binary is known, the true sizes of the orbits can be calculated

from their apparent sizes. The mass of each star is calculated from the

Sirius B



period of revolution and the orbital sizes and shapes with the aid oi

formulas derived from Newton's law oi gravity.

The calculation is complicated by the fact thai generally the plane ot

the orbits is tilted at an unknown angle to the observer's line oi sight,

making it impossible to determine the shape 1 of the orbit accurately,

Methods for dealing with this complication arc des< ribed lx>low.

Spa For spectroscopic binaries, the effect of the

orbital motion can only be seen indirectly, as .1 Doppler shift in the

spectrum of each star. The magnitude of the Doppler shift gives the veloc-

ity of the star along the line of sight to the observer, The spec tra of the

two stars are superimposed, and since the orbital vela ities along the line

of sight are different for the two members ot the binary ea< h line is split

into two components (Figure 5.15a). Twice in each orbit, the veloc ities

of both stars are tangential and the Doppler shut tor eac h is zero. At this

time, the double lines in the spectrum coalesce into single lines (figure

5.156). The period of the cycle of changes in the wavelengths ot the

lines is the period of the orbital motion.

Figure 5.15 Two spectra of the spectro-

scopic binary Mizar, one ot the stars in the

handle of the Big Dipper. The two stars in

the binary revolve around a common cen-
ter every 20.5 days. In the upper spectrum
(a) each line is split into two components
by the Doppler shift because one member
of the binary is moving toward the earth

and the other is moving away (a'). In the

lower spectrum (b) the lines are not split

because at the time this spectrum was pho-
tographed the two stars happened to be
moving tangentially across our line of
sight, with no motion toward or away from
the earth (b~). The cycle of splitting and
coalescence of the lines is repeated every
20.5 days.
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The magnitudes of the Doppler shifts provide information about the

component of the orbital velocity of each star along the line of sight to

the observer. With the aid of the relationships provided by Newton's

law of gravity, the information regarding the velocities can be converted

into information on the sizes of the two orbits. In the special case of a

circular orbit, for example, the orbital velocity, v, radius, R, and period

of revolution, P, are connected by the formula,

2ttR

For an elliptical orbit the relation is more complicated. In this case,

the observed velocity is plotted as a function of time, and an ellipse is

determined that gives the best fit to the observations.

Tilt of the Orbit Plane. For both types of binaries, the inclination of

the plane of the orbit to the observer's line of sight presents a problem.

The problem is readily solved for visual binaries. Suppose for clarity that

one star has a considerably smaller mass than the other, and, therefore,

describes a large and more accurately measurable orbit. This orbit is

an ellipse with the more massive star at one focus. The problem is to

find out how the plane of the ellipse is tilted with respect to the observer's

line of sight. Figure 5.16 suggests the solution. On the left is the elliptical

orbit as it would appear if viewed perpendicular to the plane of the orbit.

The focus is indicated by the letter F. The position of the focus is known,

being the location of the more massive star. On the right, the same

ellipse is shown as viewed by the earth observer, with its plane tilted.

The tilted, foreshortened orbit is still an ellipse, although of greater

eccentricity than the original one. However, the focus of the foreshort-

ened ellipse no longer coincides with the position of the massive star.

In general, the massive star will not even be on the axis of symmetry of

the foreshortened ellipse. This asymmetry betrays the tilt. An example

is the path of 70 Ophiuchi B around A, shown in Figure 5.17. The curve

is the best-fitting ellipse to positions of 70 Ophiuchi B observed between

1 850 and 1 940. It is clear to the eye that the position of 70 Ophiuchi A is

not on the line of symmetry for this ellipse, indicating that the plane of the

true ellipse is tilted relative to the observer.

The angle of the tilt can be determined by adjusting the orientation

of the orbit until the focus of the ellipse coincides with the position of

the massive star.

For spectroscopic binaries, the problem of determining the tilt of the

orbit plane is generally insoluble. This is because the Doppler shift

only yields partial information about the velocities, namely, their radial

components. The best that can be done in this case is to make an assump-

tion regarding the inclination of the orbit plane, and deduce the mass

corresponding to this assumption.

If, for example, the orbit is assumed to be precisely edge-on to the

observer's line of sight, the analysis can be carried out, and yields a

lower limit to the mass of each of the two stars. One can go a little

further by assuming that the orbit planes of binaries are randomly ori-

Figure 5.16 Effect of a tilted orbit plane

on the shape and position of the focus

(F) of an elliptical orbit.

/"""^,



Figure 5.17 Observed orbit of 70
Ophiuchi B.
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ented in space. By averaging the mass over this random distribution of
orbit planes, we obtain a correction to the lower limit. When this is done
separately for binary components of different spectral types, the result
is a rough value for the mass of each spectral type.

Eclipsing Binaries. For one special type of spectroscopic binary, known
as the eclipsing binary, the problem of the unknown tilt of the orbit plane
disappears. The eclipsing binary is a double star whose orbit plane
happens to be nearly edge-on to the observer, so that one star period-
ically moves behind the other and is repeatedly eclipsed. As a result,
the intensity of the light from the binary varies periodically. A periodic
variation in the light from a binary usually indicates that it is eclipsing.
Thus, the plane of its orbit is known, and the masses of its components
can be determined unambiguously.

Eclipsing binaries can yield other interesting information, in addition
to stellar masses. The information comes out of a study of the details
of the light variation from the binary a. one star passes behind the other
during the course of an orbit.

Suppose, for example, that the more massive star is a red giant and
the less massive star is still on the Main Sequence. This is a plausible
situation, since the two stars were formed at the same time, but the



more massive star evolves more quickly. Then the less massive star will

be smaller in radius and higher in surface temperature. Label the more

massive star "A" and the less massive one "B." Star B will be totally

eclipsed by Star A once in each orbit. That is, the radiation from B will

be completely blocked out for a finite length of time as it passes behind

A. In this case the "light curve" for the binary— that is, the plot of

measured light intensity as a function of time— has the following char-

acteristic appearance: the light curve is at a maximum when the two

stars are separated; once in each orbit, the light curve falls as the smaller

star begins to pass behind the larger one; when the smaller star is totally

eclipsed, the light curve reaches a minimum, and remains constant at

this minimum value until the smaller star starts to reappear on the other

side; at that point the light curve begins to rise again.

Later in the same orbit, B passes in front of A and blocks a part of the

radiation from A, causing another dip in the light curve. Since B is smaller

than A, this eclipse is annular. The dip in the light curve during the

annular eclipse has the same shape as during the total eclipse. However,

the dip is shallower because, while the same area is blocked off in both

cases— that is, the area of the smaller star— the surface radiation per

unit area is less in the case of the red giant than for its companion.

A light curve for a binary of this type, called a completely eclipsing

binary, is shown in Figure 5.18a.

The unmistakable feature of the light curve of this particular type of

eclipsing binary is the flatness at the bottom of each trough. This flatness

Figure 5.18 Light curve for a completely

eclipsing binary.
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indicates that the main eclipse is total; hence one star is considerably

smaller than the other.

The radius of the smaller star can be determined from the light curve

as follows: the velocities of the stars are known from their Dopplei shifts;

if the sloping portion of the trough in the light curve Lists from time

t, to t2 , and the relative velocity of the two stars in this portion oi the

orbits is V, the diameter of the smaller star is V x a, t 2
i (figure 5.1 8b).

If the orbit is tilted slightly to the observer's line of sight, the light

curve will display one deep and one shallow trough per orbit, .is before,

but the troughs will not be flat-bottomed, because the finite tilt of the

orbit plane prevents the disk of star B from lying completely within the

disk of star A at any point during the orbit. Two partial c( lipses occur in

each orbit. Because the eclipses are partial, the troughs are not .is deep

as in the previous case. Figure 5.19 shows the light c urve for .1 partially

eclipsing binary.

It is clear that the light curve of an eclipsing binary depends on (1)

the relative luminosities of the two stars, (2) their radii, (3) the surface

brightness of each, that is, the surface temperature, and (4) the precise

angle of inclination of the orbit of the binary. The details of the light curve

also are influenced by such features as the way in which density and

temperature fall off with increasing height in the atmosphere of each star,

or the presence of a stream of gas flowing from one star to the other.

Information regarding all these properties has been obtained from care-

ful studies of the light curves of eclipsing binaries.

Figure 5.19 Light curve (or a partially

eclipsing binary.
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Close Binaries

If the stars in a binary are sufficientlv close together, the gravitational
pull of one star can capture matter from the other. In some cases, a star
can lose a large fraction of its mass to its companion in this way.

In every binary an imaginary boundary lies between the two compan-
ion stars, separating their gravitational spheres of influence. A transfer



of mass occurs when some of the material in the outer envelope of one

star crosses the boundary and enters the gravitational domain of its

companion. This is likely to occur when a star that is a member of a close

binary moves off the main Sequence and its outer layer expands as it

enters the red giant phase of its life (page 1 78 and Chapter 7). Blue giants

or blue supergiants (page 131) also have distended outer envelopes and

will lose mass to their companion star if they are in a close binary. In

typical cases, a red giant or a blue giant in a close binary can lose more

than one half of its mass to its companion in the course of time.

The transfer of matter between the stars in a close binary can have

striking consequences. The transferred material is drawn to the surface

of the receiving star by that star's gravity; it picks up speed as it ap-

proaches; when it collides with the surface it liberates heat, raising the

temperature of the surface. According to one theory, if the receiving star

is a white dwarf this increase in temperature produces a nuclear detona-

tion on the surface of the white dwarf, leading to a nova outburst

(page 137).

A similar sequence of events could also provide observational evidence

for the existence of black holes in space. A black hole is a concentration

of matter so compact and dense that the pull of its gravity prevents rays

of light from escaping (page 201 ). A direct proof of the existence of black

holes is impossible since they emit no light at all and absorb all light

that crosses their boundaries. But suppose a black hole is a member of

a close binary and its companion is a giant. The giant will lose mass to

the black hole; as this gaseous matter is drawn in toward the black hole,

it will be accelerated to extremely high speeds by the intense gravita-

tional pull of the black hole and will become very hot, reaching a tem-

perature of many millions of degrees. At this temperature, the hot,

luminous material converging on the black hole will emit radiation in

the X-ray region of the electromagnetic spectrum. Rockets and satellites

have identified a source of X-rays called Cygnus X-1 that fits this descrip-

tion of a black hole very closely (page 202).

Main Ideas

1. Relation between temperature and wavelength of radiated energy.

2. Definitions of luminosity, apparent magnitudes, and absolute magni-

tudes.

3. Plots of luminosity versus temperature for the nearest stars and the

brightest stars.

4. Definitions of main sequence stars, giants, and dwarfs.

5. Definition of the H-R diagram. Interpretation of the Main Sequence

in the H-R diagram; relation between mass and position on the

diagram.

6. Interpretation of red giants and white dwarfs. Relation between age

and position on the H-R diagram.
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7. Variable stars.

8. The information yielded by the study ot binary stars.

Important Terms

absolute luminosity

absolute magnitude

apparent luminosity

apparent magnitude

blue giants

bolometric magnitude

Cepheid variable star

eclipsing binary

Hertsprung-Russell

diagram

light curve

Main Sequence

nova

photometer

red duai

i

red giant

solar mass

spectroscopic binary

stellar mass

variable star

visual binary

white dwarf

zero-age Main

Sequence

Questions
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1. What are the colors, that is, appearance to the eye, of O and B stars?

K and M stars? How can this color difference be explained?

2. Why is the sky blue? Why is the sun red at sunrise and sunset?

3. A 100-watt bulb radiates 109 ergs/sec. How many such bulbs are

needed to match the luminosity of the sun? If General Electric makes

100 million 100-watt bulbs per year, how many years are required

to produce enough bulbs to match the sun's luminosity?

What is the range of stellar luminosities? How many times brighter

are the brightest stars than the dimmest stars in Figure 5.10?

4. Explain the difference between apparent magnitude and absolute

magnitude.

5. What is the luminosity of the sun? What does luminosity specify

about a star?

6. Sketch or trace a blank H-R diagram and plot the following list of

stars on it. (Lo = sun's luminosity.)

9500% 19 Lo (Sirius A); 6400% 6 Lo (Procyon); 12,200% 250
Lo (Regulus); 3100% 0.004 LolBarnard's Star); 26,500% 30,000
Lo (Mimosa); 5800% 1 .0 Lo (Sun); 2950 K, 2600 Lo (Mira); 4600%
0.6 Lo (Beta Centauri); 5100% 0.7 Lo (36 Ophiucus); 9000%
0.008 Lo (Sirius B.)

7. From the H-R plot of the stars in question 6, which stars do you im-

mediately recognize as peculiar? How?

8. Why does mass determine the position of a star on the Main Se-

quence?



9. Look at the H-R diagram in Figure 5.10. The mass increases along

the Main Sequence, but the luminosity increases much faster. From

these facts, what can you deduce about the relative lifetime of mas-

sive stars compared to low mass stars? Explain.

10. Use the formula on page 138 to determine the mass of the sun from

the following properties of Jupiter's orbit: average orbital radius

(R) = 770,000,000 km, period of revolution (P) = 11.9 years. Com-
pare your result with the accepted value of the sun's mass. Remem-

ber that the formula is in centimeter-gram-second units.

11. Why is the observed number of visual binaries fewer than the ob-

served number of spectroscopic binaries?

12. Referring to Figure 5.18, how would you use the light curve to

determine the diameter of the larger star in the binary?
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6 Nuclear Energy Sources

The analysis of stellar spectra and the classification of stars in the Hertz-

sprung-Russell diagram provide two valuable clues to the mystery of the

stars, but by themselves they are not enough. A third clue is needed.

When it is supplied, the puzzle of the Main-Sequence stars, the red giants,

and the white dwarfs is resolved; all become a part of a pattern of growth

and development in the Universe, in which stars are born, evolve, and

die like living organisms.

The third clue concerns the source of the energy that makes stars

shine. When that source is identified, we will immediately see that

within each star this energy cannot last forever, but must be used up,

and that the different kinds of stars we see in the sky are nothing more

or less than stars that have used up various amounts of their inner re-

sources of energy— stars that are young, middle-aged, and old.

The amount of energy that comes off the surface of a star staggers the

imagination. By using Einstein's law stating the equivalence of mass and

energy, £ = mc2
, and converting the energy radiated by the sun from E = mc2

units of energy to units of mass with the aid of this formula, we find that (Robert M. Cottschalk c 1946)
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almost five million tons of mass per second are radiated by the sun in

the form of electromagnetic energy.

Is the sun wasting away to nothing as a result ot this loss of energy i

The fossil record indicates that life has existed on the earth for billions

of years; hence, the earth and the sun also must have existed toi as long

a time. In a billion years the sun radiates into space I X 1029 grams,

which is less than one part in 104 or one one-hundreth of 1 pen enl of its

mass. Thus, the sun has lost only an insignificant fraction ot its total sub-

stance by radiation of energy from its surface.

But 1 x 10 29 grams is still an enormous amount ot matter. It is equal

to 17 earth masses. What force can convert all the nutter in 17 earths

into energy? Asking this question is the same as asking why the sun and

stars shine so brightly. The question is the most fundamental one in

astronomy. Until it had been answered, modern astronomy could not

be said to exist.

Surprisingly, the answer came, not from stargazing, but from studies

in the laboratory. Laboratory research in nuclear physics revealed the

existence of the only force strong enough to convert matter into energy

at the extraordinary rate at which stars pour their energy into space.

This force is the nuclear force— the strongest force known to man.

NUCLEAR FISSION

How do nuclear forces release energy? One way is by fission, that is,

by the splitting of a nucleus into two or more pieces. This is the method

used in the atomic bomb. The nucleus used in such a bomb usually is

uranium or plutonium. The nucleus of a uranium atom or a plutonium

atom is like a stick of dynamite; it is unstable, and can explode or dis-

integrate into several pieces, simultaneously releasing large amounts of

energy. The energy released when one uranium or plutonium atom
breaks up is roughly 10 million times greater than the energy released

per atom in a TNT explosion. These nuclei will spontaneously disin-

tegrate if they are left by themselves for a sufficient length of time; for

example, U 235
, the isotope of uranium used in the first atomic bomb

test near Alamogordo, New Mexico, disintegrates spontaneously in the

time of 880 million years. Or, these nuclei will explode immediately
if disturbed by an incoming, slow-moving neutron. The explosion breaks
the U 235 nucleus into two fragments, which turn out to be the nuclei of

medium weight substances such as barium or krypton. In addition to the
two main fragments of the original uranium nucleus, a few free neutrons
usually emerge at the same time. These neutrons can trigger the ex-
plosions of other uranium nuclei, releasing more neutrons, and so on,
setting in motion a chain reaction that can yield enormous amounts
of energy, equivalent to the detonation of hundreds of thousands of
tons of high explosives in a very short time (Figure 6.1). This is the
principle of the atomic bomb.
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However, uranium and other unstable nuclei that yield energy by

fission cannot be sources of the energy within stars, for these heavy

elements are present only in minute traces in a star. In the sun, for ex-

ample, the amount of uranium is only one ten-billionth of one percent.

If uranium is too scarce in stars to be a source of energy, perhaps the

energy comes from some other element that is present in greater abun-

dance than uranium. The most abundant element in the stars is hydrogen,

but clearly it is impossible for fission to occur in hydrogen, because the

hydrogen nucleus consists only of a single proton, and one proton can-

not divide into fragments. At least, none has ever been observed to do

so. Thus, fission cannot be the source of stellar energy.

Figure 6. 1 Release of energy by a chain

reaction in uranium.

NUCLEAR FUSION

There is a second kind of reaction involving nuclei in which energy

is released. It is called nuclear fusion. The reaction consists in fusing
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Figure 6.2 Fusion oi two protons

two nuclei together, instead of trying to break a single nu< Itms into two

pieces. Two protons can be joined in this way to form a single large!

nucleus, with a large amount of energy released in the process. Since

protons— the nuclei of hydrogen -are very abundant in stars, it is

assumed by all astonomers that the fusion ot protons is the mam souk e

of energy in stars.

You might ask how two protons can be joined together, since a nu-

cleus consisting of two protons does not exist (Such a nucleus, which

would be chemically like helium because it would have two positive

charges, but would have the weight of deuterium, has never been de-

tected.) The answer is that at the very moment of the collision between

the two protons, one of them sheds its positive < harge ol elec tricity in the

form of a positive electron, also called a positron. The removal oi the

positive charge from the proton leaves behind a neutron whic h is

locked to the other proton to form a deuteron (the nucleus ot deuterium

or heavy hydrogen.)

The positron, accompanied by a massless, electrically neutral ghost-

like particle known as the neutrino, carries off most of the nuclear energy

released in the fusion (Figure 6.2).
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Nuclear physicists have developed a useful shorthand for nuclear
reactions like the one shown above. Suppose we let the symbols d,

P, n, e+
,
and v represent, respectively, the deuteron, proton, neutron,

positive electron or positron, and neutrino. Then the reaction in which
two protons fuse to form a deuteron can be written:

p+p -» d + e+ + v



Figure 6.3 presents a glossary of some basic particles appearing in these

reactions.

Figure 6.3 A list of particles occurring in

nuclear reactions.

p (proton) A positively charged particle, relatively massive; it is the

nucleus of the hydrogen atom and one of the two basic

building blocks of heavier nuclei.

n (neutron) Electrically neutral particle about the same mass as the

proton; it is the other basic component of atomic nuclei.

d (deuteron) A particle composed of a proton and neutron bound
together, containing the same charge as the proton but

double its mass; it is the nucleus of heavy hydrogen or

deuterium.

e or e" (electron) A negatively charged, relatively light particle 1/1840
times the mass of the proton.

e+ (positron) Similar to the electron, with identical mass, but positively

charged.

v (neutrino) A massless, chargeless particle; it is produced in some
nuclear reactions, generally with a positron or electron,

and carries off some of the energy released in the reac-

tion; because it has no electric charge and no mass, the

neutrino can pass through large amounts of matter, such

as the entire body of a star.

y (gamma ray) A photon or packet of electromagnetic radiation similar

to an ordinary photon, but having extremely high energy

and correspondingly short wavelength (less . than
10"8 cm).

How does the fusion of the two protons in the above reaction re-

lease energy? The mechanism for the energy release must be quite dif-

ferent from that in fission, because the deuteron formed by the fusion

is not unstable like the nucleus of uranium; a deuteron does not behave

like a stick of dynamite, blowing up if disturbed, and releasing large

amounts of nuclear energy.

In order to see the reason for the release of energy in nuclear fusion,

let us consider what will happen when two protons approach one another

on a collision course and come within range of the nuclear force of at-

traction. Immediately they are seized by this very strong attractive

force, and rush violently toward one another; when they collide, owing

to the extreme strength of the nuclear attraction, the two particles

fuse together, forming a single, heavier nucleus in place of the two sep-

arate protons that existed before. At the same time, the energy of their

violent collision is released to the surroundings in the form of heat and

light. It turns out that the amount of energy released in this way, by the

fusion of two protons, is nearly as great, per pound of protons, as the

energy released per pound of uranium in the fission of uranium.
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FUSION REACTIONS IN STARS

The fusion of protons into deuterons is the first in a serifs ol steps in

which heavier elements are built up from lighter ones in the interior of

stars. The continuing succession of nuclear reactions manufa< lures .ill

the other elements of the Universe out of the basic ingredient hydrogen.

Formation of Helium

Once a large number of protons has fused together within a star to

form deuterons (p. 174), a new set of reactions begins. A deuteron pro-

duced by fusion can collide and fuse again with another proton, forming

the three-particle nucleus, He3
, the light isotope of helium (Figure 6.4).

Figure 6.4 Fusion of a proton and a

deuteron.
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At the same time, the energy released by the fusion escapes in the form
of an energetic photon, called a gamma ray.

Since protons are so abundant in stars, this reaction is quite likely to

occur once an appreciable number of deuterons has been formed.
The shorthand form for the proton-deuteron reaction is:

cl + p * He3 + y

The Greek letter y (gamma) on the right-hand side of the equation is

the symbol usually employed to represent the gamma ray. The gamma ray
in the above reaction carries off most of the energy released in this par-
ticular fusion process, whereas the positron and neutrino carried off the
energy in the proton-proton reaction. The lightest particles emerging from
a reaction always carry off most of the energy.
Many experiments have been performed in nuclear laboratories in

which a target containing deuterium, such as heavy water, is bom-



barded with fast-moving protons. The experiments show that a He3

nucleus is frequently formed as a result of the bombardment, verifying

that the fusion of deuterons and protons does actually occur, and is

not just a theoretical possibility.

The experiments also show that two He3 nuclei may fuse together to

form a He4 nucleus, with two protons emitted in the process:

He3 + He3 > He4 + 2p

It turns out that an exceptionally large amount of energy is released by

this reaction. Most of the released energy is carried off by the two protons.

The sequence of three reactions by which protons combine to form

helium nuclei is called the proton-proton cycle. It is the main source of

energy release in stars of one solar mass or smaller. The following

equation summarizes the proton-proton cycle:

4p * He4 + 2e+ + 2v + 2y

Formation of Carbon and Oxygen

The concentration of helium in a star steadily increases as a result of

proton-proton reactions. When the concentration of helium is substantial,

collisions between helium nuclei become more frequent. Nuclear fusion

reactions take place in these collisions, in which carbon and oxygen are

formed. Suppose that two He 4 nuclei collide and fuse. Since the resultant

nucleus has four positive charges, it is the nucleus of the element beryl-

lium, or Be8
, containing four protons and four neutrons:

He4 + He4 Be8

But the Be8 nucleus is not stable; although it can exist for a short time,

the particles from which it is made do not attract one another strongly

enough, and in less than one-trillionth of a second, it breaks up into two

separate helium nuclei again.

However, if other He4 nuclei are present, one of them may collide with

the beryllium nucleus before it breaks apart, and fuse with it to form a

nucleus with six neutrons and six protons, that is, a carbon-12 nucleus:

He4 + Be8 * C 12 + y

The carbon nucleus is tightly bound and very stable, and lasts forever

once it is formed (unless, of course, it is disturbed by another nuclear

collision).

If many He4 nuclei are present, it also is possible for the C 12 nucleus to

be formed in one step, by the fusion of three helium nuclei:
155
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However, a simultaneous triple collision is a very unlikely event

Actually, it is much more likely tor the Bi >8 nucleus to be formed first,

and the C 12 nucleus to be formed immediately afterward by a col-

lision between beryllium and helium nuclei, in spite of tlu- fad that the

beryllium nucleus sta\s together tor such a short time.

The fusion of three helium nuclei to form carbon, \\kv the fusion

reactions that form helium itself, releases \cr\ large amounts ( >i energy.

The energy is carried ott by the gamma r.n 5 emitted in the fusion rea< tion.

When carbon is produced in stars by this process, the carbon nuclei

frequently collide with helium nuclei and tus t > again. This fusion ( reates

an oxygen nucleus plus a substantial amount ot nu< leai energy which is

carried off by a gamma ray:

He4 K' 2 »0 16
• y

Other Reactions

As a star ages, more elements accumulate in its interior, and, as a result,

a great variety of reactions takes place. Experiments show that protons

fuse with chlorine, for example, to produce argon, simultaneously emit-

ting a gamma ray in the process:

p + CI 35 A36
y

Or a helium nucleus may fuse with a silicon nucleus to produce
sulphur:

He4 + Si
28

* S32
t y

A chain of reactions can take place by which heavier nuclei are built

up from the original nucleus by the successive addition, one after the
other, of "small" particles, such as protons, neutrons, deuterons, and
helium nuclei. For example, a neutron striking a fluorine nucleus can
be captured by it to produce a heavier isotope of fluorine:

n -1- F
19

> F
20

But the heavier fluorine isotope, F
20

, is unstable; that is, it is like an atom
in an excited state, and it collapses to its ground state by emitting an
electron plus a neutrino:

Ne20 + e" + v

156
just as an exci{ed atom collapses to the ground state by emitting a
photon. The emission of the electron in the above reaction has the same
effect as changing one of the neutrons into a proton, thereby converting
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the fluorine nucleus (nuclear charge = 9) into a neon nucleus (nuclear

charge = 10).

A helium nucleus can now fuse with or be captured by the neon nu-

cleus to form magnesium:

He4 + Ne20 > Mg24 + y

All the elements of the periodic table can be built up from the proton

in this way, by successively adding small increments of mass and elec-

tric charge in the form of protons, neutrons, or small combinations of

the two. In fact, the increments of mass and charge need not be small.

Two nuclei of fairly substantial size, such as carbon or oxygen, will

fuse together if they collide with sufficient violence to form a single and

much more massive nucleus. A collision between two carbon nuclei,

for example, produces magnesium:

C 12 + C 12 > Mg24 + y

and a collision between two oxygen nuclei yields sulphur:

O 16 + O 16
* S

32 + y

Quite often in these fusion reactions, especially when the reaction

involves a collision between two good-sized nuclei, nuclear fragments,

such as one or two protons, neutrons, or helium nuclei, fly off. In a

collision between two carbon nuclei, a proton or a helium nucleus is

apt to fly off, leaving behind sodium or neon, respectively:

C 12 + C 12 Na23 + p

C 12 + C 12 Ne20 + He4

In the reaction involving a collision between two oxygen nuclei, the

results shown by the equations below are frequently observed in the

laboratory. In addition to the formation of sulphur, phosphorus (P
31

)

may be formed.

O 16 + O 16 P31 + p

O 16 + O 16 * S
31 + n

O 16 + O 16
> Si

28 + He 4

Reactions between heavy nuclei can also take place if the nuclei are

of two different types. For example, carbon and oxygen can collide to

produce silicon:
157
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The Carbon Cycle

The sequence of reactions that starts with two protons fusing into a

deuteron was undoubtedly the primary energy source when the Universe

was young and made up largely or entirely of hydrogen. Other elements

built up steadily in the Universe during the course ol time, as a result of

stellar evolution. Carbon, which is the first substance to be formed in a

star after helium, was particularly abundant in the elements. We will see

in Chapter 8 that some stars explode at the end of their lives, distributing

their materials, including carbon, to space. When new stars form out

of the enriched interstellar gases, an alternate way of transmuting hy-

drogen into helium becomes possible, in which the carbon nuclei play

a critical role. This sequence of reactions, called the carbon cycle, is

listed below.

C 12 + p N 13 + y

N 13 C 13 + e+ + v

C 13 +p > N 14 +y

N 14 + p * O 15 + y

O 15
* N 15 + e+ + v

V -» C 12 + He4

Figure 6.5

dependence
cycles.

Comparison of temperature

for proton-proton and carbon

12 16 20
Temperature (106 °K)
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Note that each time the sequence of reactions occurs the net effect

is to convert four protons into one helium nucleus, just as in the proton-

proton reaction sequence. The carbon nucleus plays the role of a cata-

lyst in the cycle; it is consumed in the early stages of the sequence but

emerges at the end, leaving the original number of C 12 nuclei unchanged.

The electrical barriers acting in the carbon cycle are much higher

than those acting in the proton-proton cycle, the barrier in the basic

carbon-proton reaction being six times higher than the proton-proton

barrier. As a result, the proton-proton cycle dominates at low tempera-

tures, and the carbon cycle does not become important until higher

temperatures are reached. Figure 6.5 indicates the separate nuclear

energy release from both cycles in ergs/g/sec for various temperatures.

The proton-proton cycle is dominant up to a temperature of 16,000,000
°K— slightly higher than the sun's central temperature— and the carbon

cycle takes over above that level. About 10 percent of the sun's energy

is contributed by the carbon cycle and the remainder by the proton-

proton cycle.

The Main Sequence is divided into two segments, depending on
whether the proton-proton or carbon cycle is the dominant energy
source. The segment in which the proton-proton dominates corresponds
to the lower Main Sequence; the other segment corresponds to the upper



Main Sequence. The sun lies near the dividing point between the two

segments of the Main Sequence.

CONVERSION OF MASS INTO ENERGY IN NUCLEAR REACTIONS

The amount of energy released in a nuclear fusion or fission reaction

is so great that it causes an appreciable reduction in the masses of the

nuclei that are left behind. According to Einstein's law on the equivalence

of mass and energy,

when an amount of energy E is given off in a nuclear reaction, the mass

of the nucleus that is left behind must be smaller by the amount E/c2
,

where c is the speed of light. For example, consider the reaction in which

two protons combine to form a deuteron:

p + p * d + e+ + v

If we add the masses of the two protons on the left-hand side, and com-

pare their total mass with the masses of the deuteron and the positive

electron on the right-hand side (remembering that the neutrino has no

mass), we find that the total mass after the reaction is smaller than the

mass before the reaction:

2 x mass of proton = 2 x 1.67243 x 10~24
g = 3.34486 x 1CT24

g

[mass of deuteron 1_ p. 34321 x 1CT24
g ] = 11441?xin-w e

1+ mass of positron]
|
+ 0.00091 x 10~24

gj
J -JHH,Z lu g

difference in mass = 0.00074 x 10~24 = 7.4 x 10"28
g

The difference, 7.4 x 10~28
g, represents mass that has disappeared

in some way during the course of the reaction. This difference seems very

small. However, if we compare it with the masses of the fundamental

particles, we see that the missing mass is nearly as great as the mass of

an electron.

In some way, the equivalent of nearly an entire electron has disap-

peared during the reaction. This seems impossible. Matter simply can-

not disappear into nothing; at least, it never does in ordinary experience.

In fact, the conclusion that matter is indestructible became so firmly

established in the early years of science that by the beginning of the

nineteenth century it had been adopted as one of the basic principles

of physics. It was called the Law of the Conservation of Mass.

Yet the law is wrong; and the fact that it is wrong is proved simply by 159

looking at Einstein's formula for the equivalence of mass and energy. nuclear energy sources
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Einstein's formula says that mass alone cannot be conserved; it anything,

it must be instead the sum ot mass and energy thai is ( onserved

Many experiments have proved thai this is the corn* i law. The sum

ot mass jnd energ) is indestrut t/b/e. In any event <>c c urring anywhere In

the world, the total of the masses and the energies <>i the partk les taking

part in the event remains unchanged, regardless <>t the way in whk h the

particles themselves are changed.

In this way, an object can literally disappear from the world. 01 anothei

object can appear where there was none before; the laws of physu 5 do

not place any limitations on such conjuring acts; but they do require

that whenever an object, large or small, vanishes, an amount of energy

equal to mc2 (where m is the object's mass) must appear in its place.

Einstein's genius led him to this result and, furthermore, supplied the

famous equation that tells precisely how much energy is yielded when

mass disappears, and how much energy must be provided to c reate new
mass.

According to Einstein's equation, every reaction that releases energy

must involve a corresponding loss of mass T his is true lor a i hemic al

reaction, such as the explosion of nitroglycerine or the burning ot < oal,

as much as it is for the explosion of a niK lear bomb. In lx>th cases, the

masses do not balance before and after the rea< tion, be< ause some mass

is always carried off in the form of energy. In the case of c hemic al reac-

tions, however, the amount of mass carried off as energy is too small to be

measured directly. This is why Einstein's formula was not discovered by

laboratory experiments prior to the advent of his theory.

For example, the results of a laboratory measurement show that

approximately 10" 10 ergs are released for each nitroglycerine molecule.

Dividing by c 2
(9 x 10 20

), this energy release is equivalent to roughly

10 -31
grams. The masses of the molecules involved in the reaction total

about 10~22 grams. Thus, the mass carried off in the form of energy is

one-billionth, or 0.0000001 percent, of the masses of the separate

molecules. The mass of a molecule cannot be measured with an accu-
racy sufficient to detect changes as small as this.

CONDITIONS FOR NUCLEAR REACTIONS IN STARS

Since nuclear fusion yields an enormous amount of energy per pound
of fuel, why is it not used as an energy source in everyday life? Energy
has been released through nuclear fusion for brief moments in the ex-
plosion of the hydrogen bomb, but no one has yet succeeded in fusing
nuclei in such a way that the energy can be harnessed for constructive
purposes. The difficulty is that enormous temperatures, ranging up to

tens of millions of degrees, are needed to produce a significant amount
of energy by nuclear fusion.

The need for a high temperature is connected with the electrical forces
between nuclei. Two protons, for example, repel one another electrically



because each proton carries a positive electric charge. But if the protons

approach within a very close distance of each other, the electrical repul-

sion gives way to the even stronger force of nuclear attraction. However,

the protons must be closer together than one 10-trillionth of an inch for

the nuclear force to be effective. Under ordinary circumstances, the

electrical repulsion serves as a barrier to prevent as close an approach

as this. In a collision of exceptional violence, however, the protons may
pierce the barrier which separates them, and come within the range of

their nuclear attraction. Collisions of the required degree of violence

begin to occur frequently in a gas when the temperature of the gas

reaches 10 million degrees Kelvin.

Once the electrical barrier between two protons is pierced in a col-

lision, they pick up speed as a result of their nuclear attraction and rush

toward each other, fusing together in the reaction described on pages

151-152.

The fusion of two protons into a single nucleus is only the first step in

a series of reactions by which nuclear energy is released during the life

of the star. In subsequent collisions, two additional protons are joined

to the first two to form a nucleus containing four particles. Two of the

protons shed their positive charges to become neutrons in the course

of the process. The result is a nucleus with two protons and two neutrons.

This is the nucleus of the helium atom. Thus, the sequence of reactions

transforms protons, or hydrogen nuclei, into helium nuclei.

Helium does not fuse into heavier nuclei at the ordinary stellar tem-

perature of 10 million degrees because the helium nucleus, with two

protons, carries a double charge of positive electricity, and, as a conse-

quence, the electrical barrier between two helium nuclei is stronger than

the repulsion between two protons. A temperature of 100 million de-

grees Kelvin is required to produce collisions which will pierce the

helium barrier. If the temperature in a star reaches this level, helium

nuclei will begin to fuse in groups of three to form carbon nuclei, releas-

ing more nuclear energy in the process.

The fusion of hydrogen to form helium is the first and longest stage in

the history of a star, occupying about 90 percent of its lifetime. In the

second stage, which takes up most of the remaining 10 percent of the

star's life, three nuclei of helium combine to form the nucleus of the car-

bon atom. Afterwards, the nuclei of oxygen and other still heavier ele-

ments are fabricated, at an increasingly rapid pace, until all elements

have been built up. In this way the elements of the Universe are manu-

factured out of hydrogen nuclei at the center of the star during the course

of its life.

These facts of nuclear physics complete the essential body of informa-

tion needed for an understanding of the life of a star. The star's existence

begins in the tenuous clouds of matter that fill all of space. If the atoms

in such a cloud come together by accident, the force of gravity pulls

the atoms still closer together, forming a condensed pocket of gas. The

continuing action of gravity compresses the pocket of gas. As a result 161

of the compression the temperature at the center rises, and after about nuclear energy sources
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10 million years, when the temperature has reached the critical value of

10 million degrees Kelvin, nuclear fusion of hydrogen commences, with

the release of vast amounts of energy. The release of nuclear energy halts

the further collapse of the star. The energy passes to the surface and is

radiated into space.

The continuing succession of nuclear reactions manufactures all the

other elements of the Universe out of the basic ingredient, hydrogen.

Eventually these nuclear reactions die out, and the star's life comes to

an end. Deprived of its resources of nuclear energy, it collapses under

its own weight. Sometimes in the aftermath of the collapse an explosion

occurs, spraying out to space all the materials that have been created

within the star during its lifetime. There they mix with the primordial

hydrogen.

In the course of time, new stars, some with planets around them, con-

dense out of the enriched mixture. The sun and the earth were formed in

this way, four and a half billion years ago, out of materials manufac-

tured in the bodies of other stars earlier in the life of the Galaxy, and then

dispersed to space when those stars exploded.

The essential feature in this sequence of events is the steady transmuta-

tion of hydrogen into heavier elements. This sustained transmutation

has never been duplicated on the earth, except in the negligible atom-

by-atom quantities of the nuclear accelerator. The difficulty is that no
furnace has yet been constructed on the earth whose walls can contain

a fire at the temperature of the millions of degrees necessary to produce
nuclear fusion. The only furnace that can do this is provided by nature

in the heart of a star.

Main Ideas

1 . The equivalence of matter and energy.

2. The nature of nuclear fusion.

3. The basic proton-proton fusion reaction.

4. The buildup of elements out of hydrogen by a chain of fusion reactions.

5. Comparison of nuclear and chemical energy release.

6. The importance of the electrical barrier.

7. The need for high temperatures in stellar fusion reactions in stars.

8. The proton-proton cycle versus the carbon-nitrogen cycle in stars.

Important Terms

carbon-nitrogen cycle fusion nucleus
deuterium gamma ray positron
deuteron isotope primordial elements

stars fission

electron neutrino proton-proton cycle

neutron



Questions

1. A 100-watt light bulb radiates about 109 ergs/sec. How many grams

of mass does it lose in one second? In one billion years?

2. The mass of the Galaxy is believed to be about 2 x 1044 grams. Its

luminosity is believed to be 1.3 x TO52 ergs/year. How much mass

has been radiated away in the 10 10 years of its existence?

3. Estimate the luminosity of a star with a mass of 2 x 10 34 grams from

Figure 5.10. If the star is composed of pure hydrogen, how long can

it live by burning hydrogen to form helium? On the basis of the same

assumption, what is the lifetime of the sun? Of Barnard's Star?

4. How many protons are fused into helium every second to produce

the energy radiated by the sun into space?

5. Explain how elements heavier than carbon can be built up from

lighter elements in the interior of a star. Give some examples of

typical reactions.

6. Why must the temperature of a star's interior be hotter for two helium

nuclei to fuse than for two protons to fuse?

7. What general conditions of density and temperature are required for

nuclear reactions to take place?

8. Compute the right-hand sides of the following nuclear reactions

(superscript indicates number of particles in the nucleus; subscript

indicates number of protons).

CI
2 + q 2

> Na 2
? + ?

C?+C? >Ne» + ?

o 1

| + o;6
> s* + ?

o;6 + o;« > si
2
: + ?

9. Newton believed that lead could be transmuted into gold. In spite of

his great scientific talent, he failed completely in this effort. In New-

ton's time, the nucleus was undiscovered; Newton described atoms

as "solid. .. impenetrable particles." Explain why Newton's ignor-

ance of the existence of the nucleus doomed his and all other al-

chemists' experiments to failure.

10. What would happen to the sun if nuclear Tactions were suddenly

extinguished?

11. Describe a Universe in which there were no electrical forces; no

nuclear forces; no gravitational forces.
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Stellar Evolution

A star's life begins in the swirling mists of hydrogen that surge and

eddy in the space between the stars. The photograph on the facing page

shows one of these clouds, located about 4000 light years from the solar

system in the direction of the constellation Monoceros. In the random

motions of such clouds, atoms sometimes come together by accident to

form small, condensed pockets of gas. Stars are born in these accidents.

GRAVITATIONAL CONDENSATION

Let us concentrate our attention on three atoms of hydrogen that hap-

pen to be neighbors of one another in an interstellar cloud. These atoms

are labeled by the numbers 1 , 2, and 3 in Figure 7.1 . Let us suppose that

at a given moment the three atoms happen to be moving toward one an- stars in formation
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Figure 7. 1 (a), (b), and (c).

tions of atoms in space.

Random mo-
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other, as shown by the arrows in Figure 7.1a. A short time later, the three

atoms will have come together as a consequence of their motions, as

shown in Figure 7.1b. They now form a small pocket of condensed gas

in space.

Because the atoms are very small, they rarely collide. Usually they

pass by one another, in the course of the same motions that brought them

together, and separate again, as shown in Figure 7.1c As a result, the

condensed pocket of gas vanishes.

As the atoms pass one another, however, each atom exerts a small

gravitational attraction on its neighbors, which counters the tendency of

the atoms to separate. If the gravitational attraction were sufficiently

strong, it would hold the three particles together and prevent them from

dispersing again into space. The effect of gravity would convert the

pocket of gas from a temporary condensation to a permanent one.

Gravity, however, is not a very strong force; it is the weakest natural

force known to man. Under normal conditions, the force of gravity that a

few atoms exert on each other is not strong enough to slow down their

motions and tie them permanently to one another.

But suppose that there are not merely three, four, or five atoms in the

pocket of gas, but a very large number. Because the force of gravity ex-

tends over great distances, each atom feels the gravitational pull of all the

other atoms in the pocket. If the number of atoms is sufficiently large, the

combined effect of all these minute pulls of gravity will be powerful

enough to prevent any of the atoms in the pocket of gas from leaving the

pocket and flying out into space again. The pocket becomes a permanent

entity, held together by the mutual attraction of all the atoms within it

upon one another.

This is the heart of the theoretical explanation of the birth of stars.

According to the theory, a star is conceived when a condensed pocket of

gas forms by accident in outer space, and when the number of atoms in

the pocket of gas is so great that their own gravity holds them together

permanently. The pocket is not yet a star, but it will become one a little

later. This tight cluster of atoms, formed by accident and held in the grip

of its own gravity, is called a protostar.

Protostars

How large must a cluster of atoms be before its own gravity is strong

enough to hold it together permanently? If three or four are not enough,
will a million atoms or a trillion atoms suffice? Theoretical astronomers,
using pencil and paper and the laws of physics, have calculated the num-
ber of atoms that are necessary. The results show that the answer de-
pends strongly on the temperature of the gas, which controls the speed at

which the atoms move about. Clearly, the higher the temperature and the
higher the speed of the atoms, the more difficult it is for gravity to hold
them together.



Under almost all conditions in space, however, the required number of

atoms is much larger than any of the numbers we have mentioned. Under

average conditions the theoretical result is that about 1057 atoms are

required. This is a staggeringly large number. We have searched for a

comparison that would make the meaning of the number 1057
clear, such

as comparing 1
57 with the number of grains of sand in all the beaches of

the world; but even that seemingly uncountable number is only a mere

10 25
. In fact, the number of neutrons and protons contained in the nuclei

of all the atoms of the entire earth is only 1051
. The trouble is that no

number on earth can possibly match this number; it is a number that cor-

responds to the building blocks of objects the size of stars, not objects the

size of planets.

If we translate the 1057 atoms into grams, assuming that each atom is

hydrogen, we find that the cloud weighs approximately 1
33 grams, which

is roughly the mass of the sun. Thus, it turns out that the number of atoms

theoretically required to hold a pocket of gas together in space has a mass

equal to the mass of an average star such as the sun. This agreement pro-

vides evidence that the theory is correct— that the process of gravitational

condensation we have described is, in fact, the way in which stars are

born in space.

Agreement about one number would not by itself be completely con-

vincing evidence. However, photographs of large clouds of gas in certain

regions of the sky show small, dark globules of matter that look just like

stars, or clusters of stars, in the process of formation. An example is the

large cloud of gas and dust in the direction of the constellation Mono-

ceros (The Unicorn), known to astronomers as Nebula NCC 2237. Figure

7.2 shows the entire nebula, which is roughly 100 light-years in diameter.

The luminous clouds of the nebula are collections of hydrogen atoms that

have been heated by the absorption of radiation from hot, young stars

embedded in their midst. The area outlined in white in Figure 7.2 is

shown in Figure 7.3 in an enlarged version of a part of NGC 2237. In addi-

tion to being enlarged, the second photograph has also been exposed for a

shorter time; thus the luminosity of the main cloud does not obscure so

many of the fine details of the structure of the nebula. Among these fine

details are a number of small, dark spots. These spots are the globules;

they probably contain the clusters of atoms we call protostars. The arrows

point to two of the globules.
1 The dark spots (arrows) are concentrations

of gas and dust in which stars are likely to form. The smallest spots are

a few trillion miles in diameter.

The famous and beautiful Orion Nebula, shown on the cover, is another

region that astronomers consider to be a breeding ground for new stars.

Embedded in the relatively dense gas of the Orion Nebula are a number

of massive and very hot stars that are known to have formed recently.

'The globules are dark because they contain substantial amounts of dust in

addition to gaseous material. The gas is relatively transparent, but the grains of

Hiict aKcnrK lioht \/orw otfor-tiv'olvdust absorb light very effectively.
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Figure

2237.

7.2 The Rosette Nebula, NGC

Their ultraviolet radiation strikes the surrounding atoms of hydrogen in

the Orion Nebula, heating them and causing them to glow with the beau-

tiful red, blue, and mauve colors of this nebula. The hot stars that can

be seen in the Orion Nebula are already formed, but astronomers are

certain that many other stars are in the process of formation in this dense

concentration of interstellar gas.
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The Rising Temperature of a Protostar

The pockets of gas shown in Figure 7.3 are not yet stars; they are only

protostars. How does a protostar— a tenuous collection of hydrogen
atoms drawn together out of the cold gas of space -become the dense,
flaming sphere of gas we call a star? The answer depends again on the

force of gravity, which draws every atom in the protostar toward the

center of the cloud (Figure 7.4). The continuing action of gravity, pulling

all the atoms toward the center, causes the protostar to shrink in size

(Figure 7.4a). As it becomes smaller, its density increases (Figure 7.4b).

This force toward the center is not a mysterious or unfamiliar phe-
nomenon. Every object on the face of the earth is attracted toward the



center of our planet by the force of the planet's gravity. In the case of the

earth, the solid surface on which we stand prevents us from falling to the

center. A protostar, however, is not solid; it is a globe of gaseous matter,

and its atoms are unimpeded by the resistance of a solid surface. These

atoms literally "fall" toward the center of the protostar. The protostar

collapses under its own gravitational attraction.

As the atoms in the protostar move toward its center they pick up speed,

like any falling object. Because the average speed of the atoms in a gas

determines the temperature of that gas, the contracting protostar with its

accelerating atoms gets hotter.

At the beginning, the temperature of the protostar is the same as the

temperature of the interstellar gas out of which it formed. This tempera-

ture is roughly 100 °K, or 280 degrees below zero Fahrenheit. At 100 °K

the average speed of an atom of hydrogen is one mile per second. As the

Figure 7.3 Detail in NCC 2237. The dark

spots i arrows: .ire concentrations of gas

and dust in which stars are likely to (orm.

The smallest spots are a few trillion m/7e.s

in diameter.
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Figure 7.4 Gravity collapses a protostar.

(a) The protostar begins to condense.

(b) The protostar has collapsed to a smaller

radius and high density.
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gas cloud contracts under the attraction of its own weight, the tempera-

ture at the center mounts steadily, eventually reaching 50,000 K

At a temperature of 50,000 °K, the hydrogen and helium atoms at the

center of the protostar collide with sufficient violence to dislodge all

electrons from their orbits around the nuclei. The original gas of atoms,

each consisting of an electron circling around a nucleus, becomes a mix-

ture of two gases, one composed of electrons and the other of nuclei.

At this stage the globe of gas has contracted from its original size, which

was trillions of miles in diameter, to a diameter of 100 million miles. To
understand the extent of the contraction, imagine the Goodyear blimp

shrinking to the size of a grain of sand.

When the temperature near the center of the protostar is 50,000 °K, the

protons in the interior of the globe of gas move at a speed of 20 miles

per second. This velocity is still far from adequate to penetrate the elec-

trical barrier and initiate a chain of nuclear fusion reactions. In a sense,

the true birth of the star has not yet occurred. Nonetheless, the protostar

has already become a luminous object because of the heat generated by

its collapse. Some astronomers consider that as soon as the collapsing

ball of gas becomes luminous it should be called a star, but we will con-

tinue to refer to it as a protostar and reserve the title of star until the time

when nuclear reactions first ignite at the center.

After still more time has passed, the protostar has shrunk to 50
million miles, its internal temperature has risen to 1 50,000 °K, and its sur-

face temperature has risen to 3500 °K. At this stage, the protostar is a

highly luminous object, hundreds of times more luminous than the sun,

even though its surface is considerably cooler and redder than the surface

of the sun. There is, however, no paradox in the fact that a relatively cool

object should be highly luminous. The explanation is that the protostar is

50 times larger in diameter than the sun and has 2500 times more surface

area. Each square centimeter of its surface radiates less energy because



the surface temperature is lower, but the total amount of energy radiated

from the great surface area of the protostar is enormous.

At this point the protostar makes its debut on the Hertzsprung-Russell

diagram. The combination of low surface temperature and high lumi-

nosity places the protostar in the upper right-hand corner, in approxi-

mately the same part of the H-R diagram as the red giants. But it has come
to that region by a path very different from that of the red giants, which

are not newly-forming stars, but ageing stars.

Protostars should emit enough radiation in the visible region of the

spectrum to be seen by astronomers on earth with a telescope. However

because a protostar stays in this visible stage for such a relatively short

time, very few of these objects will be in the heavens at any given time.

Therefore, astronomers see them very rarely. When they are seen, they

appear as globes of gas glowing with a deep red color.

About 25 years ago there occurred one of the rare instances in which a

young protostar may actually have been seen. The evidence is in Figure

7.5. The first photograph (a), taken in 1947, showed several small,

luminous globes of gas located in the constellation Orion (The Hunter).

Figure 7.5 Formation of new stars. Left

(a), 1947; right (b), 1954.
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They looked like newly forming stars, but there was no definite evident e

to prove that this was in fad what tlu>y were. However, a photograph ol

the same region taken in 1954 (fa) showed the luminous globes th.it were

present in 1947 and, in addition, another luminous globe thai was not

visible in the 1947 photograph, \pparentlv a new i loud had formed and

commenced to collapse, heating up sufficiently in the sp.ue of seven

years to become visibly luminous in the later photographs, lac h .mow

points to a luminous object- the protostar-that was not visible in the

picture taken seven years before.

STARS OUT OF PROTOSTARS

The evolutionary path of a contracting protOStar is shown in Figure

7.6 as it appears on the Hertzsprung-Russell diagram. This is the path of

a star with the same mass tis the sun. The age of the protOStar is marked

at successive points along the diagram, starting \ years alter the initial

formation of the gas cloud and ending when the protOStar is 10 million

years old. You can see that the protOStar moves down the H-R diagram

very quickly at first, and very slowly later on. The glolx> of gas reaches

the vicinity of the Main Sequence 27 million years after it begins to

collapse.

The protostar track plotted on this H-R diagram is not based on direct

observations of protostars. As we have noted above, a protostar flashes

through the early years of its existence with enormous rapidity and does

not linger long enough to be observed, except by a lucky accident.

Theoretical astronomers, however, are able to calculate the size, bright-

ness, and temperature distribution of a contracting protostar with the

aid of high-speed electronic computers. The evolutionary track of the

protostar shown in the H-R diagram on page 1 73 is the result of one of

these computations. If attempted by hand with the aid of desk calculators,

the same computations would take 3000 mathematicians 5 years to

finish and would cost more than 10 million dollars. The invention of the

high-speed computer is one of the reasons why we have made great

progress in our understanding of the birth of stars in the last few years

(pp. 175-176).

Ignition of Hydrogen

Suppose we concentrate on the 10-million-year mark in the evolu-
tionary track. The protostar has been collapsing since its formation,
rapidly at first, and then more slowly as its density has built up and the
atoms moving toward the center have met with increasing resistance.

After 10 million years the protostar has shrunk from its original size of
trillions of miles to a diameter of about 1 .5 million miles. This diameter is



Figure 7.6 The track of a new star across

the H-R diagram.

Surface temperature of star (degrees Kelvin)

close to, but slightly greater than, the size of the sun. At the same time,

the temperature at the center of the protostar has risen to 10 million

degrees Kelvin.

Ten million degrees Kelvin marks a critical threshold in the life of the

collapsing sphere of gas. Why is this temperature critical? At this tem-

perature, for the first time, the protons at the center of the protostar
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are finally moving and colliding at speeds great enough to penetrate the

electrical barrier and come within the reach ol the nuclear force ol at-

traction (page 1 60). At this point nuc lear fusion sets in at the c enter ol the

sphere. The protostar has become a star.

The surface temperature of the new -born star is 4500 K. <uu\ it-- lu-

minosity is half the luminosity ot the sun. With the release ot nuclear

energy at its center, the star becomes somewhat hottei ^\nd more lu-

minous. It also shrinks slightly, to a diameter ot one million miles. As

these events proceed, the star moves upward a\u\ to the left on the I lert/

sprung-Russell diagram until, 17 million years aftei the onset <>i nu< leai

fusion and 27 million \ears atter the collapse ol the proloslar Ix'gan, it

comes to its resting place on the Mam Sequence, Here it lives out most

of the remainder ot its hie in a balance between the inward pressure

created by the force of grav it\ ^nd the outward pressure generated by the

release of nuclear em

The Main Sequence

The fusion of hydrogen nuclei produces helium, I his reaction dom
inates the longest single stage in the histors ot a star, about 90 pen cut

of its lifetime in the case of a star ot solar mass. I he sun is m the middle of

this stage; it came onto the Main Sequence 4.6 billion years ago, and will

remain there for another 4 to 5 billion years before it mows off to die.

It is fortunate for us that the sun burns its hydrogen so slowly, tor the

evolution of life on the earth has also been a very slow process. Ac-

cording to the fossil record, simple forms of life, such as bacteria, ap-

peared on the earth sometime during the first billion years ol the solar

system's existence; advanced forms of life did not emerge until several

billion years thereafter. If the sun's lifetime had been, let us say, 100
million years or less, it is doubtful whether intelligent creatures would
ever have populated the earth.

Relation Although the sun will

live for about 10 billion years, other stars live for as short a time as a

million years, and still others may live for as long as a trillion years or

more.

Surprisingly, the largest stars live for the shortest time. They have more
fuel to burn, but they burn it much more rapidly than the smaller stars.

For example, a star 10 times as massive as the sun has 10 times as much
fuel to burn, but it burns it at 10,000 times the rate of the sun, so that its

lifetime is 1000 times shorter; that is, it lives for only 10 million years.

Why does a massive star burn its fuel so much more rapidly than a smaller
star? The great weight of such a star generates higher temperatures at

its center, causing the protons to collide more violently than they do
m a lighter star. Under the violence of these collisions, the electrical

barrier between protons is more readily penetrated and the nuclear
reaction rate goes up. In the more massive stars, the reaction rate climbs



so rapidly with increasing temperature that a doubling of the tempera-

ture multiplies the reaction rate by a factor of 30,000.

On the other hand, a star with a mass one-tenth that of the sun should

live for a trillion years. Barnard's Star is an example. It should still be

shining long after the sun has gone out. Stars smaller than Barnard's Star

are known to exist and should live for even longer times. These small stars

live for such a long time that not a single one has died since the Galaxy

itself came into existence, an event that occurred, according to the latest

evidence, about 14 billion years ago.

"Experiments" in a Star's Interior

How can the astronomer state with assurance that the sun will burn

hydrogen for 10 billion years? The answer concerns a fundamental

difference between astronomy and many other fields of scientific enquiry.

Most branches of science are based largely on laboratory experiments in

which the scientist studies the behavior of an object under carefully

controlled conditions. The object might be an electron, a proton, or a

virus. The clear-cut relationships that make up the body of a science have

been obtained mainly as a result of such tightly controlled experiments

in the laboratory. But in astronomy, this kind of controlled experimenta-

tion is not possible. The objects under study are usually galaxies, stars,

or planets, which are too large to be brought into the laboratory or ex-

plored in their natural state.

"Experiments" are carried out by astronomers in a completely differ-

ent way, involving the use of high-speed electronic computers. These

computers have created a new mode of research in science, called the

"numerical experiment." The modern description of stellar evolution

depends nearly as much on the use of the computer in such "experi-

ments" as it does on the telescope and the spectroscope.

A numerical experiment on a star starts with a set of laws or formulas-

such as Newton's laws of gravity— that describe the object under study,

and how it reacts to natural forces. For example, Newton's law of gravity

tells us how the force of gravity acts on the atoms of a cloud of matter in

space. Newton's law of motion — which is a separate law— tells us how
rapidly these atoms move toward one another under the action of this

force. When an astronomer conducts a numerical experiment on a star,

he starts out with the assumption that the star is a spherical distribution

of matter held together by gravity. In his first step, he writes a computer

program, usually on punched cards, containing all the basic formulas

relating to the star, such as the law of gravity, the law of motion, or the

formula that gives the rate at which nuclear energy is released by the

fusion of hydrogen into helium. Then the astronomer enters the computer

program into the memory of the computer, together with numbers repre- 175

senting the mass of the star, the value of the universal constant of gravita- stellar evi
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tion, the laboratory-measured rates ot the various nucleai reactions that

take place, and so on.

Next, he enters special instructions into the computer memory to

describe the particular conditions under which the hypothetical experi-

ment is to be conducted, tor example, these instructions mighl specify

the forces that are acting on the atoms of the star in addition to gravity,

or the nuclear reactions that are important The final instructions tell

the computer to commence the sequent e ot numeric al steps that simulate

the behavior ot the star. The steps c onsist in substituting the numbers that

describe the initial properties of the object, and the magnitudes ot Un-

applied forces, changes in composition, and so on, into the equations

representing the basic laws ot physu 5.

The computer does all the necessary arithmetic very rapidly, at the

rate of several million additions, subtractions, multiplications, and

divisions per second. Finally, it produces a complete description of the

star, including the temperature, density, mm\ composition in its interior,

and the luminosity and temperature on its surtace.

If the object of the numerical experiment is to determine how the

properties of the star change with time, that is, to des< ribe stellar evolu-

tion, it is necessary to allow for the fact that hydrogen is being used up

steadily at the center ot the star. This is the main change that occurs in

the star's lifetime. Since hydrogen burning is the source of the star's

energy, when the amount of hydrogen changes all the other properties ot

the star also change.

In principle, conditions in the star's interior change every second

because the amount of hydrogen goes down continuously. However,

during most of the star's life, while it burns hydrogen, its structure changes

so slowly that a second-by-second description is not necessary. The time

spent in burning hydrogen, for example, can be divided into, say, 200
time intervals; in the case of the sun whose hydrogen-burning period

lasts for 10 billion years, each time interval in the calculations is 50
million years. Later on in the star's life it evolves more rapidly, and shorter

time intervals become necessary. For a brief moment, during the helium

flash discussed on page 181 , the changes must be computed every minute
or so. However, this period of intensely rapid change lasts for no more
than a few hours.

Let us suppose that the star is in a stage in which a 50-million-year

time interval is required. The astronomer proceeds as follows: first, he
calculates conditions in the star assuming that its hydrogen content
remains constant for 50 million years; second, he calculates the amount
of hydrogen that would have been burned up in 50 million years under
the conditions of temperature and density that he has just calculated
for the center of the star; and third, he recalculates the conditions in

the star, allowing for the fact that less hydrogen is present. As a result

of his calculation, he knows approximately how the conditions in the

star have changed in that particular 50-million-year interval. In this way,
50 million years at a time, he traces the evolution of the star through the

hydrogen-burning stage of its life.



RED GIANTS

The helium produced by fusion of hydrogen atoms accumulates at

the center of a star, where most of the reactions take place. When an

appreciable amount of the hydrogen within the star has been converted

into helium, and its center is filled with a core of pure helium, the star

begins to show pronounced signs of age.

Increase in the Temperature of the Helium Core

The first major change involves the conditions in the helium core. At

this point in the lifetime of the star, the temperature of the core is not

high enough to fuse helium into heavier elements. Because there is no

nuclear burning at the center, no energy is released there. The central

region of the star, which had been supported against gravitational col-

lapse by the release of nuclear energy, no longer possesses the means

for sustaining itself against the inward force of gravity. Under the in-

fluence of gravity the helium core shrinks, and its temperature rises,

just as the temperature of the entire star rose when it was collapsing at

the beginning of its life. The center of the star now consists of a core

of helium that is collapsing and steadily heating up. The rest of the star

is a shell of hydrogen surrounding the helium core. As the core gets

hotter, it heats the hydrogen immediately surrounding it; this hydrogen

commences to burn vigorously to form helium.

The structure of the star now differs markedly from its structure during

the prime of its life on the Main Sequence. Whereas formerly hydrogen

burned only at the center, now a core of nonburning helium lies at the

center, and the only hydrogen that is burning lies in the shell surrounding

the helium core.

As the helium core gets hotter under the continued compression caused

by gravity, the nuclear reaction rate mounts higher and higher in the shell

of burning hydrogen around it. The result is an increase in the amount of

nuclear energy created within the star.

It seems surprising that the extinction of the nuclear fire at the center of

the star should lead to an increase in the outpouring of nuclear energy.

However, you must remember what has happened: when the fire goes

out at the center of the star, the helium in the core contracts and heats up.

The higher temperature in the core, in turn, raises the temperature of the

immediately surrounding hydrogen. The end result is that the hydrogen in

the shell around the core blazes more brightly than the hydrogen in the

center did before.

Because nuclear energy is now released at a faster rate, we expect that

the star will become brighter. The luminosity, however, does not in-

crease immediately. Initially, the increased radiation coming from the

center is absorbed by the hydrogen gas in the outer layers of the star be- 177

fore this radiation reaches the surface. The absorption of the radiation stellar evolution.



heats the gas, which expands outward. An outward expansion means thai

huge masses of gas are lifted upward against the powerful downward pull

of the star's gravity. Most of the in< rease in nu< leai energy is used up in

lifting trillions on trillions of tons ot hydrogen through distant es .is great

as hundreds of thousands of miles. \s .1 result, the luminosity ol the star,

which is the amount of radiation actually es< aping from its surfa< e every

second, remains nearly constant rhis is the < onstant-luminosit) phase oi

the star's life.

But the star's appearance changes in another respect: .is its si/c in-

creases and its luminosity remains constant, the amount ol energy radi

ated at each square centimeter of the surface drops, and the surface

temperature drops to a value between 1000 K and 4000 K. A st.u with <i

surface temperature in this range is distinctly red in color.

As time passes, the helium core c ontinues to ( oil.ipse mm\, .is .1 c onse-

quence, its temperature continues to rise. Eventually, the rate oi hydro

gen burning becomes so great, bee ause ot the Steadily mounting tempei

ature, that the brightness of the star is notic eably .ittec ted. I he envelope

of the star absorbs some of this energy mm\ expands even more rapidly

than before, but this outward expansion c .in no longer absorb the enor-

mous outpouring of radiation that comes from the brightly blazing hydro-

gen shell. The rate of energy release within the star is now hundreds ot

times greater than it was when the star was in the prime of its life. ( )nly a

small part of this energy can be taken up in the expansion ol the st.ir's

envelope; most of the energy reac lies the surfat e ot the st.u and esc apes

as radiation. The luminosity of the star, accordingly, so.irs upward. The
star, still red in surface color, has become brilliantly luminous; it has

become a red giant.

From Young Stars to Red Giants on the H-R Diagram

What happens to the plot of the star on the H-R diagram during these

changes? We last left the star on the H-R diagram as it reached the Main
Sequence, just after its transition from protostar to star. Let us follow the

star's evolution all the way from this point, close to the beginning of its

life, up to the time it becomes a red giant.

We will use a star with the mass of the sun as our example. The se-

quence of changes is similar for stars with other masses, the m.iin differ-

ences being in the initial position on the Main Sequence, and the time
scale for the changes. If the star is more massive than the sun the Main
Sequence position is higher, and if the star is less massive than the sun
the Main Sequence position is lower. The time scale is shorter for a star

more massive than the sun and longer for one less massive.
The initial diameter of a sun-sized sUr at birth is 750,000 miles. The

star lies slightly below the Main Sequence at birth, its luminosity being
70 percent of the present luminosity of the sun. The circled "1" in the
H-R diagram in Figure 7.7 indicates the traditional "zero age" point in the
star's evolution.
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The diameter of the star also has irn reased slowly but steadily during

this period, and it is now one million miles. The increase in diametei

roughly compensates tor the increase in luminosity, so that the surface

temperature remains approximately constant between point 1 and point 2.

When the star is at point 2 it is still burning hydrogen at its center. Not

enough helium has accumulated to form a helium core.

During the next tour billion years, the star continues to grow slowly in

luminosity and in diameter. When its age is 9.2 billion years, its luminosity

is roughly one and one-halt times greater than the present luminosity ol

the sun, or double its luminosity at birth. Its diameter is 1 . 3 million miles,

or 30 percent greater than the sun's present diameter. This st.ige is shown

by the circled "3" in the H-R diagram.

Beyond point 3, the star enters its constant-luminosity phase. The

helium core has formed and begun to influence the life ot the star. All

processes within the star occur very quic kly from point 3 onward. Up to

point 3 the star grew slowly, taking nine billion years to double in size;

but now it doubles in size again in one billion years. That is, the st.n

expands about ten times faster than it did earlier. With this rapid growth,

the star takes its first major step away from the Main Sequence. Because

its luminosity remains constant and its temperature decreases rapidly at

this point, the star shoots horizontally across to the right on the H-R
diagram. This movement brings the star to point 4 on the H-R diagram.

Its diameter is 2.6 million miles at point 4, and its age is 10.3 billion years.

Figure 7.8 compares the structure of the st.ir at point 4 with its structure

when it started life on the Main Sequence. The size of the helium core is

exaggerated to show it more clearly; in reality it is one one-thousandth of

the diameter of the star.

Beyond point 4 the luminosity of the star mounts rapidly in response to

the greatly increased rate of hydrogen burning. Its diameter also in-

Figure 7.8(a) and lb): The structure of a
hydrogen-burning star <a> at age zero and
'b

i
after 10.3 billion years. These stages

correspond to points I and 4, respectively,
in Figure 7.7.
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creases very rapidly in this stage, so rapidly that, in spite of the increased

luminosity, the surface temperature drops. The star shoots almost ver-

tically upward on the H-R diagram, toward the red giant region. When it

reaches point 5, the star is a fully developed red giant, 1 000 times brighter

than the sun. Its diameter is 100 million miles, 50 times greater than at

point 4 and 100 times greater than the present diameter of the sun.

The changes from point 4 to point 5 occur at an extraordinarily rapid

rate. Most of the fiftyfold increase in the size of the star between points 4

and 5 takes place during an interval of no more than 100 million years.

The mushrooming growth of the star at this stage, and the other changes

going on, occur 1000 times faster than the changes that occurred during

the first nine billion years of the star's life, when it was on the Main

Sequence.

The Structure of a Red Giant

Red giants are very odd stars. The core of helium at the center of the red

giant is enormously compressed, with a density equal to one ton per

cubic inch. One-quarter of the mass of the entire star is packed into the

core, although its radius is only one one-thousandth of the radius of the

star. This core has a diameter of 20,000 miles— about twice the size of the

earth — but it weighs nearly 100,000 times as much. Around the core

lies a thin shell of burning hydrogen a few thousand miles in thickness.

Around the shell of burning hydrogen is an enormously distended and

very tenuous envelope of hydrogen gas, 100 million miles across. The

average density of the hydrogen gas in the envelope is one ten-millionth

of an ounce per cubic inch. This density would be a very good vacuum in

a physics laboratory on the earth.

To bring out the peculiar structure of red giants, suppose that we reduce

the size of a typical red giant by a factor of about one trillion. Then the

star is a sphere the size of a basketball, but the helium core, containing

one-quarter of the mass of the star, is a dot at the center no larger than

the period at the end of this sentence.

Helium Flash

What happens after the star reaches point 5? The helium core becomes

more and more compressed with the passage of time, and its temperature

continues to rise. Therefore, the red giant becomes more and more

luminous. Finally, the helium core reaches the critical threshold tempera-

ture of 100 million degrees Kelvin. When the core reaches 100 million 181

degrees, a completely new episode begins in the life of the star. At 100 stellar evolution
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million degrees Kelvin, helium nuclei begin to fuse, producing Carbon

and oxygen nuclei. You would expect the fusion oi helium to add to the

luminosity of the star, driving it still further into the red giant region. But

instead, a peculiar event occurs thai t he< ks the growth of the star's

luminosity and sends it down the reef giant branch.

At this point the helium in the core is packed in with a very high den

sity, equal to many tons per cubic inch. Because the i ore is also very hot,

the helium atoms are entirely stripped of their elei trons. Thus the core is

made up of separate helium nuclei and electrons. About 40 years ago a

great theoretical physicist named Wolfgang Pauli discovered that when

large numbers of electrons art' pai ked into a small spa< e, they become

virtually incompressible. It is almost as it the) were a stiff solid, like steel,

rather than a gas of small particles moving freely about. Because of the

incompressibility of the electrons in the helium core, the core acts very

much as if it were a sphere of solid steel

Now consider what will happen to the core when the helium nuclei

within it start to burn. First of all, the temperature of the core rises. The

rise in temperature should cause an expansion of the core. The expansion

should cause a drop in the temperature and, therefore, in the nuclear

reaction rate— that is, the rate of fusion of helium nuclei into carbon and

oxygen. The drop in the nuclear reaction rate should stop the expansion

of the helium core. The star should then live on, burning helium at its

center at a rate just sufficient to balance the inward attraction of gravity

and the outward pressure produced by the helium burning. This is, after

all, the way in which the star lived on the Main Sequence, although

then it was the burning of hydrogen, rather than helium, that balanced

the inward force of gravity.

But nothing of the sort happens to the core of the red giant. It has the

properties of a sphere of solid steel and, like all solids, it expands only

very slightly when heated. The core expands far less than it would if it

were behaving like a normal gas. Because the helium core does not

expand appreciably when heated, the star loses the safety-valve feature

that used to be built into it. Imagine what must happen in this core
without the safety-valve feature of expansion: helium nuclei burn, raising

the temperature; the core does not expand; therefore, the temperature
stays high; at the higher temperature, helium nuclei burn still faster; the

core gets still hotter; it burns still faster; and so on. The reaction runs away
with itself. After a time, the core becomes so hot that it literally explodes,
just as a steel ball would vaporize and explode if a powerful enough
charge of energy were put into it. The center of the star has changed from
a controlled nuclear reactor to an uncontrolled nuclear bomb.

It takes a few hours from the onset of helium fusion for the core of the
star to reach the explosion point. A few hours may seem like a long time
when compared to the time it takes to trigger a hydrogen bomb, but re-

member that a few hours is the blink of an eye for a star. Because the time
is very brief on this scale, the events from the commencement of helium
fusion to the explosion of the core are called the helium flash.



After the Helium Flash

The helium flash does not add to the observed luminosity of the star, for

most of the energy of the explosion is taken up in the expansion of the

core itself, and practically none of this energy reaches the surface of the

star. On the contrary, the explosion changes the internal structure of the

star in a way that causes the luminosity to decline. Up to the point at

which the explosion occurred, the luminosity of the red giant is fueled by

the furious rate of hydrogen burning in the shell surrounding the hot core.

As soon as the core explodes, its temperature drops, and the temperature

of the surrounding shell also drops. Therefore, the rate of hydrogen burn-

ing in the shell decreases. For the first time since the star arrived on the

Main Sequence 10 billion years previously, its brilliance diminishes sub-

stantially. It moves vertically downward on the H-R diagram, in the

general direction of the Main Sequence.

The diameter of the star decreases at the same time, for, with its nuclear

energy sources greatly decreased, the red giant lacks the resources

needed to keep its envelope distended. Relieved of the enormous out-

ward pressures created by intense hydrogen burning in the shell, the

envelope commences to collapse under the attraction of gravity, and

the star begins to lose its swollen appearance.

The H-R diagram in Figure 7.9 shows the evolutionary track of the star

in the period of its life that we are now describing. At point 5 of the pre-

vious H-R diagram the star became a fully developed red giant. At some

time shortly after becoming a red giant, the star experiences the helium

flash. Point 6 on the H-R diagram marks the helium flash. The helium

flash sends the star down toward the Main Sequence again. This slide

continues for about 1 0,000 years, with the luminosity and size of the star

continually decreasing.

When the star starts to descend from the red giant region, the helium in

the core is not burning vigorously, because its temperature has been

greatly reduced by the expansion of the core that followed the flash. Dur-

ing the course of the star's descent, however, the helium in the core is

again slowly but steadily compressed by gravity, because there are no

nuclear energy sources within it to sustain it against this inward force.

As always, the compression heats the core, and its temperature rises.

After several thousand years, the temperature gets high enough to start

a very small amount of helium burning at the center of the core. By the

end of 10,000 years, the temperature of the core has risen enough, and

the rate of helium burning has accordingly become great enough, for

helium burning to constitute a major source of energy for the star. At

this point the temperature in the core is roughly 200 million degrees

Kelvin. Its structure is shown in Figure 7.10.

The release of substantial amounts of nuclear energy at the center of

the star, through the burning of its helium, halts the star's descent toward

the Main Sequence. The star now lies at point 7 on the H-R diagram 183

(Figure 7.9). stellar evolution



Figure 7.9 The late evolution of a star of

solar mass.
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curred; therefore, the electrons in the core are not packed in at such a

high density as they were earlier; and consequently they do not give the

core that peculiar solid-like incompressibility that it had before. In other

words, the helium core now behaves as a proper gas should. If a fluctua-

tion occurs in the rate of burning, and it becomes excessively hot for a

short time, the core does not explode. Instead, it expands and cools,

dropping the reaction rate and reducing the excessive heating.

While the helium burning increases, the hydrogen-burning shell is still

suffering the aftereffects of the helium flash. Because the helium-burning

core is still not nearly as hot as it was during the helium flash, the burning

in the hydrogen shell continues to decrease. From point 7 the increase in

helium burning and the decrease in hydrogen burning roughly balance,

giving the star a constant luminosity. The star moves horizontally to the

left from point 7 to point 8 on the H-R diagram in Figure 7.9. At point 8

the helium core has an analogous structure to the hydrogen core on the

Main Sequence at point 1

.

Throughout the movement from 8 to 9, carbon and oxygen steadily

accumulate at the center of the star as the products of the helium burn-

ing. Eventually, all the helium at the center of the core is burned up

and converted to these elements. They now constitute an inner core

within the original helium core of the star. The development of an inner

core of carbon and oxygen halts the helium-burning reactions at the center.

The helium burning now occurs in a shell surroundingthecarbon-oxygen

core (Figure 7.1 1). At point 8 the inner structure of the star is analogous

to its structure at point 3 (Figure 7.7), when hydrogen was burning in a

shell surrounding the newly formed, inert helium core. The carbon-

oxygen core acts as the helium core acted; it contracts and its tempera-

ture rises; the higher temperature heats the surrounding shell of helium,

and the rate of helium-burning increases. The heat from the increased

helium burning is absorbed by the cool outer envelope, which keeps

expanding. The temperature drops and the luminosity increases.

From point 9 onward, events unfold so rapidly, and the star is so com-

plex inside, that it is difficult to calculate its further course accurately.

Theoretical astronomers are not in agreement on the precise sequence of

events that follow. But we do know in a general way what happens.

At point 9 the star starts up toward the red giant region once again; that

is, it swells enormously and becomes very bright, although its surface is

relatively cool and red in color. The speed of the evolution is, however,

much faster than it was when the star first moved up this path. Everything

proceeds about 100 times more rapidly. The entire move toward the red

giant region is completed in a few million years for a star with the mass

of the sun, as compared to several hundred million years required to

reach the red giant region for the first time.

When a core of carbon accumulates at the center of a star, and it

enters the red giant region for the second time, the star is very close to

the end of its life.

Hydrogen

burning -

shell

Hydrogen envelope
out to several

million miles

Helium core

y

Helium burning

center

100,000 miles

Figure 7 . 10 The structure of the core of a

star shortly after occurrence of the helium

flash and descent from the red giant branch.

This stage corresponds to point 7 in Figure

7.9.
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Figure 7. I I The complete structure oi the

core oi a star when an inner core oi carbon

and oxygen has accumulated, and the star

has commenced its second ascent oi the

red giant branch, corresponding to point

9 in Figure 7.9.

Hydrogen burning

shell ~\

3.000 miles

100,000 miles

DEPENDENCE OF STELLAR EVOLUTION ON MASS

Stars with less than one solar mass tollow a pattern ol evolution

closely similar to that of the sun. These stars— the orange dwarfs and red

dwarts on the Main Sequence-are formed by gravity, spend most of

their lives burning hydrogen on the Main Sequence, and move upward

and to the right into the red giant region when their reserves ol hydrogen

fuel are diminished (Figure 7.12a). They differ from the sun mainly in

the pace of their evolution; small stars evolve slowly and spend more

time in each phase of their livi

Stars somewhat more massive than the sun also tollow .i pattern of

evolution similar to that of the sun. again except tor a difference in the

pace of their evolution, which proceeds more rapidly than the evolution

of the sun.

A significant difference in the p.uivin ot evolution appears tor the

first time in stars with masses greater than roughly four times the mass

of the sun. In fa< t. tour solar masses is a c ntic al size tor a star in the deter-

mination of its fate. When a star with a mass greater than 4Mo depletes

its reserves of hydrogen fuel and leaves the Main Sequence, its evolu-

tionary track on the H-R diagram is nearly horizontal. It moves across

the diagram to the right and directlv into the red giant region, instead

of moving upward as in the case of the less massive stars. Later, when
the star evolves back toward the Main Sequence and then returns to the

red giant region for the second time, its track on the H-R diagram remains

approximately horizontal (Figure 7. 1 2/)).

These differences in the trac ks ot stars ot various masses do not change

the general character of the story of stellar evolution. That is why the

evolution of a star of one solar mass could be presented in this chapter

as a general model for the evolution of all stars. However, the unified

account of stellar evolution breaks down at the very end of a massive

star's life, when phenomena are believed to occur that have no counter-

part in the lives of smaller stars. These phenomena, which may involve

the formation of neutron stars and black holes in space, are among the

most interesting aspects of contemporary astronomy.

Main Ideas
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1. The mechanics of gravitational contraction.

2. Birth of stars; rising temperature within a protostar.

3. Transition from protostar to star on '.he Main Sequence; life on the
Main Sequence; first signs of aging; departure from the Main Sequence.

4. The red giant stage; structure of a red giant.

5. The helium flash; helium burning.



Important Terms

core (stellar)

density

envelope (stellar)

evolutionary track

gravitational conden-

sation

Figure 7.12a Pattern of evolution tor -tar-.

with masses less than ~4M.

helium flash

hydrogen burning

main sequence star

nebula

nuclear energy

nuclear reaction

protostar

red giant

Questions

1 . Why must a large number of particles come together at the same time

for a star to form from a gaseous nebula?

2. At what point does a protostar become a star? Why?

3. Why do protostars of large mass contract to stars more rapidly than

protostars of small mass?

4. Why does the initiation of nuclear reactions at the center of a newly

forming star eventually halt the collapse of the gas?

5. Are stars still forming today? How do we know? Where, if anywhere,

would they be formed?

6. What is the energy source for a main sequence star?

7. What happens in the interior of a star changing from a main sequence

star to a red giant?

8. Where on the H-R diagram does a star spend most of its lifetime?

What happens to it when a helium core forms?

9. Why does a star leave the Main Sequence? Describe the sequence of

events as the star moves away from the Main Sequence.

10. What is the helium flash? Why does the luminosity of a star decrease

following the helium flash?

Temperature

Figure 7. 12b Pattern of evolution for stars

with masses greater than ~4M.

Temperature
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8 White Dwarfs, Neutron Stars,

and Black Holes in Space

Every star must exhaust its reserves of nuclear fuel eventually. When
they are nearly gone the star succumbs to the force of gravity and col-

lapses. In the case of a small or medium-sized star, the collapse is rela-

tively gentle; the star leaves the red giant region, moves to the left on

the H-R diagram and then downward, fading out slowly in the lingering

death of the white dwarf. This will almost certainly be the fate of the sun.

A massive star has a different fate. It moves into and out of the red

giant region several times; but when this stage is over, and the massive

star has reached the red giant region for the last time, it does not fade

away; instead, it blows up suddenly in the cataclysmic event known as

the supernova explosion. A glowing cloud of debris expands from the

site of the explosion at a speed of thousands of miles per second. Buried

in the cloud is the severely compressed remnant of the star's core-a The Crab Nebula: remnant of a supernova.

neutron star or a black hole in space. The arrow points to the pulsar.
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DEATH OF A SMALL STAR: THE WHITE DWARF

The dividing line between small and large stars is about lour solar

masses. Consider a star whose mass is less than 4M», .is it climbs the red

giant branch on the H-R diagram tor the second time. In the star's pre-

vious approach to the red giant region, its ascent was terminated by the

onset of the helium flash (page 1 81). We would expe< I the second ascent

to be terminated in a similar manner by the onset ol a carbon Hash, that

is, an explosively rapid onset ot c arbon burning; however, a ( arbon Hash

cannot take place in this star because it is not massive enough to attain

the temperature required tor burning carbon.' According to cyclotron

experiments, the carbon in the core must reach .1 temperature of 600

million degrees Kelvin before it can burn. Calculations indicate that it

the star's mass is less than 4M ,
compression by gravity does not pro-

duce enough heat at its center to raise the temperature to 600 million

degrees. Thus, carbon cannot burn. Instead the star continues its climb

up the red giant branch; its diameter increases, its surface temperature

drops, and its color continues to redden.

Eventually, the outer layers of the star become so red — that is, so

cool — that the nuclei in these layers begin to c apture ele< irons to become
neutral atoms. The formation of neutral atoms continues unchec keel

until a substantial part of the star's mass is in the form of neutral atoms

rather than separate electrons and nuclei.

The Planetary Nebula

What happens when a neutral atom is formed by the recombination
of an electron and a nucleus? The most important consequence is that

a photon is emitted, carrying away energy with it. Usually the photon
is absorbed by another atom or particle before it escapes from the star.

Countless photons are created by the formation of neutral atoms, and
then absorbed shortly thereafter on their way out of the star. Their absorp-
tion heats the outer layer.

The heat produced in the star's outer layers by the absorption of
photons is modest in amount compared to the heat released by nuclear
reaction at its center. Nonetheless, according to one theory this heat
triggers profound changes in the star's appearance. The envelope, heated
by the absorption of photons, expands. The outward expansion lowers
the temperature of the envelope. At the lower temperature, more neutral
atoms form from the separate nuclei and electrons in the envelope, and
they in turn release still more energy in the form of photons. Most of
the photons are, again, absorbed by nearby atoms in the star. They heat
the star's outer layer, expanding it still further.

Uhe core contains oxygen as well as carbon. However, the carbon burns be-
fore the oxygen because carbon nuclei have a lower electrical barrier.



figure 8. 1 A Planetary Nebula (NCC
7293).

In other words, the theory predicts a runaway process in which the

capture of electrons by nuclei heats the envelope and causes expansion,

which cools the envelope, causing more electron capture, which leads

to more expansion. The envelope of the star expands outward faster and

faster, until it leaves the star entirely. In effect, the envelope of the star

blows off into space and becomes a tenuous, nearly transparent shell of

atoms that continues to move rapidly outward.

The core, which was formerly concealed by the envelope, now stands

exposed to view. If someone were observing the star during the course

of this entire process, he would see an amazing change in its appear-

ance. At the start the star would seem normal. Then, when the envelope

had started to expand but was still dense enough to conceal the core,

the observer would see the surface of the expanding, relatively cool

envelope, and the star would present the appearance of a large, luminous,

red object. When the envelope had expanded out far enough to become

more or less transparent, so that the core was exposed, the observer

would see a small, white-hot object— the core— surrounded by a softly

glowing diffuse shell of gas— the blown-off envelope.

Such objects have been observed, and are called planetary nebulas.

The name "planetary nebula" came into use because the astronomers

who first photographed these nebulas through small telescopes found

the images resembled those of planets. We now know that planetary

nebulas have no connection with planets or solar systems, but the name

has persisted.

Figure 8.1 shows the structure of a planetary nebula clearly. This

photograph was taken with the 100-inch telescope at Mount Wilson. A
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striking color photograph of another planetary nebula is included in the

color inset.

What happens to the core of the stai aftei the envelope blows off?

The core is more or less unaffected by the departure ol the envelope,

and it continues to burn helium in the helium-burning shell at the same

rate as before. Therefore, the luminosity of the star, which is controlled

entirely by the burning of the helium in the shell, remains < onstant.

However, the plot of the star's position in the H-R diagram changes

dramatically when the envelope blows off, because initially we are plotting

the position of the cool envelope of the star (around 3500 °K). but aftei

the envelope blows off, we plot the position of the hot core (around

50,000 °K) that remains. Thus, on the temperature axis there is a shift

from 3500 °K to 50,000 °K. Because there is no change in luminosity

during this increase in surface temperature, the star's evolutionary track

shoots horizontally across the H-R diagram to the left

These changes are depicted in the H-R diagram in Figure 8.2. fhe

Figure 8.2 The track of a small star in the

final stages of evolution.

100,000
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star's envelope starts to expand at point 10. At point 1 1 the hot core of

the star is fully exposed. At this point the star, if photographed, would

look like the Ring Nebula in the constellation Lyra. (See Color Plate 6.)

The White Dwarf

At point 1 1 on the H-R diagram, the star begins its transition from the

core of the planetary nebula to a white dwarf. The star is now composed

of a carbon-oxygen core surrounded by a helium-burning shell (Figure

8.3). At this point the temperature of the core is still not high enough for

fusion to occur, and there is therefore no source of nuclear energy at the

center of the star to offset the attraction of gravity and keep the star from

collapsing. 2 The star's core continues to contract slowly.

If it were not for the electrons in the star, the contraction would con-

tinue and the core would get hotter and hotter, until finally, at 600 million

degrees Kelvin, the carbon nuclei would begin to burn. Before this can

happen, however, the peculiar incompressibility of closely packed elec-

trons comes into play, just as it did at an earlier stage in the star's life,

immediately before the helium flash occurred. As before, the "solid-

steel" incompressibility of the electrons brings the contraction to a halt.

This event occurs when the star has a radius of about 5000 miles and a

density of about 10 tons per cubic inch.

No one knows what happens in detail between points 11 and 12 on

the H-R diagram. The theoretical calculations for that stage indicate that

any one of a number of different possibilities could take place. Observa-

tions of stars do not provide a clear indication of what actually occurs,

because few stars have been found between 1 1 and 12.

Once the star reaches point 12, however, its course becomes clear. In

the region of point 12 the star is exceedingly dim in comparison to its

luminosity in the earlier stage of its life; a star with the mass of the sun,

for example, would be 100 times fainter at point 12 than the sun is at

the present time. The diameter of the star is very much smaller at this

stage than when the star was in its prime. A star originally the size of the

sun would be about 20,000 miles in diameter, which is about twice

the size of the earth. The shrunken star is exceedingly dense. Into its

relatively small volume, no more than that of a good-sized planet, is

packed an enormous mass, hundreds of thousands of times greater than

the mass of the earth. A matchbox filled with material from this dense

star would weigh 10 tons.

Although the star is now very faint, its surface is quite hot, with a tem-

perature ranging up to 30,000 degrees. Such stars— small, dense, and

exceedingly faint, but white-hot at the surface— are called white dwarfs.

Figure 83 Structure of the exposed core

of a planetary nebula, during the transi-

tion to j white dwarf.

2 Nuclear energy is produced in the helium-burning shell, but this energy is

mostly radiated outward into space without affecting the interior of the star.
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The force of gravity on the surface of a white dwarl can be .is mu< h as

one million times greater than gravity on the earth. Even if we should

ever come across a white dwarf whose surface temperature has declined

to a comfortable level, we would nevei be able to land men or even

remote-controlled spacecraft on this strange world. A man attempting

to land on a white dwarf would weigh 150 million pounds, and he and

his spacecraft would literally be flattened by the enormous force ol the

white dwarf's gravity.

From point 12 onward, the star- now a white dwarf— shrinks very

little in radius. Slowly the white dwarf radiates the last ol its heat into

space, moving downward in luminosity and temperature .is il does so,

and following the path leading to the ik\u\ stars at the bottom of the H-R

diagram. Progressively the dwarf changes in color from white to yellow

and then to red, until it fades to a cold, dark lump ol matter <\nd enters

the graveyard of the stars.

\|jvv of a White Dwarf, Although stars with masses up to roughly

4M© produce white dwarfs, theoretical studies indicate that the mass of

the white dwarf itself cannot be more than 1.4M . I he reason is th.it the

white dwarf is only the core of the original st.ir. Much of the mass of the

original star is removed before the white dwart appears; some of it is

shed by the star during its red giant phase, in the form of the so-called

stellar wind that blows steadily off the surface; and the remainder is

blown off during the planetary nebula stage.

DEATH OF A MASSIVE STAR: THE SUPERNOVA EXPLOSION

A different fate awaits a star whose initial mass is greater than four

solar masses. Because the weight of the star is so great, its collapse

generates an enormous amount of heat. Now, according to theoretical

studies of stellar evolution, the temperature at the center of the star can
reach 600 million degrees. The attainment of that critical temperature
sets in motion a train of events that eventually leads to the destruction

of the star in a titanic explosion.

The Supernova Explosion

In massive stars a core of carbon and oxygen forms, surrounded by a

helium-burning shell, just as in smaller stars. As the carbon accumulates,
the core begins to contract under its own weight, again as in small stars.

In a small star the contraction continues • inti I the star becomes a white
dwarf, because the temperature of the core never gets high enough to
ignite nuclear reactions in the carbon. But in a massive star, well before
the core contracts to the size of a white dwarf, the temperature in the
core reaches the 600-million-degree level at which carbon burns. The



burning produces neon, magnesium, and other elements in reactions

such as

C 12 + C 12 » Ne2o + He4

C 12 + C 12 > Mg24 + y

and at the same time nuclear energy is released, halting the contraction

of the core.

Supernovas Caused by Detonation of the Carbon Core. For stars in

an intermediate mass range from about four to eight solar masses, a

violent detonation occurs in the core as soon as carbon burning begins.

This detonation is similar to the helium flash described on page 181,

but is much more violent. As in the case of the helium flash, it is the result

of the "solid-steel" incompressibility of the electrons in the core. As

soon as the temperature in the core reaches 600 million degrees, the

carbon starts to burn but, because of the peculiar incompressibility of the

core, it does not expand to compensate for the increased heating. Thus,

the temperature of the core rises rapidly, causing the carbon to burn

faster and driving the temperature to a still higher level. A runaway

effect develops quickly, detonating the core and shattering all or a large

part of it. Enormous pressures, ranging up to a trillion trillion tons per

square inch, are generated in the core by the runaway detonation of

the carbon.

The pressures generated by the detonation of the carbon core cause

the star to explode. The exploding star is called a supernova. In the after-

math of the supernova explosion, a hot cloud of debris expands into

space, carrying with it the elements the star has manufactured in the

interior during its lifetime. All or a large fraction of the material within

the star disperses to space in this explosion. At the original location of the

star there now remains at most a compressed remnant of the core, con-

taining a small fraction of the star's original mass.

A Second Kind of Supernova. If the mass of the star is very great-

more than about eight solar masses— a carbon flash does not develop,

because the density at the center of the star never becomes great enough

to produce the electron "solid-steel" incompressibility that leads to these

flashes. It is surprising that the most massive stars should have cores that

are less dense. The explanation is connected with the great intensity of

the radiation in the centers of these very massive and therefore highly

luminous stars. So many photons are present, and the photons are so

energetic, that as they move toward the surface they drive some of'the

gaseous matter of the star away from the center. The density of the core

is diminished as a consequence; the carbon flash does not occur; and

the carbon in the core burns, but only at a moderate pace. As the tem-

perature of the core rises, the oxygen begins to burn as well.

When most of the carbon and oxygen in the core has been burned

and converted to heavier elements, the reactions slow down and the

star contracts again. The contraction heats the materials of the core to

greater temperatures, causing other nuclear reactions to set in, and pro- 195

ducing still heavier elements. The energy released in these reactions white dwarfs i\



Figure 8.4 The spiral galaxy NGC 7331.

photographed in 7959 (a) during a super-

nova outburst (arrow) and (b) after the

supernova has faded.
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halts the contraction once more. In this way, through the alternation ot

collapse, heating, and renewed nuclear burning, many elements are

produced inside the star.

The temperature of the core continues to mount, and nu( leal re* lions

produce heavier elements, until finally the element iron is reached. At

this point the process stops, tor iron is a very special element. Nm leal

reactions involving iron do not yield energy; instead the) consume

energy. Iron and a few neighboring elements are the only substances for

which this is true. Because of the energy-absorbing properties of iron

nuclei, when a large amount of this element accumulates in the core

of the star, nuclear energy can no longer be generated there, the iron

nuclei, instead of providing more fuel to burn, tend to put the lire out*

The pressure that supported the outer layers ot the stai drops sharply,

and the star contr.uts. As before, the contraction yields he.it, but the

iron nuclei, because of their energy-absorbing properties, absorb this

heat, and the star contracts even faster. Ihe contraction continues; its

pace accelerates; it turns into .1 catastrophic collapse.

The consequences of the collapse are spectacular. The materials ot

the collapsing star pile up at the center, creating very high pressures ^<u\

densities, and temperatures of a trillion degrees. When the density at

the center of the star is so great that neighboring nuclei touch one another,

the star can be compressed no further, and the collapse comes to a halt.

The collapsed star, compressed like a giant spring, rebounds in a gre.it

explosion.

This explosion is also called a supernova. The supernova that occurs

in the aftermath of iron-core formation is as violent as the supernova that

follows the runaway ignition of the carbon core. The exploding star

blazes up to a brilliance billions of times greater than its normal luminos-

ity. For a short time it can be as bright as an entire galaxy.

If a supernova happens to occur nearby
in our Galaxy, it appears suddenly as a new star in the sky, brighter than

any other and easily visible with the naked eye in the daytime. The last

supernova that is known to have exploded in our Galaxy was seen in

Europe in 1604, and caused a sensation. One of the earliest reported

supernovas was a brilliant explosion recorded by Chinese astronomers
in ad 1054. At the position of this supernova there is today a great cloud
of gas known as the Crab Nebula, expanding outward at a speed of

1000 miles per second, which contains the remains of the star that

exploded 900 years ago (Color Plate 7).

When a supernova explodes in another galaxy, it cannot be seen with
the naked eye, but it can be photographed through a large telescope.
Several hundred supernovas have been photographed since the intro-

duction of the camera to astronomy. Figure 8.4 shows a supernova (Fig-

3 The energy-absorbing effect of the iron is enhanced by the appearance of large
numbers of neutrinos at this time; because the neutrinos do not interact strongly
with matter, most of them leave the core of the star, draining additional energy
from the interior.
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Figure 8.5 Cosmic abundance of the

elements. Notice the high abundance of

iron (due to its unusually stable nucleus)

and the low abundance of elements beyond
iron resulting from the fact that they are

mostly created in the brief moments of the

supernova explosion.

ure 8.4a, arrow) in the galaxy NGC 7331 , photographed in 1959. Months

later the supernova had faded to invisibility (Figure 8.4b).

The Aftermath of the Supernova; Formation of Elements Beyond Iron.

At the very high temperatures generated in the collapse and explosion,

some of the nuclei in the star are broken up, and many neutrons and

protons are freed. The neutrons and protons are captured by other nuclei,

building up the heavier elements, such as silver, gold, and uranium. In

this way the remaining elements of the periodic table, extending beyond

iron, are manufactured in the final moments of the star's life. Because the

time available for making these heavy elements is so brief, they never

become as abundant as the elements up to and including iron. In the

table of cosmic abundances of the elements (Figure 8.5) there is a rapid

drop-off by a factor of 100,000 for the heavy elements beyond iron.

PULSARS AND NEUTRON STARS

The theory of exploding stars indicates that in some cases the entire

star is shattered in the explosion; in other cases a compressed remnant

of the star's core remains behind. In either case, a cloud of debris flies

outward from the scene of the event. We know the subsequent fate of

the cloud; it disperses to space and mixes with the primordial gases until

its identity is lost. But what happens to that severely squeezed lump of

matter that may be left behind at the center of the supernova after the

star's outer layers are blown off? The answer to this question was un-
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known until 1967. In that year, pulsars— the most interesting objects to

be found in the sky in many years-were discovered.

Pulsars

The discovery came about by pure chance. Jocelyn Bell, an astronomy

student at Cambridge University, received the t.isk of investigating tlm

tuations in the strength of radio waves from distant galaxies. She found

unexpectedly that certain places in the heavens were emitting short,

rapid bursts of radio waves <it regular intervals. Each burst lasted no more

than one one-hundredth of a second. The rapid succession of bursts

seemed like a speeded-up, celestial Morse code. The interval between

successive bursts was about one second and extraordinarily constant.

In fact, it did not change by more than one part in 10 million. A clock

with this precision would gain or lose no more than a second a ye.ir.

No star or galaxy had ever before been observed to emit signals as

bizarre as these. At first, some astronomers thought thai intelligent beings

might be beaming a message to the earth, and they referred to the Morse-

code stars as LGM's, standing for Little Green Men. But the scientific

community soon decided that the radio pulses had a natural and not an

artificial origin. One of the main reasons for this conclusion was the fact

that the signals were spread over a broad band of frequencies. If an extra-

terrestrial society were trying to signal other solar systems, its interstellar

transmitter would require enormous power to send signals across the

trillions of miles that separate every star from its neighbors. It would be

wasteful, purposeless, and unintelligent to diffuse the power of the trans-

mitter over a broad band of frequencies. The only feasible way to transmit

would be to concentrate all available power at one frequency, as we do
on earth when we broadcast radio and television programs.

This cold reasoning dashed the hopes of romantics who believed for a

short time that man might have received his first message from outer

space. "LGM" disappeared from scientific conversation, "pulsar" took

its place, and scientists settled down to search for a natural explanation of

the peculiar signals.

The first clue to the answer was the sharpness of the pulses. When an
object in space emits a burst of radio waves, the waves from different

parts of the object arrive at the earth at different times, blurring the

sharpness of the original pulse. The smaller the object, the less blurred

the pulse and the shorter its duration. From the fact that each pulse
lasted for one one-hundredth of a second or less, astronomers calculated

that pulsars were no more than 10 miles in radius.

This is a startling conclusion. Until then scientists thought that the

white dwarf-about 5000 miles in rajitis— was the smallest, densest
star in the universe. How could an object as massive as the sun be only
10 miles in radius? The matter in this compressed object would be one
billion times denser than the matter in a white dwarf; a matchbox filled

with material from it would weigh ten billion tons.



Neutron Stars

The answer goes back to a prediction made several decades ago. At

that time, several theoretical astronomers pointed out that when a large

star collapses and explodes as a supernova, the pressure on the core of

the star compresses it so severely that individual electrons and protons

combine to form neutrons. A ball of pure neutrons forms at the center of

the star, only 10 miles in radius, but with a large part of the star's original

mass packed into it. Scientists dubbed the hypothetical ball of neutrons

a neutron star.

Starting in the 1940s, astronomers searched for neutron stars assid-

uously, investigating with particular care the region at the center of the

Crab Nebula, where the squeezed-down core of the supernova explosion

of a.d. 1054 should have been located. 4 But no neutron stars were dis-

covered and interest in them faded.

In 1968 a wave of excitement spread through the astronomical com-

munity when a pulsar was discovered at the center of the Crab Nebula,

where astronomers had previously searched for a neutron star (Photo-

graph facing page 189). Suddenly, many items of evidence fitted together

like pieces of a jigsaw puzzle. A neutron star was predicted to exist at the

center of the Crab Nebula; a pulsar was found there; and the neutron

star and the pulsar are the only objects known that have the mass of a

star packed into a sphere with a radius of 10 miles. Clearly, neutron star

and pulsar are two names for the same thing— a fantastically compressed,

superdense ball of matter, created when a massive star collapses at the

end of its life.

Explanation of Pulses from Neutron Stars. One mystery remains to

be explained. Why do neutron stars emit the sharp, regularly repeated

bursts of radiation from which they derive their other name of pulsar?

Scientists believe that a neutron star, like the sun and most other stars,

is subject to violent surface storms that spray particles and radiation out

into space. Each storm occurs in a localized area on the surface of the

neutron star and sprays its radiation into space in a narrowly defined

direction. When the earth lies in the path of one of these streams of

radiation, our radio telescopes pick up the signals that indicate to us

the presence of a p ul sar, which is, in jacythe-aejJtron sta r.

Buf if the pulsar sprays radiation steadily into space, why do we ob-

serve the radiation as a succession of isolated sharp bursts? The reason

is probably that neutron stars, or pulsars, as most stars do, spin on their

axes. In fact, it is entirely possible that they spin as rapidly as several

times a second. As the neutron star spins, the stream of radiation from its

surface sweeps through space like the light from a revolving lighthouse

beacon. If the earth happens to lie in the path of the rotating beam, it will

receive a sharp burst of radiation once in every turn of the neutron star.

4 A faint star in the Crab Nebula had been tentatively identified as the supernova 199

remnant in the 1940s, but no proof could be found that it was a neutron star. white dwarfs in
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This theory can be checked, because a spinning object must slowdown

gradually. Thus, the interval of time between successive bursts ad radia

tion from a pulsar should increase. This prediction was confirmed In

the discovery that the time between successive pulses from the ( rab

Nebula pulsar was getting longer, at the tiny but measurable rate ol one

one-billionth of a second per da\

.

More than 100 pulsars have now been identified. Presumably each

one is a neutron star. The pulsar in the Crab Nebula is the most rapid;

its bursts of energy reach us at the rateot W pulses pel sec ond, suggesting

that this neutron star rotates 30 times a second. The other pulsars have

rates ranging down to one pulse every two sec onds, indk ating that these

neutron stars are rotating more slowly. Since pulsars seem to slow down
as they get older, the implication is that the Crab pulsai is the youngest

pulsar that has been observed thus tar.

The Vela Pulsar. In one case in addition to the Crab, a pulsar has been

located within a cloud of expanding gas that appears to be the remnant

of a supernova explosion. Thus pulsar, called the Vela pulsar because it

lies in the direction of the constellation Vela, is at the center of the

Gum Nebula, a tenuous veil of interstellar matter about 1500 light-

years away.

The pulses from the Vela pulsar reach us at the rate of 12 per second.

Since the Vela pulsar is slower than the Crab pulsar, the supernova that

produced this pulsar must have occurred considerably earlier than the

Crab supernova. According to a rough estimate, the Vela supernova

exploded between 5000 and 1000 years ago. Since the Vela pulsar is

very close to the earth-about one-tenth the distance to the Crab- the

corresponding supernova explosion must have appeared as an extremely

bright new star in the heavens, much brighter than the full moon for

several weeks, and a fiery red color in its early stages. A supernova as

close as this would be an awesome sight today, and surely was a terrify-

ing spectacle to our forebears.

BLACK HOLES IN SPACE

With the realization of the connection between neutron stars, pulsars,

and supernovas, many astronomers felt that the final pages had been
written in the life story of the stars. But recent evidence has generated a

suspicion that the neutron star or pulsar is not the ultimate state of com-
pression of stellar matter. Under certain conditions, the core of a star

may be squeezed beyond the 10-mile limit of the neutron star, until its

radius has diminished to about 2 miles. At that point, the theory of rela-

tivity predicts the sudden occurrence of an extraordinary phenomenon.

Formation of a Black Hole

According to Einstein's theory, a ray of light should possess mass. If

ostein is right, a ray of light emitted from a star will be pulled back by



the star's gravity, as a ball thrown up from the surface of the earth is

pulled back by the earth's gravity. When the star is normal in size— about

one million miles in diameter— the force of gravity on its surface is not

strong enough to keep the light rays from escaping, and they leave the

star, although with somewhat less energy.

But if the matter of the star is squeezed into a very small volume, the

force of gravity on its surface is very great. This can happen to the core

of a star as a result of a supernova explosion. Suppose the core— which

may be several times as massive as the sun — is squeezed down to a radius

of a few miles. At that point, the force of gravity at the surface of this

compact mass is billions of times stronger than the force of gravity at the

surface of the sun. The tug of that enormous force prevents the rays of

light from leaving the surface of the star; like the ball thrown upward

from the earth, they are pulled back and cannot escape to space. All

the light within the star is now trapped by gravity; no radiation can

emerge. From this moment on, the star is invisible. It is a black hole

in space. 5

Properties of a Black Hole

The force of gravity within a black hole not only prevents light from

escaping; it also prevents all physical objects from getting out of the hole.

This property of black holes is another prediction of Einstein's theory,

which asserts that no object can travel faster than light. If the black hole's

gravity is so powerful that light cannot break its grip and escape to space,

material objects cannot escape either. Everything inside the black hole

is trapped there forever.

Any ray of light or physical object that enters the black hole from the

outside is also trapped; it can never emerge again. The interior of the

black hole is completely isolated from the outside world; it can take in

objects and radiation, but cannot send anything back.

Once a black hole forms, gravity continues to draw everything inside

it toward the center. According to current knowledge in theoretical

physics, the star's volume contracts steadily, piling up material at the

center in a dense lump. First the star shrinks to the size of a pinhead; then

to the size of a microbe; then, still shrinking, it passes into the realm

of distances smaller than any ever probed by man. At all times a mass

of ten thousand trillion trillion tons remains packed into the shrinking

volume.

The Fixed Boundary of a Black Hole. A black hole does not decrease

in size as the matter within it shrinks toward the center. The radius of

the black hole is not the radius of a tangible sphere of matter; it is the

distance from the center of the black hole at which the force of gravity'

5
If the mass of a star is exceptionally great— for example, 20 or 30 times the

mass of the sun — calculations indicate that the entire star, and not merely the

core, will become a black hole when the star collapses at the end of its life. white dwarfs in space
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is sufficiently strong to keep light from escaping. Although the material

within the black hole may be concentrated in .1 lump at the (enter, the

force of gravity at the boundary ot the hlac k hole is the same M though

this matter still filled the entire two-mile sphere

Since black holes capture any material the\ encounter, the mass ot

a black hole will always tend to increase In time A black hole is, in a

sense, insatiable. As more matter enters it its gravitational pull increases,

and, therefore, its boundary expands.

This property does not imply that hl.uk holes a< t .is gravitational

vacuum cleaners, drawing in matter from the space around them. A ray

of light, a star or a spaceship can pass by a bta< k hole safely as long as

it does not come too close. However, rftheobje< t is on a ( ollision course

with a black hole, it will enter the hl.u k hole and vanish. Even it its course

carries it within a mile or two ot the boundary, the gravitational pull of

the black hole will curve the path ot the object so that it enters ,\nd

disappears.

ditions In- What would happen to an astronaut

who entered a black hole? The properties of black holes seem to suggest

that he would be crushed by gravity. In ac tual tact he would be torn apart,

because the part of his body closest to the center of the hlac k hole would

be pulled by a stronger gravitational force than any other part. Suppose,

for example, the astronaut entered feet first; then his feet would he

pulled more strongly than his head, and feet and head would tend to

separate. The astronaut would feel as though he were stretched on a

rack; a few thousandths of a second after entering the black hole, he would

be dismembered; after a few more thousandths of a second, the indi-

vidual atoms of his body would be broken into their separate neutrons,

protons, and electrons; finally the elementary particles themselves must

be torn into fragments whose nature is not yet known to the physic ists.

Observational Evidence for Black Holes

Intuition tells us that an object as bizarre as a black hole cannot exist;

yet theoretical studies of the evolution of massive stars, combined with

the theory of relativity, assure us that whenever a very massive star under-

goes a supernova explosion, a black hole must be left behind. At first

this prediction may seem impossible to test, since the black hole by its

nature is unobservable. However, recent results in X-ray astronomy
(page 73) provide a tentative indication that black holes actually do
exist. X-ray observations of the heavens made by rockets and satellites

show a powerful source of X-rays, with unusual properties, in the con-
stellation Cygnus. The source, named Cygnus X-1, is in the vicinity of a

blue supergiant, whose spectrum shows that the supergiant is a member
of a spectroscopic binary. Apparently, the X-ray source is the other
member of the binary.

When these properties of Cygnus X-1 were announced, they seemed to

be the evidence for black holes the theorists had been looking for. If



the stars in a binary are relatively close together, the pull of each star's

gravity draws matter away from its companion, and streams of gas flow

back and forth between the two stars. If one star becomes a black hole,

the gas drawn out of the other star will continue to stream toward it, but

now, as this gas approaches the boundary of the black hole, it will be

accelerated to extremely high velocities by the black hole's gravitational

force. The rapidly moving particles, converging on the black hole, will

collide with one another and produce an intense stream of X-rays, mak-

ing the black hole an X-ray source of the kind observed by the X-ray

satellites.

Is Cygnus X-1 a black hole? According to another theory, the invisible

member of the binary could be a neutron star instead, since these stars

also emit X-rays. However, from the properties of the binary in which

Cygnus X-1 is located, its mass is estimated to be at least 6M . Calcula-

tions on the structure of neutron stars show that the mass of a neutron

star cannot be greater than approximately two or three solar masses.

With neutron stars excluded, the black hole seems to be the most

acceptable explanation remaining. There is a general reluctance to accept

the existence of black holes because they are such peculiar objects, but

Cygnus X-1 appears difficult to interpret in any other way.

EPILOGUE

The life story of the stars has an epilogue. When a supernova explosion

occurs and the outer layers of the stars are sprayed out to space, they

mingle with fresh hydrogen to form a gaseous mixture containing all the

chemical elements. Later in the history of the galaxy, other stars are

formed out of clouds of hydrogen that have been enriched by the prod-

ucts of these explosions. The sun is one of these stars; it contains the

debris of countless supernova explosions dating back to the earliest years

of the Galaxy. The planets also contain the debris; and the earth, in par-

ticular, is composed almost entirely of it. We owe our corporeal existence

to events that took place billions of years ago, in stars that lived and died

long before the solar system came into being.

Main Ideas <$

1. Advanced stages of evolution for small stars; planetary nebulas and

white dwarfs.

2. Advanced stages of evolution for massive stars; supernovas; cosmic

abundance of the elements; pulsars and neutron stars.

3. Black holes in space. 203

4. General implications of stellar evolution; the genesis of the chemical

elements.
WHIT



Important Terms

black hole planetary nebula supernova

cosmic abundance pulsar white du.nl

neutron star Stellai wind

Questions

1. What kind of star is expected to live the longest? the shortest? Alxmt

how long is the sun expec ted to live? A Stai * it li 10 times the sun's

mass? One-tenth the sun's mass? I xplam.

2. Why do very massive stars have much shortei lives than st.us () i

relatively low mass? Considering this, where would you expect tin-

greatest concentration oi Mam Sequenc e st.us on the II K diagram:

the upper or the lower segment? Explain

3. Explain what happens to a star ot one solar mass alter it hums up

helium in its core.

4. Why is a star of one solar mass not able to fuse carbon run lei in

its core?

5. What kinds ot stars bee ome supernovas? I xplain the c in umstanc es

that can lead to the formation of supernovas?

6. After a supernova explosion, what is left behind at the site ot the

explosion? What is seen surrounding the site?

7. Explain why astronomers first referred to pulsars as LGM's— Little

Green Men.

8. What is a "black hole?" If you were inside one, could you tell us

here on earth what is it like? Explain.

9. Some astronomers believe that there is observational evidence for

black holes. How can this be? Explain.

10. Why should old stars in a galaxy have a lower abundance of heavy
elements than young stars?

11. What types of nuclei are formed for the first time in a supernova
explosion? What happens to these nuclei?

12. If our solar system had been formed about 20 billion years ago, when
the Galaxy and the Universe were young, what types of planets

would exist in the solar system? Would there be earthlike planets?

Could life exist in the Universe about 20 billion years ago?

13. If you were observing a star becoming a black hole, what do you
think you would see? If you fell into the black hole in space, what
do you think would happen to you?
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9 The Milky Way Galaxy

On a clear night, away from all artificial lights, our Galaxy may be

seen in an edge-on view as a luminous band of light stretching from

horizon to horizon. This band of light was called the Milky Way by the

ancients, and for that reason our Galaxy is usually called the Milky Way
Galaxy. Galileo was the first to discover that the Milky Way is composed

of myriads of individual stars. He made this discovery in 1610 with the

famous one-inch telescope with which he also found the mountains on

the moon, the phases of Venus, and the satellites of Jupiter.

In Chapter 1 we described the Milky Way Galaxy as it appears in

photographs. It is an aggregate of 100 billion separate stars, held together

by their mutual forces of gravitational attraction. This vast number of

stars is arranged in the shape of a flattened disk, about 100 thousand

light-years in diameter and 5000 light-years in thickness.

Within the disk, the space between the stars is filled with a varying

concentration of atoms- mostly hydrogen -as well as molecules and /,

dust particles. Although many of the stars in the disk of the Galaxy wander ofdu



through space i
" groups

each containing a*, manv as 1 000 members. These groups < alii

clusters, move about in the disk .is selt-c ontained units. In addition, more

than i(io larger groups ol Mars mi )\c abort in the Galaxy above >\m\

below the disk. These groups, some containing as main as one million

stars, are called globular clusters

The spherical concentration ot stars c ailed the galac tic iuk leus bulges

out of the center of the flat disk; it has a diameter of approximate!) 10,000

light-years. The galactic nucleus is hidden from out \ie\\ b\ intervening

clouds of dust in the space between the stars. We arc relatively * eitain

of its existence because galaxies that seem to resemble the Milk\ Way
Galaxy in other respects possess such a central concentration ot stars.

Some regions of the Galaxy have enhanc ed c oik entrations ot gas ,\nd

dust. If these concentrations are very dense they 0O» ure the stars behind

them, and become visible as dark clouds (Photograph fa< ing pag*

Sometimes the atoms in a cloud of gas and dust are exc ited by the radiation

from young, hot stars imbedded in them. The ex< ited atoms reemit their

energy in the form of a diffuse glow, forming the so called emission

nebula. Color Plate 4 shows the Trifid Nebula, an emission nebula

located at a distance of 2300 light-years in the direction ot the c onstella-

tion Sagittarius. The dark lanes that separate the Trifid Nebula into three

lobes are lanes of obscuring dust lying between us and the glowing regions.

Spiral arms radiating out from the center of the Galaxy contain most

of the bright stars in the Galaxy along with much of the gas and dust. The
sun is located in one of these arms, approximately 30,000 light-years

from the center. The entire spiral rotates on an axis through the center

perpendicular to the plane of the disk, with the nearer regions rotating

at a faster angular rate then the outer ones. The solar system completes
one trip around the center of the Galaxy in 250 million years. It has gone
around the Galaxy nearly 20 times during the 4.6 billion years of its

existence.

In order to place the meaning of a turn around the Galaxy within the

framework of terrestrial experience, we may reflect that 1 25 million years

ago, when the sun was on the other side of the great rotating spiral of the

Milky Way Galaxy, the dinosaurs had just begun to walk on the earth,

and man's ancestors were small, furry creatures.

THE INTERSTELLAR MEDIUM

The stars of the Galaxy, along with their many accompanying families
of planets, move through a tenuous sea of gaseous matter called the
interstellar medium. The density of this gaseous material is so low that
it constitutes a vacuum one million times better than any that has ever
been achieved in any laboratory on the earth.
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The interstellar meduim is critically important because it provides the

raw materials out of which stars and planets are made, as we have seen
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Most of the interstellar medium -about 90 percent by number- con-

sists of atoms and molecules of hydrogen. If the proponents of the Big-

Bang cosmology are correct (see Chapter 12) the Universe had its begin-

ning in an explosive event that occurred nearly 20 billion years ago.

All the hydrogen now in the interstellar medium dates back to that early

period. A small fraction of this hydrogen has perhaps been recycled

through the sequence of events that take place in the life of a massive

star, starting with the birth of the star in a cloud of interstellar matter,

and ending with the return of that star's substance to the interstellar

medium in the aftermath of its final supernova explosion. Color Plate 7

clearly shows materials from an exploded star spreading outward and

mixing with the interstellar mediurrL^^^^^^^^^^^^^^^^^^^^^
Helium makes up nearly all of the remaining 10 percent of the atoms

in the interstellar medium. The other elements of the periodic table

make up no more than one percent of the atoms in interstellar space.

Most of this consists of carbon, nitrogen, oxygen, neon, magnesium,

silicon, and iron. These substances, as well as other, still scarcer elements,

ranging up to uranium, have been manufactured in the centers of stars

by nuclear reactions, and then sprayed into the interstellar medium
by supernova explosions. Presumably these elements, and helium as

well, are steadily rising in abundance with time, as more and more hy-

drogen is drawn into newly formed stars and put through the cycle of

nuclear reactions that accompany a star's evolution. By the same token,

the amount of hydrogen in the Universe must be steadily diminishing,

unless a fresh source of that basic substance exists. At the present time,

however, there is no evidence for sources of new hydrogen.

In addition to atoms and molecules of hydrogen, and atoms of helium,

the interstellar medium also contains a large variety of complex mol-

ecules. They make up only a very small fraction of the total amount of

interstellar matter, but are more important than their low concentration

would suggest. The discovery of this variety of interstellar molecules is

one of the more surprising occurrences in modern astrophysics. For many

years molecular hydrogen, which forms wherever hydrogen atoms exist

in relatively dense concentrations, was expected to be the only type of

molecule present. Today we know that at least 40 molecules exist in the

space between the stars, and dozens more may await discovery.

Interstellar Molecules

The first of the new molecules to be detected was ammonia or NH 3 .

Many molecules were detected in rapid succession after the initial dis-

covery of NH 3 . The most complex one discovered thus far is ethyl alcohol

(C 2H eO), which contains nine atoms. The molecules that have turned

out to be most important to the astrophysicist are carbon monoxide (CO),

formaldehyde (H 2CO), and the hydroxyl radical (OH). CO is an excep-

tionally valuable molecule for the investigation of the Milky Way Galaxy,

as will be seen below. Various other molecular combinations of atoms of
THE Mlt>



hydrogen, carbon, nitrogen, oxygen, silicon, and sulphui have also been

found in space.

The discovery of organic molecules like ethyl alcohol in interstellai

space has a bearing on theories regarding the origin ol life in the Universe.

Hydrogen cyanide (HCN) is oi particular interest. Molecules such .is

this have been known for some time to be possible precursors oi living

matter, and, from a chemical point oi view, they .in- suitable building

blocks for amino acids and other biologically important mole< ules that

provide the foundations ot all known terrestrial life (C haptei 20).

The discovery of the molecular precursors ot life in interstellai space

raises a question as to whether the chemical evolution ol life may have

commenced, not on the earth as many biochemists believe, but in OUtei

space before the solar system existed. Perhaps the evolution ot life has

been going on in space throughout the history ot the Universe. ,\tn\ is

still going on today. UnfortunateK tor these interesting spec ulations, the

interstellar evolution of life is improbable Ih>c ause oi the low temperature

and density of molecules in space. In these conditions, the collisions

between molecules which give rise to the chemistry ot life are .1 rare

event, and evolution is almost certainly too slow to produce a living

- • i-\i d on a hillion-year tune scale.

Finally, in addition interstellar medium
also contains numerous small . inter-

stellar du<<l Interstellar dust makes up approximately one percent by

weight of the matter in the interstellar medium. It is c one entrated almost

exclusively in the central plane of the galactic disk. The size of the dust

particles is about one ten-thousandth of a centimeter. This is the same as

the size of smoke particles. The composition of the dust is uncertain,

but it is known to include particles of carbon and rocky materials. Crystals

of ice are also present in the densest regions.

A RADIO MAP Of THE GALAXY

How do we know that the Milky Way Galaxy has spiral arms? It is a

simple enough matter to determine the structure of other galaxies than
our own by photographing them through a large telescope. But the solar

system is immersed in the Milky Way Galaxy, and its view of the multi-

tude of stars around us -except for relatively close neighbors- is blocked
by intervening clouds of dust. Charting the shape of the Milky Way Gal-
axy from the vantage point of our solar system is as difficult as construct-
ing a street map of a city from the cental square on a foggy night.

The most complete answer has come from observations in radio astron-
omy. Radio wavesjfunlike waves of visible light, are not absorbed by the
clouds of dust that exist between our solar system and the distant parts
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of tne Milky WaV Ga| axy. It is this same property that makes radio waves
valuable in communications on the earth; if they were not able to pass
through clouds of particles, radio broadcasts would be blacked out on
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every cloudy day. Radio waves in space, reaching the earth with rela-

tively little interference, have provided most of the information that we
possess regarding the spiral structure of the Milky Way Galaxy.

Stars cannot be the source of these radio waves. The sun, for example,

emits only a millionth of its energy in this form. The radio waves in the

Galaxy are produced primarily by the interstellar medium. If our eyes

were sensitive to radio, all the interstellar hydrogen in the Galaxy would

seem to us to be emitting a soft glow. By charting the intensity of this

"radio glow" in all directions around us, we could construct a picture

of the distribution of hydrogen in the Milky Way Galaxy. Radio astron-

omers have done this using large antennas. The results indicate that the

Figure 9. 7 A radio map of the Galaxy pro-

duced by Leiden Observatory from ob-

servations of the 2 I -centimeter line.

50.000 light-years
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The most intense hydrogen line in the radio region
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ions in space we receive r.ulio waves trom several spiral

arms simultaneously This tact increases the difficulty ol mapping the

Galaxy by radio. (Referring to Figure 9.2, imagine ih.it .) radio astronomei

has oriented his radio antenna so th.it it is pointed along the dotted line.

As Figure 9.2 shows, he will receive radiation from the hydrogen located

Figure 9.2 A drawing of the Galaxy show-
ing the direction of a radio observation oi

the 21 -centimeter signal.
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wavelengths used in normal radio communications. Twenty-one-centimeter

radiation lies in the region of the electromagnetic spec trum used by aire raft and
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in two spiral arms— labeled A and B — which lie in his line of sight when
he observes in this direction. How can he separate the two signals? His

task is made feasible by the rotation of the Galaxy, which gives the spiral

arms a relative motion with respect to our solar system. The relative

motion produces a Doppler shift in the wavelength of the 21 -centimeter

line emitted by each arm. If an arm of the spiral is moving toward us,

or the sun is moving toward that arm, the 21 -centimeter line emitted by

this arm will be shifted toward shorter wavelengths, and the astronomer

will observe a blue shift. If the relative movement is away from the sun,

the shift will be toward longer wavelengths; that is, the line will display

a red shift.
2

The amount of relative motion, and therefore the amount of the Dop-

pler shift, is usually different for every arm. Thus, the astronomer will

receive radiation of two different wavelengths— both in the neighborhood

of 21 centimeters— from the two spiral arms A and B that lie in his line

of sight.

In the case shown in Figure 9.2, representing our own Galaxy, the

rotation of the entire Galaxy is clockwise. Therefore the sun is moving

toward the right in this figure. Arms A and B are also moving toward the

right, but not as rapidly, because the farther an object is from the center

of the Galaxy, the slower is its motion around the center. Thus, the rela-

tive motion of the sun is toward arms A and B, and the astronomer should

see a blue shift in the 21 -centimeter radiation from each of these arms.

The radiation from arm A should be shifted only a small amount toward

the blue, because this arm is only slightly farther out from the center of the

Galaxy than the arm in which the sun is located, and its velocity is only

slightly less than that of the sun. That is, their relative motion is small. The

radiation from arm B should have a larger blue shift because this arm is

farther out in the Galaxy and its velocity around the center of the Galaxy

is considerably smaller. Therefore the sun has a substantial relative mo-

tion toward this arm. 3

Figure 9.3 shows the actual 21 -centimeter signal that the astronomers

received in a similar case. It has one peak at a wavelength slightly shorter

than 21.106 centimeters. This peak is radiation from arm A, shifted a

small amount toward the blue as expected. A second peak appears at a

still shorter wavelength. This peak comes from arm B. Its shift toward the

blue is several times greater than for arm A, indicating that arm B is con-

siderably farther out in the Galaxy than A. A third and exceedingly faint

peak is also visible at a still shorter wavelength (arrow). This third peak

of radiation must emanate from an arm very far out in the Galaxy. The

2
If this radiation were in the visible region, the shifts would be toward the blue

end or the red end of the spectrum, respectively. By analogy with the visible

region, astronomers refer to these shifts as blue shifts and red shifts, regardless ot

the region of the spectrum that is actually involved.

3 The blue shift is also influenced by the fact that the various arms cross the line 215

to the sun at different angles, hence different fractions of their velocities con-

tribute to the relative motion.
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Arm B Arm A

21.100 21.102 21.104

Wavelength (centimeters)

21.106

2rJJ 7vvent>'-°ne cen''™^ signal peak is weak partly because the arm is far away and partly bee ause thereceived ,n a case corresponding to Figure density of the matter in this arm is low.
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Radio Emission from Interstellar Carbon Monoxide

The 21-centimeter method is a powerful tool tor probing the stru< ture
,,[ th( Gala *\ but il suffi • from a majoi rlete. I It fails to reveal the re-

gions in the sp.ral arms when
, gds (s Kreatest/

although these regions are the most interesting of all be< ause they are the
ones in which new stars, and perhaps new planetary systems, are forming
Observations of the 21-centimeter line cannot detect exceptionally
dense clouds of hydrogen because in such clouds the hydrogen atoms
combine to form hydrogen molecules. These molecules do not emit 21-
cent.meter radiation. Thus, the 21 -centimeter line becomes weak or un-
detectable when coming from just the directions where we would expect
it to be strongest.

The discovery of a substantial abundance of carbon monoxide in
space has remedied this deficiency. The CO molecule has a strong emis-
sion Ime at a wavelength of 2.6 millimeters. As in the case of the hy-
drogen emission line, the carbon monoxide emission lines generally
show two or more distinct peaks at neighboring wavelengths. These
peaks are the result of emission at 2.6 millimeters from the interstellar
medium Unlike the 21-centimeter line, the carbon monoxide line is
not weakened by concentrations of hydrogen; in fact, the formation of



the CO molecule, and the intensity of its emitted radiation, are enhanced
by the higher concentrations that occur in the dense clouds in which
the birth of stars is taking place (Figure 9.4). Carbon monoxide has turned

out to be an exceptionally valuable tracer for the study of the densest and
most interesting parts of the Milky Way Galaxy.

CLUSTERS OF STARS

Most of the stars in the Galaxy move about freely among their neigh-

bors. However, a few are bound together into groups called clusters,

containing as few as five or six stars and as many as one million. Each

star in a cluster is bound to the others by the gravitational force of the

entire cluster. The cluster as a whole moves about in the Galaxy, with

its individual member stars orbiting around the center of the cluster like

a swarm of bees. A star cluster is formed when many stars condense

simultaneously out of one large cloud of matter. All the stars in the cluster

condense out of the cloud in a very short interval of time. They may not

all appear at precisely the same moment; there may be a spread of as

much as several million years between the first star and the last to form

in a cluster; but a million years is still a very short time compared to the

lifetime of an average star. Thus, all the stars in a given cluster can be

regarded as having been born simultaneously.

Clusters are very valuable because they are groups of stars with a

common birthday. If a random sample of the stars in the sky is selected,

and their H-R diagram is plotted, we obtain a very blurred picture of

a star's life owing to the circumstance that the sample of the family of

stars usually contains stars of all different ages. A sharper picture would

result if separate H-R diagrams could be plotted for each stellar age-

group. Clusters provide the opportunity to plot such diagrams. As we

will learn in the following sections, there is evidence that our Galaxy

contains clusters of stars whose birthdates span the full period of years

from the formation of the Milky Way Galaxy to the present era. The

comparison between the H-R diagrams of Milky Way clusters of various

ages and the H-R diagrams calculated from the theory of stellar evolution

described in Chapters 7 and 8 provides the most important single ob-

servational check on that basic theory, and also provides a means for

measuring the age of the Galaxy and the age of some of its stars with a

remarkable degree of precision.

Figure 9.4 The Orion Nebula. The shaded

areas are particularly dense concentra-

tions of carbon monoxide, revealed by their

radio emission. The entire cloud of mole-

cules is at least 10 times larger than the

visible nebula near its center.

Galactic Clusters

Thousands of star clusters, containing as few as five or six stars in some

cases, are scattered throughout the galactic disk. Because they are in-

variably located within the galactic disk, these star clusters are known as
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They are also called open < lusters, but thai term will not

be used in this book.

An example of a galactk c luster is shown in f igure l
>.

r
i, taken through

the Mount Palom.u 200-im h telescope. 1 Ins i luster, designated M67, is

located in the direction oi the constellation Cancer al a distance o(

light-vears.

Significant information can be

obtained by plotting the H-R diagram tor the stars oi a single galactk

cluster. The age oi the c luster 1 <m be measured with surprising a< ( urac \

in this way. and at tin 1 same time observational confirmation can be

obtained tor the broad features ot tin* theory ot stellar evolution devel-

oped in Chapters 7 and 8.

How can a young galactk cluster be distinguished from ,\n old one?

The answer can be found in its H-R diagram. You will remembei that the

stars are arranged along the N^ajtfMHHHHfe f the H-flhWH
asses. I he most massive stars -the ones that arc

extremely bright and very blue -are at the upper vm\ ot the Main Se-

quence and the least massive stars -the ones th.it are dim and red -are
at the lower end (see Figure 5.10). ^HHPHlBerniinin^ the age of a

galactic du
ones that would be plotted at the top of the Main Sequt

short litetime^ for example, a star with 10 solar masses lives on the

Main Sequence for only 10 million years before its fuel is burned up.

This is one one-thousandth of the life of the sun. If the H-R diagram for a

cluster shows stars at the upper end of a Main Sequence, where stars of

10 solar masses are to be found, it follows immediately that this cluster

cannot be more than 10 million years old. It is a very young and newly-
formed cluster in comparison to our 14 billion-year-old Galaxy.

Let us carry this reasoning further. Suppose that the H-R diagram for a

Figure 9.5 The galactic cluster M67.
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cluster shows no extremely bright, blue stars but does contain a number
of moderately bright stars of bluish-white color, lying fairly far up on the

Main Sequence but not at the very top. For example, suppose that the

brightest stars in the diagram are approximately 1 00 times more luminous

than the sun, and have temperatures around 10,000 °K. Reference to the

H-R diagram in Figure 5.10 indicates that these stars would have about

three solar masses. A star with three solar masses lives about 300 million

years. If this cluster were considerably older than 300 million years,

those stars would not be present on its H-R diagram. On the other hand,

if it had lived for substantially less than 300 million years, stars that are

still brighter and bluer would be present on its diagram, but they are not.

Therefore, the cluster must be approximately 300 million years old.

Of course, the reasoning would be invalid if this cluster had no star

greater than three solar masses when it was first formed. That is a possible

occurrence for a small cluster with, say, only five or six stars. However, if

the cluster is relatively large, with 100 stars or more, we can assume

that the full range of stellar masses will be represented in it, from the least

massive to the most massive stars.

Three Examples. As an example of a very young cluster we take the

Pleiades, which are a very familiar cluster containing six stars clearly

visible to the naked eye (see Color Plate 8).
4 This cluster is 400 light-

years away. Examination through a telescope reveals that the cluster

contains more than 100 stars in all. The H-R diagram for most of the stars

in the Pleiades Cluster is shown in Figure 9.6a. Notice the six extremely

luminous and blue stars at the top of this diagram. They are the same six

stars that are visible to the naked eye. A comparison with Figure 5.10

indicates that the brightest of these stars is approximately 6 solar masses.

A star of this mass lives for 60 million years. This makes the Pleiades

cluster roughly 60 million years old.

Now consider the H-R diagram for the Praesepe cluster, located in the

direction of Cancer at a distance of 500 light-years. This cluster also

contains approximately 1 00 fairly bright stars. Its H-R diagram is shown in

Figure 9.6b. We see that the extremely luminous and hot stars that mark-

ed the youth of the Pleiades cluster are missing from this diagram. The

brightest stars it contains are 70 times as luminous as the sun, correspond-

ing to a mass of 3 solar masses. As noted above, a star of this mass lives

for 300 million years, which must, therefore, be the approximate age of

the Praesepe cluster.

As a final example, consider the H-R diagram for the cluster M67 lo-

cated in the constellation Cancer at a distance of 2500 light-years. This

cluster has 80 fairly bright stars. A glance at its H-R diagram, Figure 9.6c,

indicates that M67 is far older than the Pleiades or the Praesepe clusters,
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for nearly all the bright blue stars in the cluster have disappeared 5 and
the brightest stars still present in abundance have clearly peeled off to

the red giant region, away from the Main Sequence. When the calculated
positions of the stars in the cluster are compared with their observed
positions on the H-R diagram, the best fit for the cluster as a whole is

obtained for an age of 14 billion years, indicating that M67 appeared
when the Galaxy itself was relatively young.

Globular Clusters
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Although the galactic clusters are the most numerous star c lusters in

the Galaxy, they are not the largest. Ckpters containing up to one million

5 A few hot, blue stars, called blue stragglers, still remain on the Main Se-
quence. No satisfactory explanation has been given for these stars, whose proper-
ties indicate that they long since should have come to the ends of their lives.



stars, known as globular clusters, are found outside the plane of the

galactic disk in the surrounding region of space known as the galactic

halo. Our Galaxy contains more than 100 globular clusters, scattered at

random throughout the spherical volume of the halo. Although most are

located outside the galactic disk, the globular clusters are still regarded

as members of the Galaxy because they are bound to it by the gravita-

tional force of the matter in the galactic disk. Figure 9.7 shows the typical

globular cluster M3.
The Ages of the Globular Clusters. All globular clusters are believed to

be very old, nearly as old as the Galaxy, because of their location far out-

side the galactic disk. This belief is based on our ideas regarding the

history of the Galaxy. According to one theory, when the Galaxy was
young, it is thought to have had the form of a large spherical cloud of

gaseous matter. Clusters of stars could have begun to condense out of the

cloud at that time.

As time passed, the Galaxy contracted to its present disk-shaped form.

Some groups of stars, which were the first to appear in the Galaxy, were

left behind as the cloud contracted. These were the globular clusters.

After perhaps a billion years the Galaxy would have completed its con-

traction and would have the shape it has today, in which nearly all its

matter is concentrated in a very flat disk. However, the globular clusters,

which had formed during the first billion years, would have remained out-

side the disk in the galactic halo, where they were born. From that time to

the present, the appearance of the Galaxy has not changed appreciably.

This line of reasoning has led astronomers to the conclusion that the

stars in the globular clusters not only are very old but were, in fact, the

first stars to form in the Milkv Way Galaxy. Therefore the ages of the

globular clusters will provide a clue to the age of the Galaxy.

The H-R Diagrams of Globular Clusters. As before, we look to the H-R

diagrams of the globular clusters for information regarding their ages.

What will these H-R diagrams look like? If the clusters are really very old,

nearly all their stars should have peeled off the Main-Sequence line. In-

spection of the H-R diagram for M3, a typical globular cluster in our Gal-

axy, shows this to be the situation (Figure 9.8). All stars in M3 have left the

upper part of the Main Sequence and are scattered abouton thediagram in

various stages of intermediate or advanced evolution. Some stars presum-

ably have disappeared from the diagram in the aftermath of a supernova

explosion. The only exceptions are the very small stars at the extreme

lower end of the Main Sequence, whose lifetimes range up to a trillion

years. These stars will anchor the bottom of the Main Sequence as long

as we and our descendants exist in this Galaxy.

M3 is a representative example of globular clusters. We have selected

it because it has been more carefully studied than any other globular

cluster. All globular clusters in the Milky Way Galaxy have H-R diagrams

which resemble that of M3; all have ages, deduced from the position of

the turn-off point on their H-R diagrams, of approximately 14 billion

years. Presumably this is not only the age of M3, but also the age of the

Milky Way Galaxy.

Figure 9.7 The Globular cluster M3.

221

THE MILIO v



Figure 9.8 H-R diagram tor the M3 glob-

ular cluster.
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STELLAR POPULATIONS

When Hertzsprung and Russell plotted the first versions ot their now-
famous diagram, they used stars that were relatively close to the sun
because accurate distances could be most easily obtained for these stars.
Their original diagrams looked more or less the same -is the one that we
have shown on page 129, with many stars lying on the Mam Sequence
and a few stars in the red giant and white dwarf regions. However, the
H-R diagram for the globular cluster M3, which we discussed in the
previous section, presents a different appearance, mainly because this
diagram has hardly any stars in the uppei one-half of the Main Sequence
above the position of the sun. Second, it has a very densely populated
track of stars leading from the middle of the Main Sequence along a
curved path upward and to the right into the red giant region. Third,
it has a moderately large number of stars running more or less horizontally
across the diagram from the red giant region back to the upper region
of the Mam Sequence. These differences indicate or suggest that the



stars of the M3 cluster and other globular clusters represent a type of

star population different from stars such as the sun and its neighbors.

The globular cluster stars are not the only stars that are different, as a

group, from stars like the sun and its neighbors. Very old clusters also

have this type of H-R diagram. Individual isolated stars that are moving

around in the halo have, when their data are collected and put on an

H-R diagram, the same kind of diagram as stars in a globular cluster.

Finally, there is evidence that many stars in the nucleus of the Galaxy

would fit on the same special diagram.

These differences are very striking. It is just as though you were to

make up a diagram on which you plotted height against weight for the

entire population of a country, and were to find that there were two com-

pletely distinct distributions showing up in your plot. You would probably

conclude that there were two distinct populations or types of people

living in that country. Astronomers have come to the same conclusion

about the stars. They call the stars whose H-R diagrams resemble that of

the sun's neighbors the population I (one) stars. The stars whose H-R

diagrams resemble those of the globular clusters, galactic halo stars, and

many galactic nuclei stars, are called the population II (two) stars.

Other differences between the two populations have been observed, in

addition to the basic difference in their H-R diagrams. The most important

of them is the difference in their chemical composition or ingredients, as

determined from the study of their spectral lines using the methods ex-

plained in the chapter on atomic spectra. According to their spectra,

population II stars have very little of the metals and heavy elements.

Stars of population I, on the other hand, have substantial amounts of

heavy elements, ranging up to as much as several percent in extreme

cases. What is the meaning of the difference between the two star pop-

ulations? What types of stars are contained in each population? A clue

to the answer has already been provided in the previous section, where

we found that globular clusters are relatively old groups of stars.

Age is the essential difference between the population I and popula-

tion II stars. All stars in population I are relatively young; all stars in

population II are relatively old. By relatively old, we mean dating back

to the beginning of the Galaxy,and nearly to the beginningof the Universe.

If this is so, population II stars were formed out of pristine materials

of the original Universe, which were, according to the most widely ac-

cepted cosmological theories, a mixture of hydrogen and helium atoms

(Chapter 12). Therefore, these stars should contain nothing but hydrogen

and helium. As we have seen in Chapters 7 and 8, heavy elements, ex-

tending from helium, carbon, nitrogen and oxygen up through iron to the

heaviest substances such as gold, lead, and uranium, all are manufac-

tured in the bodies of stars by the nuclear reactions that take place during

their lifetimes. These elements are then spewed out to space in final

explosions that mark the deaths of these stars, there to mix with the primi-

tive hydrogen and helium gases of the original Universe. Later in the ^
history of the Universe and the history of this Galaxy, other stars are

formed out of this mixture, and the contents of these stars will contain THe MllkV .'•



some amounts of the heavier elements. Hie later a star is formed, thai is,

the closer to the present time, the more ot the heaviei elements it will

have among its ingredients, because the abundance 01 these elements is

rising steadily in the course ot time .is more .iihI more Stars come to the

ends of their lives, explode. mk\ contribute then contents to the space

around them. Another way ot looking at the ditletenc e between the two

populations is to s.n that population II eneration ot

to be torm. and population I st.iis are .1 mixture ol

all la: i(A»
One other point should he mentioned Population II stars never are

'itratMHBHBMflPPor example, the globular

clusters are almost tree ot gas and dust, in contrast to the stais located

within the galactic plane . which are surrounded by, ,\m\ olten embedded

in, dense concentrations 01 gaseous material. Also, population II si, us

rarely contain blue giants, but population I stars usually inc lude ^n

appreciable number ot blue giants. The explanation of this sel ol proper

ties is also clear when we realize that population II stars ,ire the tirst to

form in a galaxy and are very old. Since the) are old. they c anno! inc lude

blue giants, tor blue giants are very hot, massive stars which burn up
their resources quick!) >\nd disappear in a time that is typically some
millions 01 \ears or so. By the same token, population II stars would
not be embedded in or surrour <

I dust, tor they are a group
of stars that have been around for a long time, and all the gas and dust

that was originally present in their 1 ...d has l>een used up in

tormmg stars. Population I stars, on the oilier hand, exist in regions that

are richK abundant in gas .tn(\ dust and in which star Formation is still

going on at the present time.

Main Ideas

1. The concept of a galaxy.

2. The contents of the interstellar medium.

3. Techniques for using radio waves to map the Galaxy.

4. Properties of galactic clusters and globular clusters.

5. Age determinations from H-R diagrams for clusters.

6. Stellar populations I and II and their interpretation.

Important Terms
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emission nebula halo (galactic) open cluster
galactic cluster interstellar population I and II

galactic disk interstellar dust spiral arms
galactic nucleus (medium, molecules)



Questions

1. What is a galaxy?

2. Draw the Galaxy to scale showing the location of the sun. Indicate

the shape and size of the nucleus, the disk and the halo, and the

distribution of the globular cluster.

3. What molecules have been found in the interstellar medium? What
is their significance for life?

4. Why are radio waves more useful than visible radiation in charting

the structure of the Galaxy? Why is the 6-centimeter radiation from

formaldehyde more useful than 21 -centimeter radiation?

5. How is the Doppler shift used to determine the structure of the

Galaxy?

6. What are the major differences between the two types of star clusters

found in the Galaxy?

7. Suppose globular clusters contained the elements heavier than

helium in the same proportion in which they are found in the Cosmos

as a whole. What would this imply regarding the importance of

stellar evolution in the synthesis of the elements, relative to the

importance of the nuclear reactions occurring in the Big Bang?

Explain.

8. From your study of stellar evolution in Chapters 7 and 8, and the

discussion of the ageing of clusters in this chapter, plot an H-R dia-

gram showing the successive positions of the stars in a cluster, as the

cluster ages from birth to an age of 10 billion years.

9. How do the H-R diagrams of the stars of some globular clusters tell

us the age of the Galaxy?

10. Summarize the differences between the H-R diagram in Figure 5.10

and the H-R diagram for the globular cluster, M3.

11. What are the differences between population I and population II

stars? Interpret these differences in terms of the history of the Galaxy.





10 Galaxies

Stars are the basic units of population in the sky. They are clustered in

groups called galaxies, just as individuals are clustered together in na-

tions. Each galaxy is separated from other galaxies by almost completely

empty space, containing no stars and no more than a few atoms of hydro-

gen. We have seen how individual stars are born by condensing out of

hydrogen, then evolving to maturity, and finally, expiring. What about

galaxies-the nation-states of the heavens? Do they also go through a life

cycle of birth, evolution, and death? Do they end their lives in an explo-

sion? Or do they fade away?

As we have seen in Chapter 1 ,
galaxies, like stars, come in many shapes

and sizes. In Chapters 7 and 8, we found that most of thedifferent varieties

of stars are simply stages in the lifetime of a typical "normal" star. Is this

also true for galaxies? Are elliptical, spiral, and barred spiral galaxies

simply stages in the lifetime of a typical "normal" galaxy? Or are they

completely distinct species of galaxies, as unrelated as elephants and ^^^ ^
giraffes? 227



EO

E2

E3

Figure 10.1 The shapes of elliptical

galaxies EO and E2-E7.
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In the case oi stars, the Litest astronomical discoveries have revealed

the answer to these questions. But in the c .ise ol galaxies, astronomers

ha\e made tar less progress. lhe\ do not even know the answers | () the

basic questions, such .is how a galaxy changes its shape and luminosity

during the course of time, or whethei it changes .it all. In the Study oi

galaxies, astronomers are 50 \e.irs behind then Study ol the stars 1 hev

are at the stage that astronomers were when they diew up the Hertz

sprung-Russell diagram, hut could not understand its meaning.

In the next tew \e.irs rapid acKanc es should he made, hei ause we .in-

getting new information about galaxies by Studying them in the nitrated

region of the spectrum. mm\ soon we will he able to studs them at other

wavelengths by using telescopes m space We are also learning about

galaxies with the aid ot tast dec Ironic computers. I he c omputeis enable

astronomers to calculate the properties a galaxy should have a< < ording to

the basic laws ot physics. With a tast computer, they ( an bring the galaxy

into the laboratory and study it there. In 10 years we may know the

answers to many of the basic questions about galaxies

TYPES OF GALAXIES

Edwin Hubble was an American astronomer who spent years studying

galaxies with the 60- and 100-inc h telesc opes .it Mount Wilson. He classi-

fied 600 gala xies and found that they Could he divided into lour major
types:MHMHBHM^
results in 1926.

I le published his

Elliptical

An elliptical galaxy looks like af^Pi^gJumi nous sphere. Some
of these galaxies are nearly pert.-c t spheres; others .ire moderately flat-

tened spheres; still others are extremely flat objec ts, like pancakes. Exam-
ples of the elliptical galaxies are shown on the following pa
Hubble labeled all elliptical galaxies a< < ording to their degree of flat-

tening. He designated the spherical galaxies as "E0," the slightly flattened
galaxies as "El," and so on down to "17," for the flattest, most elliptical
ones. The classification is illustrated in Figure 10.1.
The three elliptical galaxies shown in Figure 10.2 are types El, E3, and

E6, respectively.

Elliptical galaxies were 20 percent of \ ubble's sample. Their main prop-
erty, apart from their shape,WBMMM^am only ol-

youngjtars, such as blue giants, are found in them. Most elhpt,,
are '' urprisingly faint in proportion

to their rp.iss. Their relative faintness results from the fact that they con-
tain only oid stars. Elliptical galaxies were under- represented in Hubble's
count, and probably constitute the majority of all galaxies.



Elliptical galaxies also appear to have very little gas and dust in the
space between the stars. Apparently most of the atoms in an elliptical

galaxy already have been gathered together to make stars. This fact, to-

gether with the absence of young stars, suggests that elliptical galaxies are

relatively old.

Spiral

Hubble classified fifty percent of the galaxies he observed as spiral. They
were his largest single class of galaxies. Spiral galaxies have the shape of

a flattened disk of matter, with a small, spherical nucleus bulging out of

the center. The stars in a spiral galaxy are concentrated in the central

nucleus and in the spiral arms that radiate out from the center. These arms
give the spiral galaxy its name.

Because of the way the spiral arms are curved, the spiral galaxy gives

the impression to the observer that it is rotating, like a pinwheel in a

Fourth of July fireworks display. Of course, because of their great size,

they rotate too slowly for us to see the wheeling movement during a

single night or even a year. In our own Galaxy, a typical example of a

spiral galaxy, the pinwheeling motion carries the sun around once every

250 million years. To a cosmic observer watching the heavens for several

hundred million years, the spiral galaxies would look like a fireworks

display.

Hubble classified spiral galaxies into three basic types— Sa, Sb and

Sc — according to the degree of openness of the spiral arms. Figure 10.3

illustrates the sequence of shapes. The Sa type has a number of spiral

arms very close together and almost overlapping, so that the spiral pattern

can hardly be seen. Figure 10.4a shows an Sa galaxy (NGC 281 1). In Sb

spirals, the arms are well defined, although still relatively close together

(Figure 10.4b). In Sc type spirals there are only a few arms, each being

clearly separated from the others (Figure 10.4c).

The mass of the galaxy is most highly concentrated in the disk in the

case of the Sc type, and least concentrated in the disk in the Sa type. The

trend towards concentration of matter in the disk of the galaxy is shown in

the sequence of three edge-on galaxies shown in Figure 10.5a,b,c.

Figure 10.2 Elliptical galaxies oi t)

(NCC 4

Figure 103 The classification ol

ga/ax/i



Figure 10.4 Face-on photographs of spiral

galaxies of types: (a) Sa (NCC 28 I

5b (NCC 303 I); (c) Sc (NCC 628).

Spiral galaxies are relatively large and massive. Hie average spiral

Galaxy has a mass of IO**gramsand contains about 10" stars, including

young

A substantial traction ol the stars in a spiral galaxy are located quite

far out from the central disk. Some ot these stars are concentrated in

globular clusters. An average spiral galaxy c ontains several hundred sue h

clusters, randomk scattered m the 1 space around the disk, as shown in

Figure 10.6. Thi- lai c lusters

and isolate.

A globular cluster contains about one million stars and is approximately

one hundred light-years in diameter. A photograph of Ml \, a globular

cluster in the halo of our Galaxy about 20,000 light-years from the sun,

Figure 10.5 Edge-on photographs of spiral
galaxies of types: (a) Sa (NCC 4594); (b)
Sb (NCC 4565); (c) Sc (NCC 463 1)





project from the ends ot a bar-shaped concentration of matter, rhis bai

Figure 10.9 Barred spiral galaxies. From
top, SBa (NCC 175), SBb (NCC 1300) and
SBc (NCC 1073).

Rives the galaw its name.

Hubble classified barred spirals

depending on thi

same scheme tor classifying ordin

ordinar\ spirals in ever) respect,

their mass and luminosity, their r

igure IO.H illustrates the s(

barred spirals c4 the t\pes SBa, si

Irregular

.il arms, lollt i\\ ing the

i Barred spirals are similar to

p tvpes of stats the> i ontain,

tl>eir distribution ol gas ^\nd

>f shapes I igure I0 l
) shows

A small fraction of all galaxies do not fit into one of these categories.

They do not have a clearly defined geometric form. These galaxies are

called irregular. Most of them are relatively small, with one-thousandth of

the mass of a typical spiral or elliptical galaxy ,md only 108 or 109
stars.

Irregular galaxies often contain many bright, young stars, and very few old

stars. Frequently, an irregular galaxy is attached to a spiral galaxy, held

captive by the gravitational force of the massive spiral. The Magellanic

Clouds, which are bound to our Galaxy, are examples of captive irregular

galaxies. Figure 10.10 shows the large Magellanic Cloud.

THE EVOLUTION OF GALAXIES

According to current ideas in astrophysics, the galaxies were born first

in the Universe, and the stars within the galaxies were born afterward.

The main reason for believing this to be true is the fact that stars can be

seen forming in galaxies at the present time, out of gas and dust. If all

the stars were formed first, and then were clustered together later to form

the galaxies, there would be no star formation going on today.

If galaxies came into being before any stars existed, then each galaxy

must initially have been a great, formless cloud of gas, slowly contracting

Figure 10.8 The classification of barred
spiral galaxies.
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Figure 10.10 An example of an irregular

galaxy: the large Magellanic Cloud.

under the inward force of its gravity. Except for being much larger, it

would look very much like a star that had just started to condense. No
astronomer has ever seen a galaxy in the process of condensing, but our

knowledge of the properties of gravity leads us to expect that they were

formed in this way.

Protogalaxies

Imagine that we are at an early stage in the life of the Universe, when

space was occupied solely by hydrogen and helium atoms, and there

were no stars or galaxies yet present. At that stage the entire Universe

must have been one supercloud, mainly composed of hydrogen. In the

swirling motion of the atoms within this supercloud, now and then a

number of atoms would come together by accident to form a momentary

condensation. If the condensation were large enough -that is, if it in-

cluded a sufficient number of atoms-the mutual gravitational attraction

of the atoms would hold them together and prevent them from separating.

Thus, the condensation, instead of dispersing to space again, would

remain bound together as an isolated cloud, distinct from the rest of the

supercloud around it. Such a condensed cloud, if it were large enough,

would be the beginning of a galaxy. ^^^^^^^^^^^
A galaxy in the process of formation, before any stars have formed in

_'U
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it, is called a In the course of time the protogalaxy contiat Is

and its densit\ rises, as a result oi the continuing inward force i'l its

own gravity. Throughout this time, pockets oi gas continual!) form mm\

dissolve in the swirling and eddying motion w ithin the i loud Whenever

the de it |ll,ns into '

nd heat up until nucleai reactions

begin at i: i they turn into stars. When many

stars have heen aw becomes a galaxy. During the

course of time, more and more of the gas of the original protogalaxy is

swept up into stars. When much time has elapsed, the K«il<« v\ contains

many stars and hardK an) gas. Throughout this process the more mas

sive stars undergo supernova explosions, returning some oi their gaseous

matter to space; but supernova debris mixes with the existing k-» s and

is collected once more into the bodies of still more ret ently formed stars.

Eventually, the galaxy consists only of modest sized, slow-burning red

stars and nothing else; no massive hot stars, no supernovas, and n

or dust. When the last faint stars have faded, the galaxy becomes a grave-

yard of black dwarfs, neutron stars and black holes in space. But a long

time is required to reach this state. A small red star like Barnard's Star

lasts for 10 trillion years, but the Universe, as we shall see in Chapter 12,

has probably existed for nearly 20 billion years, which is little more than a

thousandth as long. Thus, there are no completely dead galaxies in the

Universe yet; the majority of the galaxies we can see are still in their

prime.

Theories of Galactic Evolution

These ideas on the birth of a galaxy are very reasonable and most
astronomers accept them as correct. However, they give no clue as to

why galaxies have the distinctly different shapes- spiral, for example-
that Hubble found.

Originally Hubble believed that each protogalaxy starts out as a more
or less spherical cloud. When it turns into a galaxy, it is a spherical or EO
type in Hubble's classification. Hubble suggested that in the course of

time the spherical galaxies became increasingly elliptical, and then con-
tinued to flatten out, eventually becoming spirals or barred spirals. In the
very last stage, the spirals broke up into irregular galaxies (Figure 10.1 1).

Another theory is similar to Hubble's theory, but operates in the
reverse direction. According to this theory, all protogalaxies are irregu-
lar in shape initially. Stars begin to form while the protoglaxy is still

irregular. In the course of time, the irregulars collapse to a spiral or barred
spiral of the Sc or SBc type. From there the arms gradually wind tighter
and tighter around the nucleus, until an elliptical galaxy is formed. In

time, the elliptical galaxy becomes a sphere. In this theory, all galaxies
wind up as sphericals (Figure 10.12).
When Hubble first proposed his theory of galactic evolution -that



Figure 10.11 The Hubble diagram, illus-

trating his theory of the relationships among
the types of galaxies.

Figure 10.12 A second theory of galactic

evolution: the arms wind up with the pas-

sage of time.

galaxies proceed from ellipticals to spirals- astronomers knew very

little about the types of stars the various galaxies contained. They also

knew very little about the birth and death of stars. If Hubble had pos-

sessed the knowledge that we have today, he would have known that

his theory must be incorrect. The key point is the fact, noted on page

229, that elliptical galaxies contain only relatively old, reddish stars, and

no gas or dust in the space between these stars. If the description on

page 229 is correct, these galaxies have passed the age of abundant star

formation, and are in their declining years. It is not possible for such a

galaxy to give rise to a spiral galaxy, containing large quantities of fresh

gas and dust in which many recently formed stars can be seen.

Unfortunately, the reverse theory of galactic evolution -proceeding

from the irregulars and spirals to the ellipticals and sphericals - is equally

unacceptable, although for a different reason. The trouble with this theory

is that both irregular and spiral galaxies contain very old stars, as old

elliptical galaxies. This fact implies that the irregulars
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and spirals have been around .is long as the ellipticals, mu\ they cannot

be newly formed, as the reverse theory of galactic evolution suggests.

The only conclusion it seems possible to draw is that the different types

of galaxies do not have a parent-child relationship. 1 li.it is. it is not true

that each galax\ evolves from one type or shape to another during its

lifetime. Consequently, it is also not true that the galaxies th.it we see

in the sky at the moment are galaxies ol main different ages, thus, we

have part of the answer to the bask questions posed at the beginning of

the chapter. We know that elliptical mm.\ spiral galaxies are not st,u;es

in the lifetime of a typical normal galaxy. They are completely different

species.

The question now is, what basic property makes them dillerent from

one another?

Explanation of Galactic Shapes

This brings us to the frontiers of research on galaxies. No one is certain

of the answer, although there is one explanation th.it is more widely

accepted than any other. It is believed that spheri< als are galaxies that

were spinning extremely slowly when they were first formed, so that

there was no tendency for them to flatten out as they condensed. Ellip-

ticals, on the other hand, were galaxies that were spinning at a moderate

rate when thev formed, and flattened out to some degree when they

condensed.

A spiral, according to this view, would be a galaxy with a still greater

amount of spin, which caused some of the matter within it to flatten out

into the shape of an actual disk. A disk is, after all, essentially the same
as a very flat ellipsoid. The nucleus of the spiral would be, according to

this view, composed of the matter that was near the center of the original

protogalaxy and, therefore, not much affected by the rapid rotational

movement of the outer regions. This part would condense and would
shrink down and collapse inward on itself without much flattening, and
would be similar in its properties to a small spherical galaxy. In support of

this conclusion, it is observed to be a fact that the nucleus of a spiral

galaxy like ours has the same types of stars and other properties as a

spherical or elliptical galaxy.

Why does the disk of a spiral galaxy still contain gas, dust, hot young
stars and stars in the process of formation? If all galaxies are equally old,

you would expect the star formation to be as far advanced in the disk as

11 in *'
' riu

'
•- pi erical and elliptic al galaxies. The answer

probably is that the density of the matter in the disk is considerably
lower than the density in the nucleus or the density in a spherical or
elliptical galaxy, because the matter in the disk has been prevented, by

236
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can never condense to the high densities that the matter in the center
contains. Thus, stars form relatively slowly in the disk, coming into being
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only on rare occasions when an exceptionally compressed pocket of

gas is created by the buffeting of neighboring clouds.

What is the explanation for the arms in a spiral galaxy? One theory

holds that the matter in the disk is concentrated into separate lanes

containing a high density of gas and dust and numerous stars. These

lanes, radiating out from the center of the galaxy, are curved into a spiral

form by its spinning motion.

One of the troubles with this theory is the fact that in a rotating disk of

matter the angular velocity of the spinning disk falls off with the three-

halves power of distance from the center. That is, if at a certain distance

from the center a part of the disk rotates through 15 degrees in a certain

interval of time, twice as far out from the center of the disk the matter

will rotate for only 5 degrees in that same interval. As a consequence,

as time goes on the outer regions of the arms are left farther and farther

behind with respect to the center. After one or two rotations, the arms

are tightly wound up around the central nucleus and the spiral form is

no longer recognizable.

In other words, a spiral galaxy with an open structure, such as the Sc

type, would have a lifetime of only a few hundred million years or so,

that being the typical time of rotation of a spiral galaxy. There are far

too many Sc galaxies in the sky to be consistent with such a short lifetime

as this. This objection is the main reason why astronomers are not satis-

fied with any theory of the spiral arms which considers them to be sepa-

rate streams of gas and dust, as distinct as the arms of an octopus.

The newest theory presents an entirely different picture. In this theory

the matter of the central disk is assumed to be spread out in a fairly

uniform way throughout the disk. According to theoretical calculations,

if the matter is spread out in the disk in this way, density waves or ripples

of density will travel through the disk. The crests of the waves form a

spiral pattern. According to the theory, the waves move around the disk,

giving the illusion of a rotating spiral. The difference in density from crest

to trough in this spiral pattern might be only 50 percent. However, owing

to the very strong tendency of stars to form in regions of higher density,

the amount of star formation that takes place in the regions of higher

density can be vastly greater than that which takes place in the low

density troughs. Where star formation is rapid, and many hot blue stars

are being formed continuously, the luminosity will be very great. Thus,

to the observer recording the visible light from this disk, a very clear pat-

tern of luminous spiral arms will be apparent.

What is the explanation of barred spirals? The reason for the formation

of the bar-shaped concentration of mass is not clear, but once the bar

forms, its presence provides the explanation for the arms of the spiral.

When a star or an atom reaches the end of the "bar" it moves into space;

if the "bar" is rotating, the star or atom, moving outward from the edge,

is left behind; a stream of stars and atoms will therefore follow a curved

path as they leave the ends of the steadily rotating "bar" (Figure 10.13).

However, this material does not leave the galaxy; most of it returns to

the bar after several rotations.



Figure 10.13 The path- followed by

streams oi stars leaving the ends of the

"bar.''

PECULIAR GALAXIES

A small fraction of the galaxies in the sk\ have highly unusual shapes.

These galaxies belong to the group called by Hubble the^flHIHH
fllife which make up one or two percent ol the gal.u tic population of

the heavens. Many of the peculiar galaxies look as though they were

normal in shape at one time, but were subsequently distorted in appear-

ance by some unusual event. In all the cases that have been examined

thus far, the unusual event that altered the appearance ol the p» uliar

galaxy seems to have been either a collision with another galaxy, or a

mysterious release of energy at the center of the galaxy.

Collisions Between Galaxies

Several hundred apparent collisions or near collisions between gal-

axies have been photographed (Figure 10.14 and page 245). These col-

lisions seem to be much more probable than collisions between stars, for

not a single star collision has ever been photographed or observed since
the telescope was invented. Stellar collisions are exceedingly rare be-
cause the average distance between stars is so great in comparison to the

size of the average star. In our Galaxy the distance between stars is about
30 trillion miles, which is millions of times greater than the size of a star.

The average distance between galaxies, on the other hand, is one or
two million light-years, which is only 10 times greater than the diameter
of a typical galaxy like the Milky Way or Andromeda. Under these cir-

cumstances, it is no surprise that when we look into the sky at any given
time we see no colliding stars, but we do observe a number of galaxies
either colliding with their neighbors or on collision courses.
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Abnormally Luminous Galaxies

One of the strangest-shaped peculiar galaxies- M82 - is also an excep-
tionally powerful energy source, sending far more energy out into space



Figure 10.14 NGC 2535/36 is a peculiar

object which appears to be two galaxies in

collision according to a computer study.

See pages 206-207.

than the Milky Way Galaxy. The unusual shape of M82 is shown in Figure

10.15. Although astronomers had studied M82 for years, they did not

know of its unusually high energy output until recently because they had

observed M82 only in the visible band of wavelengths. In 1969 the in-

frared radiation coming from M82 was measured for the first time, and

found to be 2 x 1
45

ergs/sec. The total luminosity of our Galaxy, summed
over all wavelengths, is about 2 x 1044

ergs/sec. This means that in the

infrared alone M82 is emitting about 10 times more energy than our

Galaxy emits at all wavelengths. Since the mass of M82 is probably less

than the mass of our Galaxy, M82 may be putting out at least 10 times

more energy, pound for pound, than the total energy output of the Milky

Way Galaxy.

The energy radiated by the Milky Way Galaxy comes from nuclear

reactions going on in the stars of the Galaxy. How can these same

nuclear reactions yield hundreds of times more energy- per pound of

star material -in the stars of the galaxy M82 than they do in the stars of

our Galaxy? The attempt to explain the exceptional energy release in

galaxies such as M82 stretches astronomical theories to their limit.

Several theories have been proposed to explain the energy released

at the centers of exploding galaxies like M82. One theory proposes that

fresh matter of unknown origin has suddenly become available at the

center of M82 and is condensing into hot blue stars. Dust surrounding

the nucleus of M82 absorbs the radiation from these hot stars and re-

radiates it in the infrared region, accounting for the high infrared lumi-

nosity of M82. Another theory suggests that if stars are packed in tightly

at the center of a galaxy, a chain of supernova explosions can occur in
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Figure 10.15 M82 photographed in the

red light oi the hydrogen line .it 6

which one supernova triggers another, which sets off a third, and so on,

releasing a large amount of nuclear energy in a short time. ( )thcr theories

of a still more unusual character have been suggested. In the next chapter

we will see that the radiation from M82 is dwarfed by the energy released

from other types of galaxies or galaxylike objects. When we have ( om-

pleted the roster of violent events in the Cosmos by our discussion of

these objects, we will return to the theories that attempt to explain the

source of the energy.

Main Ideas

1. Hubble classification of galaxies: elliptical, spiral, barred spiral, ir-

regular.

2. Formation of a galaxy; protogalaxies.

3. Three theories of galactic evolution.

4. Theories of galactic shapes: spirals and barred spirals.

5. Peculiar galaxies.
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Important Terms

barred spiral galaxy

colliding galaxies

elliptical galaxy

irregular galaxy

peculiar galaxies

protogalaxy

spin

spiral galaxy



Questions

1 . Briefly describe the geometry of the major types of galaxies. Describe

the distributions of gas and dust in each class of galaxy.

2. What population(s) of stars (I or II) are found in each of the major

types?

3. Give a brief account of the formation of a galaxy.

4. Did galaxies form first and stars later, or vice versa? Indicate the

reasons for your answers.

5. Describe the three theories of galactic evolution. Give the evidence

for or against each theory.

6. How do we know that most galaxies are about the same age?

7. What role may the initial rate of spin (angular momentum) play in

determining the shape that a galaxy will eventually take?

8. The average distance between galaxies is much greater than the

average distance between the stars within a galaxy. Yet galaxies

seem to collide more frequently than stars. Explain.

9. Why should the rate of star formation increase in colliding galaxies?

10. How would a collision between two galaxies affect life that might

exist on planets orbiting the stars in those galaxies? Explain.
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1 1 Radio Galaxies, Seyfert Galaxies,

and Quasars

Out of the description of galaxies in the previous chapter emerges a

concept of what may be called a normal galaxy. A normal galaxy may

be regular or irregular in shape, but it has, in general, the properties

that one would expect for a cluster of many millions of ordinary, in-

dividual stars. The energy emitted from a normal galaxy is what we

would expect to find if we added up the radiation emitted from many

separate stars with a range of masses. The distribution of wavelengths in

the radiation from galaxies also fits this picture. Furthermore, we oc-

casionally see a supernova flare up in one of the normal galax.es, which

suggests that stellar life flows on in its familiar way in these galaxies

each star passing from the Main Sequence to the red giant region and

then expiring as a supernova or a white dwarf.

But at the close of the last chapter, we raised the curtain on a different

scene far removed from the pattern of starlike events that seems to pro-

ducelheeneTgy coming from the Milky Way Galaxy and other galaxies Centaurus A: a r^o <



like it. M82 and other abnormally luminous galaxies emit fai more

energy per pound than our Galaxy mu\. moreover, they emit it at different

wavelengths. The impact ot these discoveries *>n astronomy has been

heightened by the recent detection of still more anomalous galaxies, or

galaxy-like objects, which may be emitting a thousand times more energy

than a normal galaxy. The energy radiated from these newly discovered

objects cannot be accounted tor solely in terms ot emission from .)

multitude ot separate stars. The explanation ot their properties is one ot

the greatest challenges that has been presented to science in modem
times.

RADIO GALAXIES

The first ot the abnormal objects to Ik? discovered were the iddiu

gjU'lg^ These . Ahuh emit n :nals, but look

like galaxies, although sometimes their appearance is strange in com-

parison to that of a normal galaxy. The radio emission trom the most

powerful radio galaxies is equal to, and in some cases greater than, the

entire output of energy from our galaxy .it all wavelengths.

Grote Reber, one of the two pioneers ot radio astronomy, discovered

the first radio galaxies in 1940, using a 51 -loot antenna that he built with

his own hands and at his own expense, in his ba< k yard. Reber observed

three separate sources, located in the directions ot the constellation

Cassiopeia, Sagittarius, and Cygnus. The soun e of the radio signals from

Cassiopeia turned out later to be a supernova remnant -a cloud of agi-

tated gas, blown out into space in the aftermath of a supernova explosion

in the Milky Way some time ago. The Sagittarius sourc e turned out to be

the center of our Galaxy Subsequently it became known that all normal
galaxies, including ours, emit a small amount of radio wav&. The radio

emission from normal galaxies was not mentioned previously because it

is millions of times weaker than the emission in the visible region from
a normal galaxy.

The third radio source observed by Reber, located in the direction

of the constellation Cygnus, was another galaxy one billion light-years

from us. This source was far more interesting, for when allowance was
made for its great distance, the relatively faint radio signals detected
by Reber turned out to be equivalent to an outpouring of 2.3 x 1045

ergs/sec of energy at radio wavelengths. That emission is six times great-

er than the total amount of energy radiated into space from the stars

in our Galaxy at all wavelengths, and several million times greater than
the radio emission from our Galaxy.

Photographs of the sky taken with the Mount Palomar telescope re-

veal that at the center of the radio source discovered by Reber, called
Cygnus A, is a strange-looking object whose shape has not been explain-
ed (Figure 1 1.1).

Although thousands of radio sources have been discovered since
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Figure 11.1 Cygnus A, a strong radio

source.

Reber's time, the radio source he discovered in the direction of the

constellation Cygnus remains one of the most powerful known. The

Cygnus A galaxy is typical of all powerful radio galaxies in its strange

appearance. Some look like two galaxies in collision, as in the case of

the Cygnus A galaxy, while others are marked by enormous jets of matter

that shoot out into space, sometimes in one direction, and, in other cases,

in two opposed directions, from the center of the galaxy.

An example is M87, Figure 11.2, in which one jet is clearly visible.

Some astronomers believe that a second jet of matter is pointed in the

opposite direction. M87 is located in the direction of the constellation

Virgo at a distance of 30 million light-years. The main jet, clearly visible

in the photograph, is three thousand light-years in length, and is traveling

outward at a speed of 15 thousand miles per second.

Another example of a radio galaxy is NGC 4038-9, shown in Figure

11.3. This object may be a pair of galaxies in a close encounter or it

could possibly be one single galaxy which has experienced an explosive

release of energy.

A third example of a strong radio galaxy is NGC 5128, also called

Centaurus A, which is shown opposite the opening page of this chapter.

This object presents one of the strangest appearances in the sky. A lumi-

nous body, looking like a normal elliptical galaxy, is bisected by a broad

lane of dark matter. The dark lane was once thought to be a spiral galaxy,

->4">
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Figure 11.2 The radio galaxy M87 in a

short exposure showing the massive jet of

ejected material.

viewed edge-on, in the process of collision with the elliptical galaxy

behind it. It is possible instead that NGC 51 28 is a single galaxy that has

suffered an explosion at its center, with the consequent ejection of fast-

moving material out to space. An adequate explanation of the nature of

this very unusual object has yet to be given.
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The Radio Image of a Galaxy

The radio image of a galaxy can be formed by plotting the strength of

the signals received from each part of the galaxy on a map of the sky. The
radio image usually exceeds the diameter of the visible galaxy. In

most cases the radio emission comes from two large regions, one on
each side of the visible galaxy, and each situated at a considerable dis-

tance from the visible object.

The size of each region and the separation of the two regions from each
other vary from one radio galaxy to anc 'her. On the average, the two
radio sources are situated about a million light-years apart, and each
source is about 300,000 light-years in diameter. The visible galaxy al-

ways lies on or near the line between the centers of the two radio sources.

The Cygnus radio galaxy is an example. A photograph of the visible

object associated with this galaxy was shown in Figure 11.1. Figure 1 1.4

shows the double pattern of radio signals emitted from the Cygnus
galaxy, with the contours shaded in intensity in proportion to the strength



Figure 1 1 .3 NCC 4038-9. A radio galaxy

located in the Constellation Corvus.

Figure 11.4 The radio image of Cygnu- A

superimposed on a photograph oi the

galaxy (arro\
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of the radio emissions. The visible galaxy, or pail of galaxies, is midway

between the centers of the two radio soun es uirrow I.

The radio source associated with NGC 5128 01 Centaurus A is also a

double source, as the diagram of radio contours in I igure I 1.5 demon-

strates. A photograph ot NGC 5128 has been superimposed on the dia-

gram with the correct location Mid size to properly relate the optical

object to the radio sources on either side ot it.

What is the explanation tor the twin-lobed appearance presented i>\

the typical radio galaxy? The hypothesis tentatively accepted In astron-

omers is that a violent event — a collision or an explosion — occurred at

the location of the visible g. 1 ting two \.isl ( loudf

of matter that expanded rapidlv outward in opposite directions

the scene of the disturbance. It is thought that these two OUtward-mi
clouds of matter, although too tenuous to glow visibly, .ire betraying

their presence by the powerful radio signals that they emit. The twin-

lobed radio image of a galaxy sue h as Cygnus A or NGC 5 128 is, accord-

ing to this theorv, the boundary of the double cloud of matter ejected

from the visible galaw '

Figure 11.5 The radio image ot NGC 5 / Jfl

or Centaurus A.
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'An additional double-lobed radio source, smaller than the first and located
inside it, recently was detected in Centaurus A Its extent is about equal to thai
of the visible galaw



Explanation of Radio Emission

Astronomers are not yet certain why the two expanding clouds of

matter should generate radio waves. The answer is believed to be that

conditions within each cloud are chaotic and disturbed. As a con-

sequence, many atoms are stripped of their elections, so that the matter

within each cloud contains a large number of free electrons. It can be

assumed that a magnetic field is present in the cloud, since magnetic

fields are commonly present in galaxies.
2 One of the basic laws of elec-

tromagnetism states that an electrically charged particle moving in a

magnetic field must travel in a circle. If the circular path of the charged

particle is viewed edge-on, it appears to be vibrating up and down.

In Chapter 2 we saw that a vibrating electric charge generates a train

of electromagnetic waves. This must be the case for the circling electrons

in the two radio source regions around a radio galaxy (Figure 1 1.6).

EM wave

Figure 1

I

.6 The emission oi an electro-

magnetic wave by a circling electron.

The stripped atoms carry a positive charge and also generate electro-

magnetic waves, but because of their greater mass and inertia they vibrate

at much lower frequencies that cannot be detected. Nearly all the radio-

wave emission is produced by the electrons.

SEYFERT GALAXIES

The second group of abnormal galaxies are called Seyfert galaxies

after their discoverer, Carl Seyfert, who first identified them and pointed

out some of their unusual properties in 1944. Seyfert galaxies, like radio

galaxies, have properties that cannot be explained readily in terms of

the emission of radiation from a multitude of stars. They are djstinguishe

by the fact that their total emission of energy at all wavelengths is ex-

2 Although these magnetic fields are relatively ^ak-no more than one ten-

thousandth of a gauss or less than a thousandth of the earth s held- they play a

critical role in the explanation of emission from radio galaxies.
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tremely large- as much as 100 tirrn from

an ordinary galaxy like ours-and moreover this energy is emitted from

an extremely small and brilliant central run It

It was the property of an exceptionally small and brilliant nucleus that

originally attracted the attention of Seyfert to these objects. He noted

that, although this group of galaxies have a spiral structure resembling

the Milky Way Galaw their nucleus appears to be tar smaller than the

nucleus of our Galaxy and, as noted, to Ik- at the same time ot an unusual

brilliance, its total output of visible light being greater than the output

from our entire Galaxy.

When a Seyfert galaxy is photographed with a short exposure, the

brilliant nucleus is the only object to appear on the photograph. It looks

like a small, fuzzy, starlike object (Figure 1 1.7a).

When the exposure is lengthened, the spiral arms in the disk begin to

appear (Figure 1 1.7b).

With a very long exposure, the spiral-ami structure becomes fully

visible, and the fuzzy starlike object is revealed as a complete spiral

galaxy (Figure 1 1.7c).

Seyfert galaxies emit up to 100 times more energy than our Galaxy.

As in the case of the exploding galaxy M82, most of this energy is emitted

from Seyfert galaxies at wavelengths in thi pari ol the sjmh trum.

Although it is undoubtedly significant that the energy of a Seyfert galaxy

is emitted predominantly at infrared wavelengths rather than at visible

wavelengths, that property of Seyfert galaxies should not distract one's

attention from the most important fact about these galaxies, which is

that their total energy output is enormous. That fact presents the basic

problem: what is the source of the cascade of energy that pours out of

a Seyfert galaxy?

You might think at first that Seyfert galaxies emit more energy simply

because they are larger and more massive than ordinary galaxies, and
contain more stars. But this is not true, for the typical Seyfert galaxy-
or rather, the nucleus of the galaxy, which emits most of its energy-
is no more than 10 light-years in diameter. This is far less than the

diameter of our Galaxy.

The emission from a Seyfert galaxy has other peculiar properties. In

many Seyferts, the spectrum of light from the nucleus contains no absorp-

tion lines of the kind that stars produce; moreover, the light output often

varies by a factor of two or more over times as short as months. Individual

stars vary in luminosity in this way, but not large ensembles of stars such
as one would expect to find in the nucleus of a normal galaxy. Even
more so than in the case of M82, the properties of Seyfert galaxies seem
difficult to explain in terms of nuclear reactions in stars.

Figure 11.7 A Seyfert galaxy (NCC 4151)
photographed with successively longer

exposures from (a) to (c).

QUASARS

6i.sars. Thes

lormal galaxies or galaxylike objects are the qua-
-f- enormous amounts of energy that may exceed



the energy released by Seyfert galaxies. In a sense, quasars combine
the properties of radio galaxies and Seyfert galaxies, but they carry the

unusual properties of these two objects to an extreme. They are the most
difficult objects of all to explain in terms of the properties of collections

of stars.

How Quasars Were Discovered

The discovery of quasars is a fascinating vignette in modern astronomy.

The objects that later came to be known as quasars had been showing

up on photographic plates for many years as ordinary, relatively faint

stars which, everyone assumed, were probably located in our Galaxy.

Around 1960 it was first noticed that these otherwise ordinary stars

appeared to be the sources of radio waves. While radio waves are fre-

quently observed to come from galaxies and nebulas, no star had been

observed to emit strong radio signals. In fact, it seemed impossible to

explain how radio waves could be generated in large amounts in any

ordinary star.

The strange new objects were dubbed "radio stars." Following the

normal procedure in investigating a new phenomenon in the sky, astron-

omers set about getting the spectra of some of the "radio stars." By 1 963,

observers at Mount Palomar had succeeded in obtaining the spectra

of two of the "stars." Astronomers expected that the spectra would be

somewhat unusual, but their expectations were surpassed, for the spec-

tra of the "stars" were different from the spectrum of any star previously

observed. The wavelengths of the lines in the spectra did not agree with

the wavelengths of the lines for any known element ever observed on the

earth or in the heavens.

Did the "radio star" contain an exotic substance, never before seen?

Physicists knew enough about atoms and nuclei to be sure that this was

almost impossible. But what was the explanation?

The Quasar Red Shift

Maarten Schmidt, an astronomer at Mount Palomar, found the answer.

He looked at the pattern of the lines in the spectrum of 3C273-the

brightest of the "radio stars"- and noticed that the spacing of these lines

resembled the spacing of the lines in the Balmer spectrum of the hydro-

gen atom, but their wavelengths were different. All the lines in the 3C273

spectrum were shifted toward the red end of the spectrum relative to the

Balmer lines. Schmidt wondered whether the mysterious spectrum of

3C273 might be the familiar Balmer spectrum of hydrogen, but with the

wavelength of each line displaced toward the red by the same propor-

tionate amount. This would keep the pattern of the lines unchanged, but



move each individual line to a new location at a longei wavelength.

Schmidt checked his idea by < omparing the K 273 spe< trum w Ith the

Balmer spectrum. He found by trial and error that he < ould multiply the

wavelengths of the Balmer lines by 1.158 and obtain the wavelengths ot

the lines in the 3C273 spectrum, for example, the second line in the

Balmer series has a wavelength ot 48b I A in the blue region ot the spec-

trum. Schmidt multiplied 4861 by 1 . 1 58 and obtained .1 new wavelength

ot 5632 A, which would be in the yellow-green pari ot tin- spectrum.

There is a yellow-green line in the spectrum of 3C27 \ .it just this wave-

length. The third line in the Balmer series has .) wavelength of 4340 A,

placing it in the violet Multiplying 4340 by 1.158, Schmidt obtained .1

new wavelength of 5026 A, which would be in the blue-green pari ot the

spectrum. There is a blue-green line in the spectrum ot K 27 \ .it pre-

cisely 5026 A. In the same way, Schmidt was able to m.it< h the fourth

Balmer line to the fourth line in the 3C273 spec trum.

The precise agreement of three distiru t lines in the two spectra w.is not

likely to be a coincidence. Clearly, the 3C273 spec trum was nothing

more than the Balmer spectrum shifted to the red by 15.8 percent.

What was the cause of the shift toward the red? Astronomers had ob-

served red sh ifts like thi s in other spectra, and h<id .1 ready explanation.

Whenever a star or a gala v\ is receding iron • a hi^h speed,

its light is shifted in wavelength towards the red end of thesp«< trum by ,in

amount proportional to its speed 01 his shift in wavelength is

called the Doppler effect. It was explained in Chapter 2. Applying the

theory of the Doppler shift to 3C273, Schmidt concluded that this "star"

was moving away from the earth at the enormous speed of 28,400 miles

per second. If Schmidt's interpretation was correct, the other "radio

stars," which had larger red shifts than 3C273, must be moving still

faster. Some of them, in fact, had red shifts that indicated that they must
be moving at speeds greater than 90 percent of the speed of light.

It the "radio stars" were moving this fast, they must be relatively dis-

tant objects. They could not be in our own Galaxy, since if they were,

their rapid motion across our line of sight would cause their positions to

change drastically from year to year against the background of the fixed

stars. Yet some of these "stars" had been observed for years without dis-

playing any noticeable change in position.

Perhaps the radio stars were outside our Galaxy but located in other

galaxies quite close to us, so that they could be picked out as individual

stars in these galaxies, but were far enough away so that the apparent mo-
tion of these stars would be small. Unfonunately for this idea, none of the

"radio stars" seemed to be connected with any of the galaxies in our
neighborhood. Thus Schmidt's brilliant explanation of the spectrum of

3C273 eliminated the original mystery, only to replace it with another:

Whv did these "stars" have such a large red shift? '

As we will sec in Chapter 12, astronomers have discovered a re
lationship between the red shift or speed of recession of an object and
its distance from us. According to this relationship, an object receding
from the earth at a speed of 28,400 miles per second must be 3 billion
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light-years away. If the relationship also holds true for the "radio stars,"

3C273 must be 3 billion light-years from us. Knowing the distance of

3C273, we can calculate its absolute magnitude or luminosity from its

apparent magnitude, which is +13. An object of the 13th magnitude, lo-

cated at a distance of 3 billion light-years, turns out to have a luminos-

ity of 2 x 1046 ergs/sec.

But an object that sustains a luminosity of 2 x 1046 ergs/sec for an

extended period cannot be a single star. The only known objects that

sustain luminosities comparable to this over long times are galaxies.

All the "radio stars" for which spectra could be obtained turned out

to have very large red shifts; hence, they were apparently billions of

light-years distant. Therefore, when the apparent magnitudes of these

objects were translated into absolute magnitudes, all turned out to be

extremely luminous, with luminosities comparable to those of galaxies. It

looked as though these "radio stars" were not stars at all, but galaxies lo-

cated so far away that the details of their galactic structures were not vis-

ible in photographs, hence, they looked like stars.

Since the strange objects looked somewhat like stars, but were not

stars, they became known as "Quasi-Stellar Sources," or QSS's, soon

shortened to quasars. ^^^^^^
The first quasars that were discovered were identified by their com-

bination of radio and optical properties. After these first discoveries,

astronomers found numerous other starlike objects that had the same

unusual optical properties as quasars-that is, very large red shifts, and

unusual emission spectra -but were not strong radio sources. These

objects received the separate name of "Quasi-Stellar Objects," or QSO's.

Some books and articles still refer to quasars as quasi-stellar sources

and quasi-stellar objects, or QSS's and QSO's. In this book the two types

of objects are grouped together under the common label of quasars.

Can Quasars Be Nearby Objects?

As we will see in the later sections of this chapter, it is nearly impossible

to explain the high luminosity of quasars in terms of our current astro-

nomical knowledge. In an effort to escape from that dilemma, some

astronomers have questioned whether quasars are really as far away as

their red shifts suggest. If quasars were nearby objects, their calculated

luminosity would not be so great and they would present no problem

to the astronomer.

But if quasars are nearby objects, how can we explain the large
j

shifts in their spectra? The only objects that have large

to those of quasars, are exceedingly distant galaxies. In the case of these

distant galaxies, the red shift is known to be a Doppler effect connected

with their rapid speed of recession. Is there an explanation other than the

Doppler effect for red shifts?
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The theory of relativity provides another explanation. In the chapter

on pulsars and black holes in space, it was pointed out that all tonus <>t

Since light has mass, and mass is

tracted by gravity, the light est aping from a star tends to be held ba< k

by the star's gravitational pull. During the collapse ot a star the pull of

gravity at its surface mounts, until finally it becomes great enough to

hold back the rays of light entirely <vui prevent any radiation from leaving

the star. At this point the star becomes a blac k hole in space. As the col-

lapsing star approaches the radius of the black hole, but before it actually

reaches this radius, the bac kward pull ot gravity is suffk lent to diminish

the energy of the outgoing light rays apprec i.ibly, although not great

enough to hold the rays back entirely.

The loss of energy suffered by the photons leaving the st.ir is the clue to

the relativistic explanation ot the red shift. A relationship exists Ix'tween

the energy of a photon and its wavelength sue h that NflMBy means

fl^HMHHNgth, that is, blue light, while low energy means a longer

wavelength, that is, red light. A reduc tion in the energy of the photons

escaping from a star, therefore, produces an mc rease in the wavelength

of the star's radiation. That is, it produces a shift toward the red end of

the spectrum.

Looking at the spectrum, there is no way to distinguish this so-called

"gravitational red shift" from the red shut produced by the Doppler

effect. Thus, the gravitational effect could be the explanation of the red

shift in the quasar spectrum. However, very few astronomers believe in

this explanation of the red shift. One important reason for their sc eptic ism

is (as discussed later in this chapter) the evidence that quasars are gal-

axies^ Assuming that quasars are galaxies, if a quasar were located very

near us it would have a strong gravitational effect on members of the

Local Group. Yet this effect is not seen.

Another objection is that quasars have emission lines in their spectra of

a kind that can only be produced in a very tenuous envelope of gas. If a

quasar were sufficiently compact and dense to produce a strong gravita-

tional red shift, it would be too dense to produce these emission lines.

A third reason is that one quasar- labeled Parkes2251 +11 -seems to

be associated with a cluster of ordinary galaxies in the direction of the

constellation Pegasus. The Parkes quasar has the same red shift as the
galaxies in the Pegasus cluster, and is situated near to them in the sky.

These two facts are not likely to be a coincidence. The implication is that

this quasar and the cluster of galaxies are actually close together in space
and are receding from us at very nearly the same speed. But if this is true,

it means that the red shift for the Parkes quasar is a true Doppler shift in-

dicating a high speed of recession and a great distance from us, and not a
gravitational red shift. What is true for this one quasar, is presumably
true for all quasars; their red shifts all indicate a large velocity of recession
and a great distance from us.

These arguments, and others such as that on page 258, have convinced
many astronomers that quasars are exceedingly distant and, therefore,
exceedingly luminous objects.



The Visible Image of a Quasar

As we have seen above, although 3C273 and other quasars are in-

tensely luminous objects, emitting far more energy than our Galaxy, they

appear as very faint objects in the sky because of their great distance from

us. None of the quasars is visible to the naked eye, nor can they be photo-

graphed except with the aid of large telescopes. The photographs reveal

them to be somewhat fuzzy starlike objects. Figure 11.8 shows quasar

3C196, located approximately 9 billion light-years from us.

An interesting feature appears in photographs of the closest and bright-

est quasar, 3C273. In the photograph of 3C273 in Figure 1 1.9, obtained

with the 200-inch telescope, a jet of matter may be seen extending to the

lower right. This jet, whose presence has not been explained, is 250,000

light-years long.

The Radio Image of a Quasar

When quasars were thought to be nearby "radio stars," they were re-

garded as relatively weak radio sources. As soon as their great distances

were established by the measurement of their red shifts, it was realized

that they must be extremely powerful emitters of radio energy. 3

When the strength of their radio emissions is corrected for their dis-

tance from us, some quasars outrank the most powerful radio galaxies

known. The question immediately arises: Do quasars, as radio sources,

have the striking twin-lobed appearance of a typical radio galaxy? The

answer is that many of them do. An example is Quasar 3C47, located 4.5

billion light-years from our Galaxy. A plot of contours of equal radio

brightness from the quasar, shown in Figure 1 1.10, is its radio image. The

"X" placed on the radio image marks the position of the optical object.

As in the case of radio galaxies, the radio image is a double source, with

the optical object located close to the line running between the centers of

the two sources. The centers of the two radio sources in the radio image

are 1 million light-years apart.

Although quasars have some unusual properties not possessed by radio

galaxies, the similarities in the appearances of their radio images suggest

that there may be a kinship between the two classes of objects. Additional

evidence linking quasars to galaxies is discussed in a later section.

Figure 11.8 Quasar 3C1 96.

Quasar Luminosity

When the apparent luminosities of quasars are corrected for their

distances, the output of visible light from these objects ranges up to

3 The remarks in this section refer only to the quasars that are strong radio sources.

Many quasars do not emit a detectable radio signal.

Figure 11.9 Qu.i

larger than the image oi 3C196 />

the plate has

laint jet.



Figure 11 .10 The radio image oi Quasar
3C47. As with radio galaxies, the radio

image of the quasar con^i^h of two sourt es

lying on either side oi the optical object.

10 46 ergs per second. BHPMn<>»ii\ is HHi in

output >' 'I galaxies, mk!i .is \ndromeda and the

Milk\ \\a\ Galaxy, and equal to the output oi energy from the giant

ellipticals, which are the most luminous "normal" galaxies known.

The substantial eneri;\ radiated In quasars at visible wavelengths

turned out to be onlv a traction ol their total energy output. In the ( asc-

ot 3C273, the energy output in the tai infrared is at least 10'" eigs per

second, indicating that this quasar produce*; 10 times more eneryv than

the most lumino - known.

Their strong emission ol intrared radiation is a characteristi< that

quasars share with Se\ tert galaxies ^nd galaxies such as MH2. With

respect to their high output oi intrared energy, quasars seem to lie .it the

tar end of a sequence <>t successively more unusual objects, extending

from ordinary galaxies to Seyfert galaxies. ( )ther evideru e linking quasars

to Seyfert galaxies and possibly to other galaxies will be presented on

pp. 258-259.

The Small Size of Quasars

Quasars have another remarkable property, in addition to their ureal

distance and exceptional output ol energy at all wavelengths. The energy-

emitting region in a quasar is extraordinarily small, tai smaller than in

ordinary galaxies, and even smaller than in Seyfert k<iI<ixk's. The light-

emitting region in quasar K 27 >> is less than a light-year in diameter, and

at least one quasar mav be as small as one light-week in diameter.

The evidence for the small size of quasars ( omes from the fact that large

changes in bright
r [)een observed over short periods

of time. Two examples of the variations in the luminosity of quasars are

shown in Figure 11.11. Figure 11.11a shows the measured intensity of

Quasar 3C273 over the last 80 years,
4 and indicates changes of nearly

one magnitude (a factor of 2.5) over periods of one year or less. Figure

11.11b shows even more rapid changes in the luminosity of Quasar
3C454.3. At one point, marked by the arrows, a change of a full magni-
tude occurs over an interval of less than one week.

If one part of the emitting region from Quasar 3C273 were more than a

light-year away from other parts, the streams of radiation from these sep-
arate parts of the quasar would arrive at 'he observer at least a year apart
in time, and rapid variations in luminosity would be smoothed out. Even
if a very large variation occurred in a time shorter than one year, it would
not be observed because of the smoothing effect. The fact that such varia-
tions are observed proves that 3C273 cannot be more than one light-year
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This quasar has been photographed by Harvard College Observatory astron-
omers since 1855, in the belief that it was an ordinary faint blue star. Only in

1960 did they realize that the "star" had unusual properties.



1925

(a) Quasar 3C273

1965

Figure 11.11(a) Rapid time variation in

the energy output from Qujnja 3(

50 100

Time (days)

(b) Quasar 3C454.3

200 Figure 11.11(b) Rapid

the energy output from Qi

in diameter. Similarly, quasar 3C454.3 cannot be larger than one light-

week.5

Because of this combination of properties- enormous energy outpu

combined with small size- the quasar is more difficult to fit into the body

of scientific knowledge than any other object in the sky.

5 That is, the luminous part of the quasar cannot be larger than this. The quas.

could have a large, relatively faint region suiYound.ng the small, br.lhant nucleus.
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(b> Sevfert galaxy NGC4151

(c) Spiral galaxy NCC488

Figure 11.12 This sequence of photo-
graphs illustrates the transition in appear-
ance from the photograph of a quasar (a) to

the photograph of Seyfert galaxy (b) and a

normal galaxy (c).

The Spectrum of a Quasar

Quasars have still another peculiar property in comparison with ordi-

nary galaxies. When the light from a galaxy is broken up into .1 spec Hum,

it usually shows the dark absorption lines th.it are characteristic of the

spectra of stars. This is because most ol the radiation from .1 galaxy is

made up of light emitted from its stars 1 1

s.u, on the

other hand, shows not or of emission

lines as well. In addit has a bluish color with an

is of ultraviolet 1 to normal g.ii.ixies

Are Quasars Galaxies?

At first, it seems obvious that quasars cannot be galaxies, because they

are hundreds or thousands of times brighter, far smaller, and have a com-

pletely different type of spectrum — many emission and tewer absorption

tones in a quasar spectrum lion and few emission lines

in the spectrum ot a galaxy.

But in spite of these great differences, many astronomers think that

quasars may be galaxies after all. The Seyfert galaxies are one of the prin-

cipal reasons for this belief. There is no question that Seyfert galaxies are

true galaxies, and yet they also resemble quasars. In fact, if ordinary gal-

axies, Seyfert galaxies, and quas. . v.ed in a sequcne e, the Sey-

fert galaxies completely bridge the gap between ordinary gal.ixies and

quasars. This is true for any one of the three main properties mentioned

above, with respect to brightness, the brightest Seyfert galaxies are as

bright as some quasars, while the least bright Seyfert galaxies have about

the same brightness as ordinary galaxies. With respect to^fc the nucleus

of the typical Seyfert galaxy is intermediate between quasars and the

nuclei of ordinary galaxies. Even with respect to the way they look,

Seyfert galaxies tend to bridge the gap between quasars and ordinary

galaxies. As we noted above, if a Seyfert galaxy is photographed with a

short time exposure, the only part of it that shows up on the photographic

plate is its brilliant nucleus, which appears as a fuzzy, starlike object,

very much similar to a quasar. But if the exposure time is increased, we
see that the Seyfert galaxy resembles a normal spiral galaxy. The se-

quence in Figure 11.12 shows the smooth transition in appearance from

quasars to Seyfert galaxies and then to spirals.

The similarity between quasars and radio galaxies with respect to their

twin-lobed radio images also suggests that quasars belong to the family

of galaxies (see page 255).

A final item of evidence is the discovery that the spectrum of at least

one quasar has 21 -cm absorption lines which show a large red shift;

furthermore, this 21 -cm redshift is almost precisely the same as the red

shift in the optical spectrum of that quasar. The implication is that the

quasar consists of a bright central region — producing the optical spec-



trum — surrounded by an outer region of hydrogen gas which produces

the 21 -cm absorption spectrum. This picture suggests a galaxy-like object.

These facts— a similarity to the Seyfert galaxies and radio galaxies in

some respects, and a similarity to normal galaxies in others— provide

fairly convincing circumstantial evidence for the view that quasars are

closely related to galaxies. Apparently the properties of galaxies vary

over a wide range, and quasars seem unusual only because their prop-

erties place them at one end of this range of variations.

A Supernova Theory of Quasars

If quasars resemble normal galaxies, they must be composed of billions

of individual stars. Since stars provide the energy output for normal gal-

axies, can they also be the source for the energy of quasars?

We can see immediately that ordinary stars, using up their nuclear fuel

at a normal rate, would not be adequate to explain a quasar's energy

production. The stars in our Galaxy produce only 1
44 ergs/sec of energy,

which is hundreds of times smaller than a quasar's output. One explana-

tion would be that quasars have more stars than normal galaxies and are

very bright for that reason. However, there is no evidence available which

indicates that quasars are more massive than a normal galaxy.

Another possibility is suggested by the fact that quasars are so small.

Because of the small size of the quasar, the stars it contains must be

packed in very tightly and, therefore, must collide frequently. Whereas in

normal galaxies (as mentioned in Chapter 15) a collision between two

stars occurs only once every 10 billion years, in a quasar stars may col-

lide as often as once a day.

The collision will excite the gaseous envelope of each star and make it

flare up into a high luminosity. If the collisions occur with sufficient fre-

quency, the energy output from the quasar can be increased by many

orders of magnitude over the energy radiated from a normal galaxy.

In addition, theoretical studies show that when two stars collide, they

may combine into a single, more massive star. The massive star then

evolves quickly to the supernova stage, as described in Chapter 8. During

the supernova explosion, the energy output of the supernova rises until it

is 100 billion times greater than the normal energy output from the star,

and stays at that high level for several months. If many supernova explo-

sions occurred one after the other in rapid succession among the densely-

packed stars of a quasar, they could contribute to its enormous energy

production. The energy released from the supernova explosions could be

bolstered by the energy radiated from the pulsars or neutron stars that

would form at the centers of some of these supernovas. A pulsar can pro-

duce more energy during its lifetime than the supernova implosion that

created it. If one pulsar per day were formed in a quasar, the average
25g

energy production resulting from the pulsars would be 1047 ergs/sec,

which is sufficient to account for the most powerful quasars.
-
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Thus the toll retched to its limit, mighl account

tor the ^^^
Another theorv that the entire <iii.is.ir is one giant pulsarlike

with a mass equal to hi supei

compressed to th< • rs ot a pulsar or a neutron

star. The radius ot this highly compressed, massive hody would he less

than one billion kilometers or one light-hour, ulm h is c onsistenl with the

evidence that quasars .ire extremely small in diameter. I he soun e ol the

energy released h\ the giant pulsar would be its own gravity r.ithei ih.in .1

series ot nuc lear re.u tions. As the giant pulsar ( ollapsed. its gravity would

pull particles toward its center with iik re.ising tore e. Causing collisions

among those p.irtic les. and liberating large amounts ol energy ll the < ol

lapse proceeded past the neutron-star radius tor this huge mass, ,uu\

approached the black-hole radius, .is much as one-third ot the matter in

the quasar could be converted to energy in this way. rhis is 50 times more
energy per pound than is released In nuc lear re.u tions in stars during the

lifetime of a normal galaxy . Again the release ot energy would be adequate
to account for the output from many quasars.

But these ideas are not supported by observational evidence. T'hev are

no more than speculative efforts by the astronomer to take the most lumi-

nous single objects that he has ever discovered ,\n(\ sc ale these ob|e< ts

upward in size and mass by factors of a millionfold or more, without any

valid theoretical reason for doing so, in order to arrive at a hypothetical

energy output that could match the output ot a quasar.

The most accurate assessment of the quasar problem is that no explana-
tion fully confirmed by observation has been found for the existence of

these objects.

Main Ideas

1. The difference between normal galaxies and unusual galaxies.

2. Radio galaxies; their double-lobed structure.

3. The mechanism of synchroton radiation.

4. The characteristics of Seyfert galaxies.

5. Quasars; their red shifts and distances.

6. The origin of quasar energy.

Important Terms

gravitational red shift quasi-stellar red shift

light-week objects (sources) relativity

auasar radio galaxy Seyfert galaxy

radio image supernova remnant



Questions

1. What is the main characteristic of a normal galaxy?

2. Turn to page 121 and look at the radiation curve for normal stars.

Now draw the radiation curve for a galaxy emitting an unusually

large amount of radio energy.

3. Describe the radio image of a typical radio galaxy. What seems to be

happening in the radio image of the Centaurus A radio source?

4. How many years have elapsed since the jet in M87 was formed,

assuming that it has always been moving outward at a speed of

15,000 miles per second?

5. What is synchrotron radiation? How is it produced? In what kinds of

objects is it important?

6. What properties distinguish a Seyfert galaxy from a normal galaxy?

7. What are the reasons for believing that quasars are extremely distant

objects? Discuss the basic problem that is created for the astronomer

by the fact that quasars appear to be at great distances.

8. Look at the photograph of radio galaxy M87 (Figure 11.2) and

Quasar 3C273. What do they have in common? What other features

do radio galaxies and many quasars have in common ?

9. How does the spectrum of a quasar differ from the spectrum of an

ordinary galaxy? What are the principal reasons for believing that

quasars belong to the family of galaxies?

10. List the following objects with the total rate of energy output from

each. Express in units of the energy output from the Milky Way
Galaxy (i.e., Milky Way Galaxy = 1): M82, Andromeda Galaxy,

sun, Deneb, typical supernova, Seyfert galaxy (maximum), quasar

(maximum). List in order of increasing energy output.

11. Explain why the rapid variation in the energy output of quasars im-

plies an important fact about their size.

12. Various theories have been offered to explain the energy output of

quasars. Which theory do you prefer? Why?

13. As we look outward in space, we look backward in time. For ex-

ample, if Quasar 3C273 is 3 billion light-years away we see this

quasar as it was 3 billion years ago. How would our Galaxy look if

viewed from a distance of 3 billion light-years? 10 billion light-years?

14. A famous Soviet astrophysicist named Ambartsumian has proposed a

theory that galaxies were originally dense concentrations of matter

and energy that exploded outward and gradually approached their

present form. This theory runs directly counter to the widely accepted

view that all galaxies began as tenuous clouds of gas which evolved

by contracting inward under gravity. Based on your reading of

Chapters 9, 10, and 1 1 give reasons -observational or theoretical

-

for or against the Ambartsumian theory of galactic evolution.
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1 2 Cosmology

In this book we have followed the astronomer as he traces the history of

the basic ingredient, hydrogen, through a series of events in which, first,

galaxies are formed out of the parent cloud of gaseous hydrogen, then

stars are formed out of the hydrogen within each galaxy, and last, the

heavier elements are formed out of hydrogen within each star. This his-

tory answers many questions about the origin of the world. It explains

how stars come into being, how they obtain their energy, and how the

elements of the Universe are created. But the very success of the astron-

omer in reconstructing the life story of the stars increases our desire to

know the answers to even more fundamental questions: How did the

Universe start? Who or what created the hydrogen in the Universe at the

beginning? And how will the Universe end? What will happen when

the supply of hydrogen is exhausted, and the old stars go out, one by one?

These matters are the domain of the field of scientific invest.gat.on L ?. Hubbh a( the pnme focus

known as cosmo/ogy. Cosmology is concerned with the nature and origin of the 200-incH .



•niverse- it*. structure toHav. its past, and its tutu re 1 1
1 study

cosmology, you must stretc h youi ( orx epts °t spaw •" and time «'^ (
' n more

than you have done earlier in this lx>ok. You nmsi adopt .1 point of view

so broad that the tremendous span ot .1 galaxy seems .1 mere detail, and

the passage of a billion years is like .i da)

To the cosmologist, the birth ot eac h st.ir is ,1 minor uu ident in the life

of the Universe. He reflects on the innumerable births and deaths of all

the stars that have existed sick e the Universe began, *nd asks bimseh the

meaning ot this pattern ot details. Does the life stors ot .1 single st.ir h,i\e .1

significance for the Universe as a whole?

When we consider the fat t that our ( ,ala\v c ontains 100 billion st.irs,

and billions of other similar galaxies exist around us. it seems ,it first

thought that a single star < annot possibly tell us anything siymih< ant 3DOU1

the entire Universe. But this conclusion is incorrect. 1 very st.ir th.it has

lived has unalterably changed one aspect ot the entire Universe ITiis

aspect is the amount of hydrogen that exists in the Universe. Hydrogen is

the essential cosmic ingredient It is u source ot the energy by

which stars shine, and it is also tl • nts in the Uni-

^fcMfe As soon as a st.ir is lx>rn it begins to ( onsume some ot the hydrogen

in the Universe, and continues to use up hydrogen until its death. Once
hydrogen has been burned within that star and converted to heavier ele-

ments, it can never be restored to its original state With the passage of

time, and the appearance of successive generations ot stars, the supply

of hydrogen in the Universe must grow smaller.

Globular clusters provide evidence for the slow change of hydrogen
into heavier elements in stars. As we noted in Chapter 9, the \ l-R diagram
for these clusters indicates that they were formed early in the history of the

Universe. At that time, only a relatively few supernova explosions could
have occurred and the abundance of heavy elements must have been
very low. The spectra of the globular clusters confirm this idea. They show
that the stars in these clusters have only one-tenth as many heavy ele-

ments as the stars in the spiral arms of the Galaxy, which were formed
later.

The implications in these observations are clear: Hydrogen is disap-

pearing. As the old stars burn out, fewer and fewer new stars can be
formed to replace them. Stars are the source of energy by which all beings

live. When the light of the last star is extinguished, life must end through-
out the Universe.

The depletion of the total supply of hydrogen is the only feature in

the life story of the stars that is of interest to the cosmologist. Minute by
minute and year by year, the supply of hydrogen continually decreases as
a result of nuclear reactions that occur in stars. As a consequence, the
Universe is running down and changing irreversibly.

Reflecting further on the situation, the cosmologist turns the clock back
in his imagination and asks himself what the Universe must have been

264 ,ike billions of years ago. Clearly, there must have been more hydrogen in

the Universe at that time than there is today, and less of the heavier ele-

ments. At the present time approximately 70 percent of the mass in the
GALAXIES



Universe consists of hydrogen. A billion years ago this number would

have been slightly different; there would have been more hydrogen and

less of the heavier elements, because some of the stars that have contrib-

uted to today's abundance of those elements had not yet been born. Four-

and-one-half billion years ago, around the time when the sun and earth

were formed, there would have been still more hydrogen and still less of

the heavier elements. Turning the clock back still further, we would even-

tually come to a time when the Universe contained nothing but hydro-

gen—no helium, no carbon, no oxygen, and none of the other elements

out of which, for example, the earth and the creatures on it are composed.

This point in time must have marked the beginning of the Universe.

In other words, projecting the present conditions in the Universe back-

ward in time, we are forced to conclude that it had a beginning, and

projecting the present conditions forward in time, we can see that the

Universe must eventually come to an end. That is the cosmological sig-

nificance to the life story of the stars.

THE EXPANDING UNIVERSE

Other evidence suggests that the Universe has been changing in an

irreversible way. Between 1912 and 1914, V. M. Slipher undertook a

study of the spectrum of the light emitted by 15 nearby spiral galaxies.

Familiar lines, such as the lines of hydrogen, appeared in these spectra,

but in most cases the wavelengths of the lines were shifted toward the

red end of the spectrum by large amounts. Slipher interpreted this red

shift as a Doppler effect (pages 33-36). His measurements of the red

shift indicated that these galaxies were moving away from the earth at

high speeds, in some cases as much as several million kilometers per hour.

The fact that galaxies rushed across the heavens at speeds of millions

of kilometers per hour was a surprise to Slipher. The discovery that most

were moving away from the earth was an even greater surprise. Accord-

ing to astronomical knowledge, our planet and its parent star, the sun,

are indistinguishable from countless other planets and stars in the

heavens. Why should all the galaxies in the sky move away from us?

It would seem more reasonable to expect them to move in all directions;

then, according to the laws of chance, at any particular moment roughly

half the galaxies in the Universe would be moving toward the earth and

half would be moving away from it. But Slipher's measurements indicated

that this was not the case. If his observations were correct, the entire

Universe was moving away from one special point in space, and the

earth was located at that point.

In the 1920s and 1930s the astronomers Humason and Hubble, using

the 100-inch telescope on Mount Wilson, which was then the largest

telescope in the world, succeeded in measuring the speeds of many ^
other spiral galaxies. These galaxies were too faint to have been seen by

Slipher with his smaller instrument. The observations confirmed Slipher s



discovery: without exception

After World War II, the power ot tin- 200-inch telescope on Mount

Palomar was brought to bear on the problem ot the receding galaxies

and again Slipher'sdisM>\rr\ was confirmed every distant galaxy within

the range of this instrument w.is retreating from the earth .it .m enormous

speed. 1

Many more measurements have been made <>n Mount Palomai .m<l

elsewhere down to the present day, and no ev option h.is lx>en Found to

the pattern discovered by Slipher. Regardless ot the direction in which

we look out into spat e. all the distant ODJet tS in the heavens .ire moving

away from us and from one .mother i he entire Universe appears to be

blowing up before our e.

Is the Earth at the Center of the Expanding Universe?

The discoveries of Slipher, Humason, and Hubble contain a puzzling

implication; if all the galaxies in the heavens are moving away from the

earth, our planet must be at the center of the Universe. That notion, com-
monly held in previous times, was challenged by Copernicus 500 years

ago, and very few people accept it today. Why does modern astronomy
lead to a picture of the world that was abandoned by men of science

many centuries ago?

The answer is that if you were sitting on a planet in one of the other

galaxies in the Universe, you would see the other galaxies around you
receding in exactly the same way an observer in our Galaxy sees our

neighbors moving away. Your galaxy would seem to be at the center

of the expansion, and so would every other galaxy; but, in fact, there

would be no center.

To understand this statement more clearly, imagine a very large, un-

baked loaf of raisin bread. Each raisin in the bread is a galaxy. Now
place the unbaked loaf in the oven; as the dough rises, the interior of

the loaf expands uniformly, and all the raisins move apart from one
another. The loaf of bread is like our expanding Universe. Every raisin

in the interior sees its neighbors receding from it; every raisin seems,
from its point of view, to be at the center of the expansion; but there is

no center.

To make the analogy more precise, we would have to imagine a loaf

of raisin bread so large that you could not see the edge from the interior,

1 Some galaxies relatively close to the earth are moving toward us. The Andromeda
galaxy, for example, is approaching the earth at a speed of 300 kilometers per
second. The explanation is that galaxies move more or less randomly with re-

266 spect to their neighbors, and this random motion is superimposed on the reced-
ing motion. When a galaxy is close, the receding motion is small and can be
swamped by the random motion.
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no matter where you were located; that is, the loaf of bread, like the

Universe, would be infinite.

A Cosmic Explosion

Consider another implication in the picture of the expanding Universe.

If the galaxies are moving apart, at an earlier time they must have been

closer together than they are today. At a still earlier time, they must have

been still closer together. Continue to move backward in time in your

imagination. The outward motions of the galaxies, reversed in time,

bring them closer and closer; eventually, they come into contact; then

their materials mix; finally, the matter of the Universe is packed together

into one dense mass under enormous pressure, and with temperatures

ranging up to trillions of degrees. The dazzling brilliance of the radiation

in this dense, hot Universe must have been beyond description. The

picture suggests the explosion of a cosmic hydrogen bomb. The instant

in which the cosmic bomb exploded marked the birth of the Universe.

The Age of the Universe. When did the explosion occur? Knowing

how far apart the galaxies now are, and how rapidly they are moving

away from one another, we can calculate backward in time to the mo-

ment at which they were all packed together. Presumably the explosion

occurred at that moment. Suppose, for example, the galaxies are receding

from one another very rapidly today. Then they must have been close to-

gether a short time ago; that is, the birth of the Universe must have oc-

curred very recently. If they are receding very slowly, a great deal of

time must have elapsed since they were close together; in other words,

the Universe was born a long time ago. In this way, using the latest

measurements of the speeds and distances of the receding galaxies, some

cosmologists have arrived at the conclusion that the Universe began its

existence nearly 20 billion years ago. According to their view, 20 billion

years is the approximate age of the Universe.

Others have disagreed. Based on the single observation of the reced-

ing motion of the galaxies, modern science has produced other cos-

mologies, each with its own school of scientific supporters. In com-

pletely different ways, these schools of scientific thought proceed to

build up a picture of the history of the Universe, and to make predictions

regarding its future.

THE BIG-BANG UNIVERSE

One cosmology- the Big-Bang theory -asserts that the Universe h

a beginning and is approaching an end. The Big-Bang school of cos-

mology proposes that a cosmic explosion actually took place a longtime

ago. Father Lemaitre, a Belgian astronomer educated as a Jesuit priest,



and George Gamow, a Russian-born physicist who emigrated to the

United States in 1936, are tin' scientists most prominently associated

with this the. ding to the Bin-Bang c osmologists, the Universe

began its existence as ,\n hot and Iration ol

matter. Later Gamow named this primordial substance vlem" the

name that Aristotle gave to the basic substam e out ol whic h the ( aoek

philosophers believed all matter was derived. Probably the particles

of the Universe were packed together as densel> .is the matter in the

atomic nucleus at that time. Gamow based this assumption on the fact

that the matter in the nucleus is tbe densest form in which matter is

known to i

It is interesting that at the density ol vlem. all the matter in the observ-

able Universe would tit into the solar system. The earth itselt, it squeezed

down to the density of the nucleus, would fit into a sphere 200 feet in

diameter.

The temperature of the ylem would also have been extremely high .it

this point, ranging up to trillions of degrees As the Universe expanded the

temperature must have decreased, dropping first to billions ol degrees and

then down to millions ot degrees. When the temperature had de< reased

to around 10 million degrees, protons or hydrogen nuclei would have

begun to stick together in groups of four to form helium nuclei. The
amount of helium that could have been formed at that early time is not

accurately known, but calculations suggest that at least 20 to 50 percent

of the hydrogen nuclei in the Universe c ould have been transformed into

helium in the early stages of the B . B.im

It might be expected that after helium had been formed, other heavier

elements would be built up by more complicated nuclear reactions, until

the whole periodic table of the elements existed. However, the calcula-

tions indicate that for two reasons this does not occur. One reason is

that the temperature and density in the Universe continue to drop,

making nuclear reactions less and less probable. The other is that a wide
gap in nuclear properties exists between helium and the next stable

nucleus, which is the nucleus of lithium. This gap is difficult to cross at

temperatures in the neighborhood of 10 million degrees, and virtually im-

possible to cross at the substantially lower temperatures that existed later.

Thus, the Big-Bang picture explains the presence of hydrogen and
helium in the Universe* but it fails to explain the existence of the other

90-odd elements of the periodic table. Only the theory of stellar evolution

discussed in Chapters 7 and 8 can explain the existence of these elements
in today's Universe.

Who or what put the primordial matter into the Universe? Why did
it begin with a bang as a hot and highly compressed globule of matter?
The Big-Bang cosmologists do not attempt to answer these questions,
nor do they comment on the conditions that might have existed in the
Universe prior to the start of the explosion. However, assuming the start-

268
mg condition s, described above, they can predict with confidence what
happened thereafter. After the helium was formed, the expansion of
the Universe continued, and its temperature continued to drop. The mat-
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ter of the Universe was in the form of hydrogen nuclei, helium nuclei,

electrons, and radiation. Atoms did not yet exist, because whenever an

electron was captured into an orbit around a nucleus to form an atom, it

was knocked out of the orbit almost immediately under the smashing

impact of the violent collisions that occur at such high temperatures.

However, by the time the Universe was perhaps 100 thousand years

old, the temperature had dropped to 5000 degrees, and from that point

onward, neutral atoms began to form in increasing numbers. These atoms

consisted almost entirely of hydrogen.

With the further passage of time, the expanding materials cooled and

condensed into galaxies and, within the galaxies, into stars. The formation

of galaxies may have been limited to the early years of the Universe, or it

may have been a process stretched out over a long span of time and, per-

haps, still continuing today. In either case, the formation of stars probably

began shortly after the formation of the first galaxies, when the Universe

was between a few hundred million and a billion years old.

After nearly 20 billion years of continuing expansion, the Universe

reached the state in which it exists today. According to the Big-Bang

theory, the expansion will continue indefinitely in the future. As the

galaxies fly apart and the distances between them increase, space grows

emptier, and the density of matter dwindles. At the same time, as the

hydrogen within each galaxy is used up, fewer new stars can be formed.

The old stars go out, one by one, the galaxies grow dim, and the Universe

fades into darkness (Figure 12.1).

Figure 12,1 The Big-Bang cosmology.

THE STEADY-STATE COSMOLOGY

Some years ago, Thomas Gold, then a graduate student at Cambridg

University, made a proposal tha morbid pre

suggested that fresh hydrogen is steadily created throughout th<

out of nothing. The freshly created hydrogen would provide the mgre-
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away twice as fast; if it is three times as far, it will be moving away three

times as fast; and so on.

This relation is known as Hubble's Law. It can be stated mathematically

in the following form: let v be the velocity of recession of a galaxy, and

let x be its distance from us; then

v = Hx

H is a constant of proportionality called the Hubble Constant It has

units of velocity over distance and is usually expressed in kilometers

per second per million light-years.

The Hubble Law is illustrated by Figure 12.3, showing a number of

galaxies together with their spectra. In each case the spectrum of the

galaxy is the tapering band of light in the middle, with laboratory spectral

lines of known wavelength above and below for purposes of comparison.

The clearest feature in the spectrum of each galaxy is a pair of calcium

absorption lines that appear at the left in the top spectrum. The normal

unshifted positions of these lines in the laboratory are marked by the two

GALAXY
IN

VIRGO

URSA MAJOR

DISTANCE IN

LIGHT-YEARS

70.000,000

RED-SHIFTS

CORONA BOREALIS

BOOTES

880,000,000

1,300,000,000

2,300,000,000

3,600.000,000

Figure 12.3 Galaxies at various distances

and their spectra, showing (he corre-

sponding red shifts.

HYDRA
61.000 km/sec
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2 billion 4 billion

Distance (light years)

Figure 12.4 Velocitv versus distance tor

the galaxies in Figure 12

2 billion 4 billion

Distance (light years)

Figure 12.5 Velocity versus distance for

46 galaxies.

black lines at the top ot the diagram. In the spec trum ol a relative!) i lost"

galaxy, 70 million light-years away in the direction ot the constellation

Virgo, these lines are shifted toward the red - whi< h means to the right on

this diagram — by a small and bareK perceptible amount. \ l arelul Study

ot the spectrum shows that this small shut to the red corresponds to a

speed of recession ot 1200 kilometers per second.

Next in the diagram is a galax) 880 million light-years from us m the

direction ot the c onstellahon Ursa Major. 1 he c all mm lines in the spec -

trum ot this galax) are Seen to be slutted to the red b> a considerably

greater amount. Accurate measurements ot the red shut of this galaxy

indicate that it is rec eding from us at a vela it\ <>t l 5,000 kilometers per

second.

The three remaining galaxies in the diagram are still more distant

The last galaxy, barely visible in this photograph, is J.6 billion light-

years away, close to the limit of the range ot visibility with the 200-im h

telescope. The pronounced red shitt of the c al( ium lines m its spec trum

corresponds to a velocity of recession ot hi ,000 kilometers per sec ond, or

more than 20 percent ot the speed of light.

A plot of velocity versus distance for the five galaxies is shown in l igure

12.4. The points lie near a straight line. The departures trom a straight line

are due mainly to the errors and uncertainties in the measurement of

their distances, the error in the measurement of the red shift being rela-

tively small.

t
slope of the line through the five points is the Hubble Constant

^ This constant represents one ot the most fundamental quantities in

nature, because it ti e | S expanding. To
determine the c ntical Hubble Constant with greater ac ( ura< v, plots have
been made of velo< it\ against distance tor all galaxies whose distances
are known with a fairly hi«h degree ot a< ( ura< v. One of these plots is

shown in Figure 12.5 The straight line that gives the best fit to the points

plotted on this graph c orresponds to a I lubble ( onstanl of 1 7 km/sec / 1 ()
6

light-years.

In the remainder of this chapter we will use a value of 17 km/sec per
million light-years for the Hubble Constant, without further reference to

the uncertainties in the distance measurements. You will see that the dis-

cussion depends in an essential way on the validity of the Hubble Law,
that is, on the straight-line relationship, but not on the precise value of
the Hubble Constant in that law. If later measurements show that our
value of 1 7 km/sec/106

light-years is inaccurate and another value should
be used instead, our results for such quantities as the age of the Universe
will be changed somewhat, but the basic cosmological ideas will not
be affected. 2
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The value given for H was reported in 1972 by Alan Sandage, astronomer at
the Hale Observatory. For many years prior to Sandage's announcement, the
best value of H was considered to be 25 km/sec/106

ly. Sandage's reduction in
H resulted from a recalibration of the extragalactic distance indicators described
in the Appendix.



The Hubble Constant. The Hubble Constant is the keystone of cos-

mology. We have seen that its approximate value can be determined from

measurements on distant galaxies. If we could find out whether that

value has changed during the history of the Universe, we would know
the answer to the question: Which cosmology is correct?

The connection between changes in H and the validity of the two

cosmologies can be perceived most clearly in the case of the Steady-

State theory. If this theory is valid, then the rate of expansion of the Uni-

verse is the same at all times and, therefore, H must be the same at all

times. If this were not the case, the Universe would be expanding at

a different rate at an earlier time than it is today, and the basic idea of the

Steady-State theory would be violated.

Now let us consider the other cosmology. It assumes that today's

Universe is expanding as the consequence of a big bang that occurred

billions of years ago. Immediately after the big bang, the internal pres-

sures were enormous and the expansion was exceedingly rapid. In the

course of time the expansion slowed down because the attraction of

gravity acts continually to pull back all of the receding elements of the

Universe. Therefore H must have a smaller value today than it had

billions of years ago. According to the same reasoning, H will have a

still smaller value billions of years hence, when the Universe will be

expanding more slowly than it is at the present time.

Thus, according to the Big-Bang theory, H must decrease with time,

while according to the Steady-State theory, H is the same throughout

all time.

A Cosmological Test

The changes in H during a year, or even a lifetime, are too small to

be detected. If we could go back one billion years or more, we might

detect a large enough change in H to settle the question. But how could

we measure the value that H had a billion years ago? On the face of

things that would seem to be an impossible task, since modern astronomi-

cal records go back no farther than a few hundred years. But consider the

following facts: the light that reaches the earth from the Andromeda

galaxy left that galaxy 2 million years ago; when an astronomer photo-

graphs Andromeda through a telescope, he sees that galaxy as it was two

million years earlier, and not as it is today. Similarly, the light that reaches

the earth today from the Virgo galaxy left that galaxy 70 million years

ago. A photograph of the galaxy shows it as it was 70 million years in

the past, and not as it is today.

Now we see how to obtain a picture of the Universe as it was a bil-

lion years ago: First, photograph galaxies that are within a distance ot

100 million light-years. These galaxies will yield a picture of the expand-

ing Universe as it has been during the last 100 million years. Since 100

million years is a relatively short time on a cosmic time scale, we can
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consider this picture to represent the Universe as it is today, and can

regard the Hubble Constant derived from these measurements as the

value of the Hubble Constant at the present time \c\t. extend tin- meas-

urements farther out into space to galaxies whose distances from us

are around 500 million light-years. The receding motions of these gal-

axies will gi\e us .mother value ol the I lubble Constant representing the

rate of expansion 01 the Universe during a time approximately 500 mil-

lion years ago. If the .u c ur.u \ ot our measurements permits us to ^o still

farther out into space we Can measure galaxies at a distance ol one

billion light-years, ^nd then 2 billion light -sears, and so on. The farther

out we look in space the farther back we see in time. In this way, we
can uncover the state of the expanding Universe in earlier epochs.

The idea behind this measurement is \erv simple, but the measurement

is very hard to carry out in practice because it is difficult to measure

the distances to remote galaxies with the necessary accuracy. The most

complete study made thus tar has been carried out at Mount Palomar by

Sandage. He compiled information on 42 galaxies, ranging out in space

as far as 6 billion light-\ears trom us h ;•

the Hubble 1 i:.;er at an earlier time than it is today. That

is, the Universe was expanding more rapidly at an earlier time. This

conclusion indicates I theory is incorrect

OTHER EVIDENCE FOR THE BIG-BANG COSMOLOGY

Two other observed properties of the present-day Universe also favor

the Big-Bang theory. Each property can be explained very simply if the

Big Bang actually occurred, but is very difficult to explain in any other way.

The Primordial Fireball Radiation

One line of evidence starts with the remark that if the Universe was
once in a dense, hot state, it must have been filled with an intense and
brilliant radiation at that time. In fact, the Universe would look like the

fireball that forms when a hydrogen bomb explodes. The intensity of the

fireball must have diminished as the Universe expanded, but a small

remnant of the original fireball radiation would still be present today.

This fireball radiation should be detectable with a sensitive radio antenna.
The special characteristic of the fireball radiation, which should enable
astronomers to distinguish it from all other kinds of radiation reaching
the earth, is the fact that it fills the Universe uniformly, and consequently
must bombard the earth with the same intensity from all sides. If an
astronomer points his antenna in many directions, he should measure
the same intensity of radiation in every case.

This feature of the Big-Bang theory was pointed out by a Princeton



physicist named Robert Dicke in 1965. 3 Dicke saw that if the fireball

radiation were discovered, it would settle the controversy between this

theory and the Steady-State cosmology. He set about constructing an

apparatus to search for the remnant of the fireball radiation, unaware

that two Bell Laboratory physicists — Drs. A. Penzias and R. Wilson-
had already found it. They, too, were unaware that they had made the

discovery, for they were not looking for fireball radiation; they were

measuring the intensity of radio noise received in a large antenna that

had been set up some time before in connection with the communica-

tions satellite program.

The events that followed were strikingly reminiscent of the events

that led to the discovery of radio astronomy in 1931 by Karl Jansky,

another Bell Telephone scientist. Penzias and Wilson, like Jansky before

them, noticed a puzzling radiation that could not be easily accounted

for. Although Jansky's radiation was centralized in the direction of the

Milky Way, the Penzias-Wilson radiation had precisely the same in-

tensity no matter what direction their antenna was facing. In other words,

it seemed to fill the heavens uniformly, just as Dicke had predicted for

the remnant of the primordial fireball.

Penzias and Wilson were unable to explain the source of this sky-

filling radiation, until a friend told them of Dicke's work. Then, they and

Dicke realized that they had stumbled on the evidence for the primordial

fireball. The rest is scientific history.

Subsequently, other physicists and astronomers confirmed the exist-

ence of the primordial fireball radiation. Their measurements constitute

strong evidence for the Big-Bang cosmology, for no satisfactory explana-

tion for this radiation has been provided by the Steady-State cosmologists.

The Abundance of Primordial Helium

According to the discussion of stellar evolution in Chapters 7 and 8,

helium is formed from hydrogen in the interiors of stars during their life-

times. The Big-Bang cosmology predicts that helium was also formed from

primordial hydrogen in the initial stages of the cosmic explosion. Is it

possible to tell how much of the helium now in the Universe is primordial,

that is, was formed in the first moments of the Big Bang, and how much

was formed subsequently in the interiors of the stars? If nearly all the

helium in the Universe turns out to be primordial, that will be circum-

stantial evidence in favor of the Big Bang. If it turns out that all the helium

that exists today has been manufactured in the interiors of stars, and none

of it is primordial, confidence in the Big-Bang theory will be weakened.

The line of attack on the problem consists in measuring the helium

content of young and old stars. The young stars have been formed from

3 Gamow proposed the same idea in 1948. but his suggestion drew no reaction

at that time.
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an interstellar medium containing the primordial helium. i( any, plus .ill

the helium that was added to the Universe subsequently in many gen

erations ot stellar evolution, fhe old stars were formed when the Galaxy

was young, before the interstellar medium had been enrk hed by helium

formed in stellar interiors. Their helium content ispnmordi.il only. I heir

fore the comparison of the helium content in the two groups oi stais lells

how much helium is primordial, and how much h.is been added as the

product of reactions in stellar interiors.

The helium content ot young st.us can Ik- determined most directly

from the intensities oi t'u helium absorption lines m their spec tra. These

lines are formed in the atmosphere of the Star, and their intensity only

gives the amount of helium in the st.ir's outermost layer; however, in a

young, unevolved star, the helium is dispersed uniformly, and the amount

in the atmosphere is .in accurate indicator ot the amount in the entire

star. Of course, only the hot stars—O and H type—can Ix- used for the

purpose, because helium lines only appear with significant intensity in

the spectra of these stars. The spectroscopu studies show that about

30 percent of the mass ot young stars c onsists ot helium.

When we come to old st.irs, the helium absorption lines cannot be

used in the same way to determine helium c ontent, Ix'c ause a population

of old stars does not include O and B types, whic h are massive and live

only a short time. However, the ages ot old st.us located in globular

clusters can be determined in another way, bv fitting theoretical H-R
diagrams to the observed H-R diagram of a c luster, .is explained in Chap-

ter 9 (pages 2 1 7-221 ). In that discussion the purpose was the determina-

tion of the age of the cluster, but c omput.itions on stellar struc ture show
that the position of a star on the H-R diagram depends also on its c hem
ical composition; in particular, the position is strongly dependent on

the helium content of the star. By matching the observed and theoretical

H-R diagrams for a globular cluster with care, it is possible to determine

not only the age of the stars in the cluster, but also their helium content.

The result is an age of about 14 billion years, as mentioned in the text,

and a helium content of about 30 percent by mass.

This last result indicates that the helium content of the oldest stars in

the Galaxy is approximately the same as the helium content of the

youngest stars, within the limits of the experimental uncertainties. In

other words, most of the helium in the Galaxy was made in the early

moments of the Big Bang, before stars existed, and little has been added
subsequently by nuclear reactions in stellar interiors. This measurement
of the abundance of helium in the Cosmos strengthens the case against

the Steady-State theory, and lends additional support to the theory of an
explosive origin for the Universe.

THE OSCILLATING COSMOLOGY

The Big-Bang theory implies that the Universe had a definite beginning
and is slowly approaching an end. However, a closer examination of



this theory reveals that a modified form of it can be reconciled with the

concept of an eternal, self-renewing Universe.

The Backward Pull of Gravity

Consider the picture of a Universe expanding in the aftermath of a

gigantic explosion. It seems at first that the expansion must continue

forever. In the Big-Bang theory this is assumed to be the case, but the

contrary may be true, because of the effect of gravity. This force, acting

throughout the Universe, pulls back on the outward moving galaxies

and slows their retreat. If the pull of gravity is sufficiently strong, it may

be adequate to bring the expansion of the Universe to a halt at some

point in the future.

What will happen then? The answer is the crux of this theory. The

elements of the Universe, held in a balance between the outward momen-

tum of the primordial explosion and the inward force of gravity, stand

momentarily at rest; but after the briefest instant, always drawn together

by gravity, they commence to move toward one another. Slowly at first,

and then with increasing momentum, the Universe collapses under the

relentless pull of gravity. Soon the galaxies of the Cosmos rush toward

one another with an inward movement as violent as the outward move-

ment of their expansion when the Universe exploded earlier. After a

sufficient time, they come into contact; their gases mix; their atoms are

heated by compression; and the Universe returns to the heat and chaos

from which it emerged many billions of years ago.

And after that? No one knows. Some astronomers say that the world

will never come out of this collapsed state. Others speculate that the

Universe will rebound from the collapse in another explosion, to become

an entirely new world in which no trace of the existing Universe remains.

(Figure 12.6)
F '8ure 12b The °scfWatfn8 cosmology.



278

GALAXIES

in the reborn world, once again the hot dense materials will expand

rapidly outward in a cosmic Rreball. Liter, when the pnniordi.il

have cooled sufficiently, galaxies and stars will form out ot them, Grad

ually the expansion will slow down under the pull of gravity; eventually

a new collapse will occur, followed by still another i reation; and after

that, another period ot expansion mu\ another ( ollapse

This theory envisages a Cosmos thai os< illates forever, passing through

an infinite number ot Big Bangs in a never-ending cycle oi birth, death

and rebirth. It unites the astronomical evidence tor ,\n explosive begin

ning of the world with the cone ept ot an eternal Universe.

The Oscillating theory has the advantage over the Big-Bang theory of

being able to answer the question: What preceded the Uig Bang? The

answer offered by the Oscillating theory is that prior to the Bik Bang the

Universe was in a state of increasing density ,\nd temperature. As the

Universe approached the state of maximum density ^nd temperature, all

the complex elements that had been made within stars during the pre-

ceding cycle were melted down, so to speak, into the basic hydrogen out

of which they had originally been manufactured. At the moment of

maximum compression, another Big Bann occurred and the Universe-

was born anew.

Density of Matter in the Universe

How can the theory of an Oscillating Universe be tested? The answer
is straightforward. If the density of matter in the Universe is sufficiently

great, the gravitational attraction of the different parts of the Universe
on one another will be strong enough to bring the expansion to a halt,

and reverse it to commence a renewed contraction. 4 That is, the Uni-

verse will be in an oscillating state. On the other hand, if the density of

matter in the Universe is not great, the force of gravity will not be suf-

ficient to halt the expansion, and the Universe will continue to expand
indefinitely into the future, as predicted by the Big-Bang theory.

In other words, the density of matter in the Universe is a critical factor

in deciding between the two cosmologies. What is the critical density of

matter required to slow down and reverse the expansion? A calculation

shows that the present expansion of the Universe will be halted if the

density of matter is 5 x 1
-30 gm/cm3 or greater. This density corresponds

to one proton or hydrogen atom in a volume of 10 cubic feet.

How does the critical value of the density compare with the observed
density of matter in the Universe? The matter whose density can be most
readily estimated is that which is present in the galaxies in a visible form,
as luminous stars and dense concentrations of gas. If we were to smear out

4 A high density means that on the average, particles in the Universe are relatively
close to one another, and, therefore, their mutual gravitational attraction is strong.



the visible matter in the galaxies into a uniform distribution filling the

entire Universe, the density of this smeared-out distribution of matter
would be 5 x 1(T33 gm/cm3

. That is, the visibly present matter contained

in all the galaxies of the Universe is too small by a factor of 1000 to halt

the expansion.

Since energy and radiation are equivalent to matter by Einstein's

formula, £ = mc2
, we must add to the above figure the contribution from

various types of radiant energy in the Universe, such as starlight and the

primordial fireball radiation. These forms of energy turn out to increase

the average density of matter by one or two percent, which is not enough

to affect the outcome.

What about matter that is unobservable because it is not luminous?

For example, this matter could exist in the galaxies in the form of non-

luminous gas in the space between the stars, or as dead stars, or as stars

of very low mass and negligible luminosity. It could also be present in

the form of gas in the space between the stars, or in the space between

the galaxies.

The invisible matter is very difficult to detect, but its amount can be

estimated by an indirect method. Galaxies usually are grouped in clus-

ters, the galaxies in a cluster being held together by the force of their

mutual gravitational attraction. In such a cluster, the individual galaxies

revolve around one another in a swarming motion, like bees in a hive.

The more matter a cluster of galaxies contains— in any form, visible or

invisible— the stronger the pull of its gravity, and the faster the swarming

motions of the galaxies. If the velocities of the galaxies in a cluster can

be measured, the total mass of the cluster can be calculated.

This idea has been applied to the large cluster in the constellation

Coma Berenices (Figure 12.7). The results are surprising. On the basis

of the motions of the galaxies in that cluster, the amount of matter it

contains in an invisible form is roughly thirty times greater than the

amount present in the form of luminous stars and other directly observa-

ble objects.

Although the estimated density of matter in the Universe is greatly

increased as a result of this determination, it is still ten times too small to

bring the expansion of the Universe to a halt. Thus, the density measure-

ment seems to favor the Big-Bang cosmology. However, that conclusion

is tentative because the Coma cluster may not be typical of clusters of

galaxies elsewhere in the Universe; it is possible that other regions of

space contain more invisible matter than the Coma cluster. Nonethe-

less, the currently available information, accepted at face value, implies

that the Universe will expand forever.

Cosmic Abundance of Deuterium

An independent line of reasoning leads to still another way of testing

the Oscillating cosmology. Theoretical studies of the Big Bang indicate
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Figure 12.7 The cluster of galaxies in the

constellation Coma Berenices.
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that m the first few moments after the explosion neutrons and protons
collided in great numbers in the Universe, and fused to form nuclei of
deuterium or heavy hydrogen. Most of the deuterium was lost quickly,
because it collided with other particles and fused into nuclei of helium.
However, if the density of matter in the Universe was low, fewer colli-
sions would occur, and more deuterium would remain. This deuterium
would survive to the present day as a part of the interstellar gas. In other
words, the amount of deuterium in the interstellar gas today is an in-
dicator of the density of matter in the Universe at an early time Theoreti-



cal studies can then provide a reliable connection between the density

of matter at that time and the density of matter today.

The results of the deuterium measurement also indicate that the density

of matter in the Universe at the present time is about ten times too small

to halt the expansion of the galaxies. This conclusion regarding the den-

sity of matter is also tentative, because the deuterium detected in the

interstellar gas may not all be primordial— that is, it may not all have

been produced in the first moments after the Big Bang. Some deuterium

could instead have been manufactured in the interiors of stars during

the subsequent history of the Universe. Although the deuteron is too

fragile to survive in the deep interior of a star, substantial amounts of

deuterons can be manufactured in the outer layers of a star during a

supernova outburst. However, other light and fragile nuclei, such as

lithium, would also be manufactured in supernovas at the same time.

Since lithium is extremely scarce in the interstellar gas, it seems likely

that very little deuterium has been made in stars; most must be prim-

ordial. If this is so, the deuterium measurement constitutes substantial

evidence against the theory of an Oscillating Universe.

X
OPEN AND CLOSED UNIVERSES

The Big-Bang Universe, in which the expansion of the galaxies con-

tinues without limit, is called an open universe. The Oscillating Universe,

in which galaxies only recede to a limited distance from one another

before coming together again, is called a closed universe. It is also pos-

sible that there can be a halt to the expansion, followed by a collapse,

but the Universe never rebounds from the collapse. That is, the cycle is

not repeated, and the Universe does not oscillate. This case would also

be an example of a closed universe.

Open universes and closed universes are very different. For example,

an open universe has an infinite volume; if you set out from the earth

on a straight line course through space and travel forever, you will never

return to your starting point. A closed universe, on the other hand, has

a finite volume and a finite mass. If you set out from the earth on a straight-

line course, through space, and continue to travel for a very long period

of time, you will eventually return to your starting point from the opposite

direction.

This last property of a closed universe seems peculiar, but an analogy

with motion on the surface of a sphere helps to make it plausible. Sup-

pose you are a two-dimensional person, living on the surface of a sphere.

The surface of the sphere is your universe; it is a two-dimensional world.

In this two-dimensional universe there are no boundaries; that is, you

can travel through your universe forever without meeting a barrier or an

edge. But if you set out on a "straight-line" course and travel for a

sufficiently long time, you will travel around your "Universe" and return
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to your starting point. The surface of this sphere is .1 closed universe in

two dimensions.

On the other hand, it you are .1 two-dimensional person living In .1

two-dimensional world that consists of a flat plane 01 infinite extent, like

an infinitely large sheet of paper, you can travel forever on a straight-line

course and never return to your starting point. The infinitely large sheet

of paper is an open universe in two dimensions.

How can we extend these ideas to the three-dimensional world of

real life?

It is easy to do this mathematically, but impossible to do it in a way
that can be visualized clearly without mathematics. The reason is that

the surface of a sphere is a two-dimensional world carved out of .1 three-

dimensional space. Since we live in a three-dimensional world, we have

no trouble in visualizing the surface of a sphere, as well .is the space out

of which it is, so to speak, carved. Now let us consider the three-dimen-

sional world. In this world, the analogue to the surface of the sphere is

a three-dimensional volume carved out of a four-dimensional space. But

what is a four-dimensional space? How can we visualize it? We cannot,

any more than we can visualize the curvature of a thrcH'-dimensional

volume. These concepts are among the few ideas in science that cannot

be explained in an entirely nonmathematical way. They can be made
plausible with the help of the two-dimensional analogies, but a deeply

rooted, intuitive understanding, based on everyday experience, is not

within our grasp.

THE BOUNDARIES OF THE KNOWABLE

Although two independent measurements of the density of matter

in the Universe seem to exclude the Oscillating theory, the measurements
and their interpretations are still the subject of some controversy in the

astronomical community. Because of the very solid case against the

Steady-State theory yielded by the measurement of the primordial fire-

ball radiation, it seems likely that the ultimate cosmological theory will

resemble one of the two forms: Big-Bang or Oscillating; but which one?
Until that choice is settled, we will be unable to answer the questions
with which this chapter opened. Was there a beginning? Will there be
an end? Is the physical Universe eternal?

There the matter rests for the moment. Astronomers have exposed
very interesting details in the history of the Universe-the birth of stars,

the assemblage of the elements within the stars out of the three basic
particles, and their dispersal to space in supernova explosions- but
science has been unable to solve the fundamental problems of beginning

galaxies and end.
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MAIN IDEAS

1. The definition of cosmology.

2. Evidence for large-scale changes in the Universe; the steady depletion

of hydrogen by nuclear reactions in stars; the expansion of the Uni-

verse.

3. The Hubble law and the meaning of the Hubble constant.

4. The two main theories: Big-Bang and Steady-State. The Oscillating

cosmology as a variation of the Big-Bang theory.

5. Methods for choosing among the theories: changes in the Hubble

constant with time; the fireball radiation; the average density of matter

in the Universe.

6. The limitations of cosmology.

Important Terms

Big-Bang cosmology Hubble constant Steady-State cosmology

cosmology Hubble law ylem

cosmic density of matter Oscillating theory

cosmic deuterium Primordial Fireball

abundance radiation

Questions

1. What is the cosmological significance in the life story of the stars?

2. Give a one-paragraph summary of each of the Big-Bang, Steady-

State, and Oscillating cosmologies.

3. Describe the evidence indicating that the Universe is expanding.

4. The observed red shift for Galaxy 3C295 is 36 percent. What is its

velocity relative to us? What is its distance? Describe the condition

of the materials of the solar system when the light we now receive

from this galaxy set out on its journey.

5. What is the Hubble law? Define the Hubble constant. Explain how

changes in the Hubble constant with time can be measured. How

can the rate of change of the Hubble constant with time be used to

prove which of the three cosmologies is correct?

6. What evidence indicates that an explosion took place at the birth

of the Universe? What additional evidence seems to exclude the

Steady-State theory of cosmology?

7. Which basic force may halt the expansion of the Universe? Why

not the other two basic forces?

8. As we look outward in space, we look backward in time. Suppose

that the light from a quasar at a distance of 8 billion light-years
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showed a red shift, while the light from a quasar at .1 distance of 5

billion light-years showed no Doppler shift, and the light from quasars

within 5 billion light-years showed a blue shift. Could this pattern of

Doppler shifts be explained by any of the three cosmologies? It so.

which one? Explain your reasoning.

Plot a graph of velocity versus distant e lor eat h of the following tour

sets of hypothetical observations of galaxies. (Minus and plus signs

signify velocity toward and away from us. respectively. Draw .1

smooth curve through each set of points.)
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13 The Sun As a Star

The sun was formed 4.6 billion years ago, is nearly half-way through its

life, and will not change its properties appreciably until it moves off the

Main Sequence in five or six billion years to become a red giant. It is an

ordinary body in the cosmic hierarchy, similar to countless other G2

stars on the Main Sequence in its general characteristics; but it has one

unique feature: it is 300,000 times closer to us than the next nearest star.

The closeness of the sun gives it a considerable astrophysical interest.

The sun may be one point among many on the H-R diagram from the

viewpoint of the stellar evolutionist, but the solar astronomer, who stud-

ies its properties in detail, finds it to be a complicated and interesting

object. The sun's surface is a tempestuous region, marked by violent out-

bursts known as flares whose origin remains largely unexplained. These

solar eruptions produce effects in the earth's atmosphere that have major

consequences for the inhabitants of this planet, including radio blackouts

and possibly changes in climate. The sun also provides us with our only

opportunity to take a close look at a stellar atmosphere. The precise The solar neutr.no etpenmen, ^



measurement of the intensities and detailed shapes ot the lines In tin*

solar spectrum, made possible by the sun's proximity to the earth, pro

vides an observational checkpoint tor calculations oi absorption lines

in stellar atmospheres. The information yielded by these calculations is

the basis for the interpretation ot all stellar spectra. Thus the sun is the

indirect source of a large body of astrophysical knowledge. A summary of

its properties is given in Table 13.1.

HISTORY OF THE SUN

The history of a star w ith the mass ot the sun was desc ribed in Chapters

7 and 8 as a case study in stellar evolution. Recapitulating the beginning

of the history, condensed pockets of gas are believed to form and dissolve

repeatedly in the course of the random movements of interstellar matter

in the Galaxy. Sometimes these temporary condensations become per-

manent, because the atoms and molecules ot the (K)cket of gas are held

together by the attraction of their own gravity. As soon as a gravitationally

bound cloud of particles forms, it commences to contract, falling inward

on itself under the continuing attraction of gravity. The energy released

by the collapse of the cloud is converted into heat, and the temperature

at its center rises. The contracting, self-heating cloud is a protostar.

The protostar that became the sun is called the protosun. In the begin-

ning the protosun contracted steadily, but after roughly 20 million years

proton-proton reactions flared up at its center. The resultant release of

nuclear energy slowed the contraction to a halt, and the hot, dense cloud

of gas, now the sun, settled down to a stable existence on the Main Se-

quence. According to theoretical studies of solar evolution, at that time

the sun had a surface temperature very close to the present value of

5800
C
K, and the same yellow-white color with which we are familiar

today. However, the young sun was roughly half as luminous as it is

today.

Changes in the Composition of the Sun

Has the sun changed in any other way during its lifetime? One major
change has taken place as a consequence of the nuclear reactions that

have been going on steadily at its center. It is likely that the sun was
uniform in composition initially, with the same mixture of elements and
the same relative abundances throughout its interior. Its main ingredients

were primordial hydrogen and helium plus a small amount of heavier

elements. 1 Hydrogen made up about 75 percent of the mass of the primi-

tive sun, helium made up most of the remaining 25 percent, 2 and ele-

ments heavier than helium constituted 1 or 2 percent. 3

Once nuclear burning began, helium started to build up in the center

290



Table 13.1 Properties of the Sun.

Quantity Value Method of Measurement

1.



Figure 13.1 Comparison between con-

centrations of hydrogen (a) and helium (b),

4.6 billion years ago I ) and today ( )

based on theoretical studies of solar evolu-

tion. The curves show the depletion of hy-

drogen within a zone of roughly 200,000
km around the center, and the correspond-
ing build-up of helium in this zone.

of the sun and the concentration of hydrogen began to diminish, .is .1

consequence ot the steady conversion of protons to helium nuclei in

fusion reactions. Gradually, «i zone of helium-rich material spread oul

ward t'rom the center, today , aftei tour and .1 hall billion years oi steady

burning, the concentration oi hydrogen .it the centei has been depleted
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by half, from 75 percent to approximately 35 percent. At the same time,

the concentration of helium at the center has risen from 25 to 65 percent.

Figure 1 3.1 shows the variation in the concentrations of hydrogen and
helium from the center of the sun to its edge. The changes are confined

to a region extending out about 200,000 kilometers from the center, or

roughly one-third of the sun's radius. Beyond this distance the helium/

hydrogen ratio is the same as it was 4.6 billion years age.

In the lifetime of the sun thus far, only five percent of the sun's total

mass has been converted from hydrogen to helium. The reason is that

although the change in composition near the center is drastic, it has

occurred in a space that makes up only a small fraction — about one

fiftieth — of the sun's total volume.

THE SUN'S INTERIOR

Theoretical studies of stars of one solar mass have been carried out

by many theoretical astrophysicists under a variety of assumptions, and

agreement has been reached regarding the general conditions that exist

in the interior of the sun. Typical results of these calculations are shown

in Figures 13.2 and 13.3, which represent the temperature and density

of the sun at various points between the center and the surface. Figure 1 3.2

shows that the temperature decreases from a central value of approxi-

mately 1 5 million degrees to a value that appears to be zero at the surface.

In reality, the surface temperature is 5800 °K, but this value would be less

than the thickness of a pencil line if represented on the million-degree

scale of the graph on Figure 13.2

Figure 1 3.3 indicates that the density within the sun falls off very sharp-

ly with increasing distance from the center. The central density is about

150 g/cm 3
, or 13 times the density of lead. Halfway from the center to

\

\

/ igure I i 2 Temperature at \ arious depth*

in the sun's interior The arrow mdn Me*

the surface.

Figure 1 I. i Densit) a\ nth* in

the sun's inti

200,000 400.000 600.000

Distance from center of sun (kilometers)

200.000 400.000 600,000

Distance from center of sun (kilometers)
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Figure 13.4 Results oi the solar neutrino

experiment. The average of the obser\ed

values is one-quarter oi the theoretical

prediction. Each circle is a measurement;

the vertical lines are an estimate oi the

possible error in the results.

Predicted

result

Average of

measured values

5 10

Number of experiments

the surface, the density has decreased to 1 g/cm 3
, which is the density

of water. At the surface, the density is 10 7
g/c m 3

, or approximately

one ten-thousandth of the density of air at the earth's surface.

As a result of the rapid falloff in the density of the sun, most of its mass

is concentrated in a relatively small volume, approximately 90 percent

of the sun's mass being contained in the inner half of its radius. The

average density of the sun is 1 .4 g/cm 3
, or somewhat greater than the

density of water.

The Solar Neutrino Experiment
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Although these temperature and density values are considered to be

close to the true conditions within a star of solar mass, confidence in

their detailed accuracy has been diminished somewhat by the results

of a recent experiment, in which an attempt was made to measure the

number of neutrinos emitted from the sun's interior. These massless,

chargeless particles are created in the core of the sun in nuclear reactions

such as those on page 155, and escape to space directly because of

their negligible interaction with matter. In the experiment, a tank-car-

sized neutrino detector consisting of 600 tons of liquid perchloroethy-

lene (C 2CI 4), was buried in a mine in order to screen out interfering cos-

mic rays. This substance, a widely used cleaning fluid, is relatively

effective in recording the presence of neutrinos, which are captured by
the chlorine atoms in the fluid.

After running the experiment 15 times over a period of several years,

physicists reported that the number of neutrinos emitted from the sun
was substantially smaller than the number predicted (Figure 13.4). The
predictions were based on laboratory measurements of nuclear reaction

rates, combined with theoretical studies of the temperature and density

at the center of the sun.



In order to bring the calculations on the number of solar neutrinos into

agreement with the results of the experiment, it would be necessary to

reduce the computed temperature at the center of the sun by about 1.5

million degrees. This reduction represents a change of only 10 percent

in the temperature values shown in Figure 13.2; however, a 10 percent

correction is far greater than the uncertainty that the astronomers had

previously attached to their calculations of conditions in the interior of

stars of solar mass.

The solar neutrino experiment poses a serious problem in astronomy.

Although the experiment is difficult, most astronomers and physicists

consider that it has been done carefully and its result must be taken at

face value. A possible explanation of the experiment is that the neutrino

has unsuspected properties that have not been revealed previously.

Another possibility is that the internal structure of the sun is more com-

plex than previously assumed. One theoretical study suggests that occa-

sionally, perhaps every few hundred million years, the core of the sun

becomes unstable and expands, the temperature at the center drops, and

the nuclear reaction rate and neutrino production decrease accordingly.

The sun's surface temperature and luminosity diminish also. This means

that for a time the central temperature of the sun, the neutrino production

rate and the solar luminosity all are below their "normal" values. That

could be the condition that prevails today, and would explain the result

of the neutrino experiment.

Later, according to the studies, conditions in the sun's interior and on

the surface return to normal. After perhaps 200 million years the sun's

core becomes unstable again, and the entire cycle repeats. It has been

suggested that the periodic changes in solar energy output that take place

during this cycle might be the cause of the major ice ages on the earth.

Although a generally accepted explanation of the solar neutrino experi-

ment has not yet been provided, the experiment and its possible theoreti-

cal interpretations are of great interest, partly because they have forced

astronomers to reopen a nearly closed chapter in stellar evolution, and

partly because they may have interesting implications for the history of

the earth.

The Zone of Convection

In the deep interior of the sun the temperatures range up to many

m illions of degrees. In this range of temperatures, collisions between

atoms are sufficiently violent to eject many electrons from their orbits.

Light atoms are completely stripped of their electrons, and heavy atoms

lose their outer electrons, retaining only the tightly bound inner electrons.

These inner electrons cannot be dislodged easily by absorption of a

photon. Consequently, photons pass readily through the inner part of

the sun.
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Boiling water

n

Heat

Figure 13.5 Rising current in a heated
pot of water carry heat to the surface.

Nearer to the surface of the sun the temperature falls, .>ml the heaviet

atoms, such as iron, begin to recapture their outei electrons. Hie outei

electrons in an atom are bound to the nucleus by relatively small tones

and, therefore, can lx> easily separated from the nucleus by the absorp-

tion of a photon. For this reason, photons are strongly absorbed by atoms

that possess their outer electrons, rhe appearance <>i these absorbing

atoms in appreciahle numbers below the sun's surfa< e tends to bloc k the

flow of photons coming from the interior.

If photons are the only means oi c arrying energy up tothesurfa< e ol the

sun, the blocking ot these photons will cause the temper.ituie to drop

sharply at some depth below the surface. In this situation, the outer

region of the sun now consists ot .1 layer ol relatively COOl gas resting

on a hotter interior.

This layer of cool gas reacts in the same \s.iv .is ,i pot ot water placed

on a hot stove. The water at the bottom ot the pot, heated by COntad

with the stove, expands, and rises to the surfai e. At the surface, the

water loses some of its heat to SDSK e, t OOls, ^<n\ des< ends to the bottom

of the pot. There it is reheated and rises again. The result is ,1 ( in ulating

current of water, which carries heat from the bottom of the pot to the

surface (Figure 13.5).

In the same way, the gas at the bottom of the cool outer layer ot the

sun is heated by its contact with the hot gas in the interior, expands, and

rises toward the surface. At the surfa< e, the hot gas loses its heat to space,

cools, and descends again into the interior. As a consequence the entire

outer layer of the sun breaks up into ascending columns of heated gas

and descending columns of cooler gas.
4 As with the pot of water on the

stove, these circulating currents of gas carry heat or energy upward to

the surface from the interior of the sun.

The transport of energy by circulating currents of gas or fluid is called

convection. The currents that carry the heat upward are called comer
tion currents, and the region of the sun in which this large-scale upward
and downward movement of gases occurs is called the zone of convec-

tion. It extends from a depth of about 150,000 kilometers upward to the

surface of the sun.

At depths greater than 1 50,000 kilometers, energy is transported within

the sun by radiation, that is, by the flow of photons. At 1 50,000 kilometers,

the outward flow of radiant energy is blocked to a substantial degree by
the absorption of photons, and convection sets in. From that depth out

to the surface, energy is transported partly by convection and partly by
radiation. Above the surface, radiation again becomes the sole means of

energy transport.
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* In the case of a pot of water on a hot stove, if the stove is very hot bubbles of
water vapor, that is, steam, form at the bottom of the pot. These bubbles rise

rapidly to the surface because of their buoyancy. That is, the water begins to

boil. In the case of the sun, the materials are already in the gaseous state, and
boiling does not occur.
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Figure 13.7 Solar granules photographed

from a balloon at 80,000 ieet.

that it has a granulated texture. The granules are relatively small -up
to 1500 kilometers in diameter- and are difficult to observe under

ordinary conditions because of the blurring effecl o( the earth's atmos-

phere. However, they appear clearly in photographs taken from instru-

ments carried above the atmosphere in balloons (Figure 13.7), or from

ground-based telescopes under good seeing conditions.

Solar Granules and Solar Convection

Doppler-shift measurements indicate thai in the brighl center of a

granule the gas moves upward, and at the dark boundary it moves down
ward. Apparently the granules are the tops of the ascending columns

of hot gas in the uppermost tier of the zone of convection. The Doppler-

shift measurements, combined with photographs such as that in Figure

13.7 are proof that the zone of convection actually exists in the sun.

The formation of rising columns of gas above a hot surfac e is a familiar

phenomenon in the earth's atmosphere. Frequently the sun's radiation

heats the surface of the earth to a higher temperature than the air imme-
diately above. The air, warmed by contact with the ground, expands,

becomes buoyant, and rises in columns of heated gas, forming a zone of

convection in the atmosphere. The top of the zone of convection is
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usually at an altitude of about 30,000 feet. As the columns of warm air

ascend their temperature drops, and the moisture they have carried with

them condenses into droplets of water, forming clouds and rain.

Sometimes, because of conditions in the atmosphere, condensation

into clouds occurs only at the top of each upward-moving column of

air. When this happens, the top of a column can be seen clearly as an

isolated puff of cloud. Figure 13.8a shows a photograph of a field of

cloud puffs formed in this way, marking a zone of convection similar

to the zone of convection in the sun. Each cloud is analogous to a brightly

glowing granule in the photosphere. Figures 13.86 and c compare the

terrestrial clouds with solar granules and with convection cells produced

in the laboratory by placing a pan of fluid over a uniformly heated surface.

Supergranules. Measurements of the Doppler shift in the solar spec-

trum reveal large-scale movements in the gas at the surface of the sun,

similar to the movements of the gas in solar granules, but extending over

much greater distances and persisting for longer times. The entire surface

of the sun is broken up into a pattern of cells by these movements (Fig-

ure 13.8d).

The large cells are called supergranules. Each supergranule is about

30,000 kilometers in diameter, includes roughly 300 granules within

Figure / i.Ha, b, and
lion (clK M

phere showii

tocumui

laboratt lenl with a pan <

heated at the bottom.

Doppler shift

ments of material

Light i'

light and dark ind

broken up into

material ab



300

THE SOLAR SYSTEM

its boundaries, and lasts tor about one day. The supergranules are the

second tier of convection cells in the sun.

Doppler-shift measurements also provide evidence tor very large

currents of moving material, called giant cells, which may be surface

manifestations of the deepest tier of convection i el Is,

The Sharpness Because the sun's density decreases

smoothly and continuously as we pass through its outer layer, we might

expect that the brightness of the solar disk would fade gradually into the

blackness of space. Howe\er. inspection ol the sun with the eye or a

small telescope reveals that the edge is exceedingly sharp 1 he explana-

tion for the sharpness of the edge ( omes out of -i ( areful examination ot

the circumstances that control the depth in the sun from which photons

can escape to space.

In the deep interior of the sun ( opkMlS numbers of photons are emitted

because the temperature of the gas is very high, mu\ also lx'< ause there

are many radiating atoms per cubic centimeter. However, most ol these

photons are absorbed during their passage through the overlying layers

of the sun. Very few reach the surface and escape to spa< e. Ih.it is, very

little of the sun's light comes from the deep interior.

At very great distances from the center of the sun the density of the

solar gas diminishes to exceedingly small values, and the numbei ot

radiating atoms becomes very small. Therefore, very little of the sun's

light comes from these outermost regions.

Most of the photons in the sun's radiation come from an intermediate

level, at which the density of the solar gas is great enough to emit many
photons, but the amount of overlying material is not so great as to prevent

these photons from escaping to space.

The intermediate level is the sun's visible surface, or photosphere. It

is a zone of finite thickness and not a sharply defined boundary. How-
ever, the sun's density decreases so rapidly with increasing distance from

the center that the transformation from nearly full brightness to nearly

complete transparency occurs in the relatively narrow distance of about

500 kilometers. Because 500 kilometers is a very small fraction of the

sun's 1.4-million-kilometer diameter, the solar disk appears to have a

knife-edged definition when viewed with the naked eye.

The Temperature of the Photosphere

Theoretical curves of radiated energy versus wavelength were shown
in Chapter 2 for a range of temperatures. If these curves are matched
to the measured spectrum of energy radiated by the sun at various wave-
lengths, the best agreement is obtained for a temperature of approximately

6000 'K. An appreciable variation in temperature occurs across the 500-

kilometer-thick zone that constitutes the source of the sun's visible

radiation. Some of the photons that we observe in the solar radiation

actually come from a level a few hundred kilometers below the midpoint



of the photosphere, where the temperature is about 8000 % and some
come from a level a few hundred kilometers above the midpoint, where

the temperature is about 4000 °K. The 6000 °K temperature of the sun's

visible surface is an average over this range of temperatures.

Another way of calculating the temperature of the photosphere de-

pends on the observed luminosity and radius of the sun. Suppose that

the sun were a solid sphere with a sharply defined surface, instead of

being a sphere of compressible gas of varying density. In that case all

the solar photons would come from the surface of the sphere, instead

of being emitted from various depths within the sphere. If T is the tem-

perature at the surface of the sphere, and R is its radius, the energy per

second radiated to space by the sphere is

L = 4itR2 x &T*

where o- is the Stefan-Boltzmann constant, which has the numerical

value of 5.7 x 1

0"5
in centimeter-gram-second units. 7 can be calculated

from this formula if the observed luminosity and radius of the sun are

inserted. The calculation yields a value of 5800 °K, which is called the

effective temperature of the photosphere. This value is the temperature

that a perfectly radiating sphere5 would have if its radius were the same as

the sun's radius, and its total energy output matched the sun's luminosity.

The effective temperature agrees closely with the temperature of 6000 °K

deduced from the curve of the variation of energy with wavelength

in the sun's spectrum, and either value may be used as the temperature

of the photosphere.

Formation of Absorption Lines. Moving upward from the photosphere,

the temperature falls from 6000 °K to approximately 4000 °K at a height

of 500 kilometers above the surface, and remains at this relatively low

temperature for a few thousand kilometers. This layer of relatively cool

gas lying over the hotter gas beneath absorbs radiation at wavelengths

characteristic of the atoms in the sun's composition. The layer of cool gas

is the region in which the solar absorption spectrum is formed (page 93).
6

5 The formula is valid for black bodies, that is, for objects that entirely absorb

all light incident on their surfaces. According to a law of physics, a black body,

or perfect absorber, is also a perfect radiator. An object that absorbs part of the

incident light and reflects part, such as a sphere painted dark grey, for example,

radiates uniformly less energy at every wavelength than this formula predicts.

The sun is close to being a perfect absorber or black body and is, therefore, a

nearly perfect radiator.

6 The picture of a sharp distinction between the hot radiating region and the cool

absorbing region is a simplified description. In reality, the continuum rad.at,on

and the absorption take place simultaneously over a range of levels in the outer

part of the sun, with continuum radiation dominant at the lower levels and ab-

sorption dominant at the higher levels. The lower levels belong unambiguously 301

to the photosphere and the upper levels are a transition zone between the photo-

sphere and the chromosphere.
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THE SOLAR ATMOSPHERE

Figure 13.9 A cross section oi the sun

showing the structure of the solar interior

and atmosphere. The spacing of the dots

represents the densit\ of helium nuclei.

Thicknesses of the photosphere and chro-

mosphere are exaggerated b) a M< tor of

ten. Other regions are drawn to scale.

The region of tenuous and essential!) transparent solar k.i^ l\ ing above

the photosphere IS called the so/.ir atmosphere I he outei bound. n\ <>t

ilar atmosphere is not clearly defined, fhe atmosphere extends

out to a distance oi .ilxmt 5 million kilometers from the sun, it its limit

is considered to be the point .it which the density «>t tin- solai gas has

decreased to the density of the g.is in the space between the planets.



The solar atmosphere is divided into two regions called the chromo-

sphere and the corona. Both regions are invisible under ordinary con-

ditions because their faint luminosity is masked by sunlight that has been

scattered in the earth's atmosphere or in the telescope itself. Figure 13.10

illustrates the way in which the photons emitted from the face of the sun

can be scattered and changed in direction so that they appear to come
from the solar atmosphere.

These scattered photons create an apparent halo of light around the

sun that is enormously brighter than the true solar atmosphere. A street

lamp, viewed on a foggy night, possesses a similar halo of light scat-

tered by the water droplets making up the fog.

During the brief moments in a total exlipse when the face of the sun

is completely covered by the moon, the halo of scattered light disappears,

and the solar atmosphere becomes visible as a luminous aureole sur-

rounding the moon's black disk and extending out into the space around

the sun to a distance of as much as 10 solar diameters or 14 million

Figure 13.10 Masking of radiation from

the solar atmosphere by sunlight scattered

in the earth's atmosphere or in the tele-

scope, (a) Photon A is emitted from the

chromosphere or corona and received

directly by the observer, lb) Photon B is

emitted from the photosphere and scat-

tered into the observer's telescope by a

collision with a particle in the earth's atmo-

sphere so that it appears to originate in the

solar atmosphere.



Figure 13.11 Visibilit\ oi the chromo-

sphere during a total eclipse, (a) At the

beginning oi totalit\ , the entire chromo-

sphere is visible on the eastern limb oi the

sun. Ibt A little later the moon's di^k cut--

oft the light irom the lower chromosphere,

(c) Still later the entire chromosphere is

concealed. The iull sequence la^t Is to

20 seconds.

kilometers. The sudden appearance ot this pearl-white luminescence,

radiating as much light as the full moon mm\ covering 100 times the

moon's area, has a greater impact on the observer than am other usual

display created h\ the movement ol the celestial bodies.

The Chromosphere

During a total eclipse the trained observer m,i\ see a very thin red

crescent of light flash into view on tin- sun's eastern limb in the begin-

ning of totality, at the prec ise instant when the moon's black disk first

covers the photosphere \t the same time the < oron.i appears .is a sur-

rounding halo extending tar out into the space around the sun. The

crescent is a part of the chromosphere ol the sun. I he corona persists

throughout the period of totality, whit h mav Ik- several minutes, but the

red flash of the chromosphere disappears in one or two sec onds. and is

easily missed.

The chromosphere is visible tor a very short time be< ause it is a rela-

tively narrow zone in the solar atmosphere, and its r.ivs are ( ut offquk kly

by the apparent motion of the moon. Most ot the light from the chromo-

sphere originates in the region of the solar atmosphere extending from

the photosphere to a height of approximately 2000 kilometers. This

narrow zone, only one four-hundredth of the sun's diameter, is exposed

at the eastern limb of the moon at the beginning of totality (Figure 13.1 1a).

As the moon continues its apparent motion to the east, it conceals success-

ively higher levels in the chromosphere. The zone of concealment

sweeps upward through the chromosphere at a rate of 300 kilometers per

second, cutting off the red light from the lower chromosphere in a few
seconds, and concealing the entire chromosphere after 1 5 or 20 seconds
(Figures 13.115 and c). The sequence is repeated in reverse order on
the western limb of the moon at the end of totality.

The Flash Spectrum. If the spectrum of the sun is observed during a

total eclipse, the familiar absorption lines in the solar spectrum remain

visible as long as a part of the photosphere is exposed. At the moment
that the photosphere is entirely covered, the dark-line absorption spec-

trum suddenly changes to a bright-line emission spectrum. This is the

spectrum of the chromosphere. It is c 'lied the flash spectrum because
it flashes into view briefly at the beginning and end of the period of total-

ity of the eclipse.

Many of the lines in the emission spectrum are the same as the lines in

the sun's absorption spectrum because the absorption spectrum is pro-
duced by the initial transition of atoms from a low-energy to a high-
energy state, while the emission spectrum results from the subsequent
transition of the same atoms in the reverse direction. Since the energy
differences are the same for both spectra, the lines have the same
wavelengths.



Figure 13.12 Photons emitted from the

photosphere at the limb of the ^un are

absorbed by atoms in the ( bromosphere.

The excited atoms collapse to lower states,

emitting photons in all directions. Occa-

sionally, a photon is emitted in the direction

of the earth, giving rise to the ol

emission spectrum of the chromosphere

To see the emission spectrum of the chromosphere, we must look at

the region just beyond the limb of the sun. The atoms in this region

absorb photons from the photosphere below and reemit them in all

directions. Some photons are emitted along the line of sight from the

limb of the sun to the observer, who detects a glow of radiation coming

from the part of the solar atmosphere immediately outside the disk of

the sun (Figure 1 3. 1 2). If this radiation is spread into its component wave-

lengths by a spectrograph, it forms the flash spectrum.

Figure 13.13 (page 306), shows the flash spectrum photographed in

the 1 973 eclipse, with the first two Balmer lines of hydrogen, a line of he-

lium, and lines of several metals identified. The slit normally used at the

entrance to a spectrograph to separate closely spaced lines is not needed

in obtaining these spectra, because the source of light in the chromo-

sphere is itself a very narrow zone. Each line in the flash spectrum is

an image of the narrow zone at one particular wavelength. The lines

are curved into the shape of narrow crescents because they are formed

by the circular segment of the chromosphere that lies just outside the

concealing disk of the moon, as shown in Figure 13.11a.
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Figure 13.13 A flash spectrum photo-

graphed from Mauritania in t/w

eclipse at the conclusion ot totalit\ . The

most intense line in the spectrum is the first

Balmer line at 6563 A in the red region of

the spectrum.
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He (ionized) 4686 A

He 4713 A

H (second Balmer line) 4861 A

He 5016 A

Fe (ionized) 5018 A

Mg5167 A

Mg5173 A

Mg5184 A

- Fe (13-times ionized) 5303 A

He 5875 A

Na 5890 A

Na 5896 A

Fe (9-times ionized) 6374 A

H (first Balmer line) 6563 A

He 6678 A



Figure 13.13 shows that the most intense radiation in the flash spectrum

comes^ from the first Balmer line of hydrogen at 6563 A. The strong

6563 A line gives the chromosphere its characteristic red color.

If a line is produced by a transition at very great altitudes, the region

of the solar atmosphere responsible for this line will be exposed through-

out the period of totality, and the line will appear in the flash spectrum

as a more complete segment of a circle. This is true for lines originating

in the corona. The lines in Figure 13.13 at 5303 A and 6374 A appear

as longer circular arcs than any other lines in the flash spectrum, demon-

strating that these lines originate high in the solar atmosphere, and there-

fore are coronal lines. The faint green circle in Plate 13 is the same coron-

al line at 5303 A. It appears as a complete circle because it originates

at altitudes that lie entirely outside the moon's eclipsing disk.

The Temperature of the Chromosphere. Although many lines are

identical in the flash spectrum and the sun's absorption spectrum, the

correspondence is not perfect. The flash spectrum has lines of neutral

and ionized helium, as well as some lines of ionized metals that are

missing or very weak in the solar absorption spectrum. The presence

of these lines in the flash spectrum suggests that the temperature at the

upper levels of the chromosphere is considerably higher than the tem-

perature at the surface of the sun, since the electrons in the helium atom

are tightly bound to the nucleus, and high temperatures and correspond-

ingly violent collisions are required to raise these electrons to excited

orbits or remove them from the atom entirely.

Neutral helium atoms, for example, can be excited in a gas only if

the temperature is greater than 10,000 °K, and the appearance of ionized

helium atoms in appreciable numbers requires a temperature of at least

20,000 °K. The presence of these lines suggests that the temperature

at some level in the chromosphere is at least 20,000 °K.
7

These qualitative conclusions are confirmed by more precise studies

in which many separate exposures of the flash spectrum are taken in

succession, at the rate of one or two per second, during the 15- or 20-

second period in which the chromosphere is exposed at the beginning

or the end of totality. The flash spectrum changes character during the

course of these brief periods because, as noted above, the moon's disk

successively covers, and then uncovers, different regions in the chromo-

sphere as it slides across the face of the sun. Thus, the sequence of flash

spectra yields the contributions from different altitudes in the chromo-

sphere. The structure of the chromosphere can be determined with a

precision of a few hundred kilometers in this way.

The results of the flash spectrum studies are shown in Figure 13.14.

The temperature of the chromosphere falls from 6000 °K at the photo-

sphere to a minimum of approximately 4000 °K and stays in the range

between 4000 °K and 6000 °K up to approximately 2000 kilometers.

7 Recent studies indicate that ultraviolet radiation from the corona also con-

tributes to the ionized helium lines in the flasi. spectrum.
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Figure 13.14 Temperature* in the chro-

mosphere. The transition zone is highly

variable and inhomogeneous, with spicules

and interspicular matter (see page 312) con-
tributing to the average conditions shown
in the graph.
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Above that height the temperature begins to rise very steeply, reaching

the million-degree level at an altitude of roughly 5000 kilometers and
remaining at that level throughout the inner corona

At the high temperatures that prevail in the upper c hromosphere, all

hydrogen and helium atoms are ionized, and the 6563 A line and other

emission lines of neutral hydrogen and helium disappear. Elements
heavier than hydrogen and helium, such as calcium and iron, also lose

several electrons at this temperature, although they are not completely
stripped as is true for hydrogen and helium. Thus, the lines of all these

elements, which are prominent in the spectrum of the lower chromo-
sphere, disappear gradually as the altitude increases and are entirely

missing from the spectrum of the corona.

Photographs of the Chromosphere. The radiation from the chromo-
sphere, summed over all wavelengths, is roughly 1000 times fainter
than the radiation from the photosphere. For this reason the chromo-
sphere is not visible in ordinary photographs of the sun taken in white
light. However, if the light from the sun is passed through a filter that
only transmits light in a limited band of wavelengths, a different situation
may prevail. Suppose that the filter transmits light at the wavelength of



the first Balmer line of hydrogen, at 6563 A, and blocks light at all other

wavelengths. The 6563 A line of hydrogen is one of the strongest absorp-

tion lines in the solar spectrum. This means that most of the 6563 A
photons coming from the lower levels in the photosphere are absorbed,

and very few escape to space.

Each atom that absorbs a 6563 A photon subsequently collapses to its

initial state, emitting another 6563 A photon, but this photon also is

absorbed if the atom is at a depth where the density is substantial.

Only if the atom emitting the 6563 A radiation is located in the chromo-

sphere, where the density is lower and the gas is relatively transparent,

will a 6563 A photon be likely to escape from the sun. Therefore, an

observer, viewing the sun through a filter transmitting only 6563 A radia-

tion, does not see the photosphere; instead he sees the chromosphere.

It is possible to explore the structure of the photosphere and chromo-

sphere at several levels by using slightly different wavelengths, all in the

neighborhood of the 6563 A line. Figure 13.15 shows the variation of

absorption with wavelength in the vicinity of this line. If the filter trans-

mits light at the precise center of the line, where the absorption is strong-

est, the photographs will show details of chromospheric structure several

thousand kilometers above the surface. If the filter is modified to transmit

light half or three-quarters of an angstrom away from the center of the

line, the absorption will be somewhat less than at the center, and the

photograph will show the structure of the chromosphere at a somewhat

lower altitude. If the transmitted light is, say, two angstroms from the

line center, where the absorption is relatively small, the photograph will

show some of the structure of the underlying photosphere.

In this way, by varying the wavelength in the vicinity of a strong

absorption line, the observer can see into the chromosphere to different

depths and obtain a picture of the way in which the properties of the

chromosphere change with height. Plate 21 illustrates the effect on a

photographic image of variations in wavelength in the vicinity of the

6563 A line.

Although 6563 A radiation is frequently chosen for photographs of the

chromosphere, other absorption lines can also be used. In particular,

the very strong absorption line of calcium at 3934 A often is employed

for this purpose.

Figure 13.16 shows the disk of the sun photographed in the light of

the 3934 A line of calcium. The photograph shows a network of cells

covering the entire solar disk, giving the sun's image a mottled or granu-

lated appearance like the skin of an orange. These cells are approximately

the same size as the supergranules that appear in the Doppler-shift

image of the photosphere (Figure 13.8d on page 299). It .s usually as-

sumed that the chromospheric network of cells visible in Figure 13.16 is

associated with the supergranule network in the underlying photosphere.

Figure 13 17, also taken in 6563 A light, shows the detailed structure

of a small region in the chromosphere. The photograph reveals many

short, dark lines, resembling blades of grass, that seem to outline or

partially outline a dozen or so irregularly-shaped fields on the sun s

Figure 13.15 Measurement of the per-

centage of light transmitted through the

chromosphere in the vicinity of the absorp-

tion line of hydrogen at 6563 A. The shallow

depression 2.5 A to the short-wavelength

side of the center of the 6563 A line is the

combined result of absorption by silicon

atoms in the sun and water molecule^ in

the earth's atmosphere.
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Figure 13.17 (opposite) A photograph oi

an area on the sun about 100.000 kilo-

meters across, showing ~e\eral large areas

approximated 30.000 kilometers in diam-

eter, whose boundaries are partially out-

lined bv dark blade-like jets of matter. The

jets mav be spicules. The photograph was

taken at a wavelength 7/8 A from the center

oi the first Balmer line at 6563 A. The light

forming an image at the wavelength comes

irom an intermediate level in the chromo-

sphere, several thousand kilometers above

the photosphere.

Figure 13.16 The sun photographed in

light of the calcium absorption line at

3934A.

310

THE SOLAR SYSTEM

surface. Each field is about 30,000 kilometers across. These fields have
the same size as the supergranules in Figure 13.8 and the cells in Figure

13.16, and are believed to be identical with them. The blade-like features

outlining the cells are thought to be jets of matter that are squeezed out
of the sun's surface at the boundary between two adjoining supergranules.

Spicules. Figure 13.18 shows a photograph of the limb of the sun,
also taken near the center of the 6563 A line. The photograph reveals

numerous spears or tongues of luminous material that rise out of the base
of the chromosphere. These jets, called spicules (from the Latin spiculum
for javelin), originate in the lower and middle chromosphere at an alti-

tude of 1000 to 2000 kilometers, and generally reach heights of several
thousand kilometers, although some rise to altitudes greater than 10,000
kilometers. They vary in diameter from a few hundred to a thousand
kilometers. Each spicule lasts about 10 minutes on the average, and new
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ones continually form, grow, and disappear. Only a small fra< lion oi the

sun's surface is believed to be covered by the spk ules at any given time,

but when viewed in profile, as in Figure l i.18, they seem to be quite

dense and give the chromosphere the appearance oi a burning prairie

Spicules are suspected to lx» identical with the dark bladelike features

in Figure 13.17, although this asso< lation has not been established con-

clusively. Calculations show that a jel oi gas forming a spicule could

appear bright when viewed against the blac kness ot sp.u e .it the limb ot

the sun, while the same jet could absorb enough 6563 A radiation to

appear dark, as in Figure 13.17, when viewed against the photosphere

beneath.

Figure 13.18 Spicules at the limb, photo-

graphed 1 A off the center of the 6563 A
line of hydrogen.

The Corona
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The chromospheric spicules generally rise to a height of about 5000

kilometers. This altitude may be called the upper boundary of the ( hro-

mosphere. Above it lies the region of the solar atmosphere called the

corona. As seen during an eclipse, the visible corona extends out from

the edge of the solar disk many millions of kilometers (Figure 13.19).

When viewed from the ground, the luminosity of the corona fades into

the background of scattered light from the sky at a distance of roughly 10
million kilometers from the sun, but photographs taken from a balloon at

high altitudes, where the sky is darker, show a visible corona out to 30
solar radii or 20 million kilometers, and measurements of the influence

of the corona on radio waves show a detectable effect halfway out from
the sun to the earth. Other measurements made from satellites and space
probes suggest that the corona has no outer boundary. A stream of gas
called the solar wind flows out of the corona and into the solar system
at all times, continuously immersing the earth and its sister planets in

the tenuous gases of the solar atmosphere.

The Coronagraph. The chromosphere and corona can be studied at

leisure, without limiting the period of observation to the few minutes of

totality of a solar eclipse, by blocking out the interfering light from the

disk of the sun artificially. A telescope can be modified for this purpose
by placing an opaque disk, whose diameter is precisely equal to the

apparent diameter of the sun, at the focus of the objective lens where
the first image of the sun is formed. Telescopes constructed in this way
are called coronagraphs.

The coronagraph has greatly increased the amount of information



available to the solar astronomer. However, under the best conditions

coronagraphs still are unable to detect the weak radiation from the outer

corona, which is too faint to be seen except during a total solar eclipse.

Because a total eclipse provides unique conditions for observing the

outer corona, solar astronomers travel to remote and nearly inaccessible

places, if necessary, to set up their instruments in a region in which the

period of totality is greatest. Calculations based on the orbits of the earth

and moon reveal that the longest possible period of totality in an eclipse

is seven minutes and 40 seconds. Eclipses with periods of totality ex-

ceeding seven minutes are exceedingly rare, although three have oc-

curred in this century, in 1937, 1955, and 1973. The next seven-minute

eclipse will occur in 2150.

The Spectrum of the Corona. The Balmer line and other strong emission

lines of hydrogen and helium gradually disappear from the spectrum of

the solar atmosphere with increasing altitude, and are replaced by the

continuous spectrum of white light characteristic of the corona. The

continuous spectrum of radiation from the corona consists mainly of

visible light from the sun's surface that has been scattered in the direction

of the earth by collisions with free electrons.

The corona contains emission lines of elements other than hydrogen

and helium. They are weak in comparison to its continuous spectrum

but convey very important information. The green coronal line in Color

Plate 11, for example, is produced by a transition in atoms of iron that

have lost 1 3 electrons out of their normal complement of 26. Atoms that

have lost so many electrons cannot be produced in the laboratory in

sufficient numbers to permit a study of their spectra. This was the reason

why the lines in the spectrum of the corona had never been detected

on the earth.

Figure 13.19 The solar corona i0$(

alter the start of totality during the « lipH>

of March. 1970. Featun We .it a

distance ol 4.5 solat radii or i million

kilometers. The sun's <"on is

about 40° counten lo< kwi-t- from the

vertical in the photograph.
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Thv rem/ -\n enormous amount of energy is

required to remove l * electrons from an iron atom. The outermost ele< -

irons can be dislodged with relative ease, but the innei electrons are

bound \er\ tightK to the nucleus, and collisions ot exceedingly great

violence are required to ej« t them from their orbits, collisions with

the necessary degree otuoleni eon uronly at a temperature ot 500,000 °K

or more. Other lines in the spectrum ot the corona, such .is the lines

produced by transitions in calcium atoms that have lost 14 electrons,

require a temperature of .it least one million degn

The presence of these lines indicates that the temperature In large

regions ot the corona is close to one million degrees, rhis discovery

led to one of the greatest problems in the stuck ot the sun. Wh.it is the

source ot the energy that heats the corona to <i temperature of a million

degrees? The tenuous gas ot the corona is too ratified to absorb an ap-

preciable amount of energy from the sun's radiation as it passes through,

and even if most of this energy were absorbed, it would only heat the

corona to the temperature of the photosphere, whic h is only 6000 °K.

Some other agent must rx> at work to produce the million-degree tem-

peratures in the corona.

No completely satist\ in« resolution of the difficulty has been obtained

thus far, but one factor that is Ix-lieved to be important is the continual

agitation of the gases of the corona by shock waves rising out of the

turbulent, boiling surface of the sun. These shock waves are sharply

defined sound waves, like a thunderclap or the boom produced by a

supersonic aircraft. Each shock wave is a zone in the gas that has been

compressed and heated. The compressed, heated wave travels through

the atmosphere at approximately the speed of sound. The degree of

heating produced by a single shock wave is very small, but if innumera-

ble shock waves follow one another in rapid succession, the heating

effect can accumulate and raise the temperature of the corona con-

siderably. Intense magnetic fields on the surface of the sun may also

contribute of the heating of the corona, as described on page 331

.
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Main Ideas

1. Conditions in the interior of the sun; composition, density, and tem-

perature.

2. The significance of the solar neutrino experiment.

3. The meaning of convection; the zone of convection in the sun.

4. The photosphere; solar granules and supergranules.

5. The chromosphere; the flash spectrum; spicules.

6. The corona; explanation for high coronal temperatures.



Important Terms

black body

chromosphere

convection currents

convection zone

corona

coronograph

effective temperature

flash spectrum

granules

photosphere

protosun

shock wave

solar neutrinos

solar wind

spicules

supergranules

Questions

1. How has the sun changed during its history? What is the principal

reason for the change?

2. Why does the density of the sun increase with depth? Why does

the temperature increase with depth?

3. How are neutrinos observed? How do results of the observation of

solar neutrinos bear on the subject of stellar evolution?

4. Describe the process of convection. Give examples of convection

on the earth. Where does convection occur in the sun? Why? How
is convection in the interior of the sun manifested on the surface?

5. The surface temperature of the sun is approximately 6000°K. The

radius of the sun is 7.0 x 1
10 cm. What is the luminosity of the sun?

6. How is the photosphere defined? Give two ways of calculating the

temperature of the photosphere.

7. How is the flash spectrum used to determine the temperature at

various levels in the solar atmosphere? Describe the temperature

variations in the solar atmosphere.

8. What features of the sun are revealed during an eclipse that are

normally not visible. Describe an instrument for making the same

features visible under nonecl ipse conditions.

9. The chromosphere radiates about a thousandth of the energy

radiated by the photosphere. How can the structure of the chromo-

sphere be observed against the much brighter background of the

photosphere? Explain.

10. Describe the sun's corona. What produces the radiation from the

corona? Why is the corona normally invisible?
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14 The Surface of the Sun

Up to this point the sun has been treated as a typical Main-Sequence

star, whose internal structure and evolution were discussed in detail

because the sun's position on the Main Sequence, midway between

the largest and smallest stars, made it particularly well suited to serve

as an example of an average star. Throughout the discussion the questions

of primary interest were the release of nuclear energy within the sun by

the fusion of hydrogen, the transport of this energy to the surface, and its

radiation into space. Theoretical studies of these processes, based on

experiments in the nuclear physics laboratory combined with an enor-

mous body of knowledge derived from stellar spectra, lead to predictions

of the evolutionary tracks of stars of various masses that constitute one

of the great syntheses of theory and observation in science.

These predictions seem to include all the basic properties ot the sun

as a star They predict that a star with one solar mass, and roughly 5

billion years old, will have a luminosity of 4 x 10 33 ergs/sec and a

surface "temperature of 6000 TC They also predict the details of the A solar prom,nence
317
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internal structure o( a sun-sized star, irx luding the amounts of hydrogen

and helium at various distances trom the center, the values <>i density

and temperature at all depths trom the surface to the center, and the

nature of the zone ot c onvet lion.

But they completeh fail to predi( t the o< t urrent e of solar "weather."

They fail to predict violent storms that ram- across the face <>t the sun

in an 11-year cycle, geysers <>t hot gas that rise hundreds of thousands

ot miles into the solar atmosphere, and explosive outbursts of gamma
rays, X rays, ultraviolet radiation, am\ energetic protons thai erupt

sporadically from the sun.

We see the tempestuous solar "weather" only bet ause of the i lose-

ness ot the sun. It our star were thousands ot light-years away, most of

the activity on its surfa< e would be undetec table. I he reason is th.it the

surface storms, violent as the\ are, contain only .1 millionth part ot

the sun's total output of energy. Consequently, they play a limited role

in the broad scheme ot evolution ot Main-Sequence stars. However,

they produce a great variety of displays that .ire sc ientifi< ally interesting,

strikingly beautiful, and ot great practical importance to the inhabitants

of the earth. A major branch of solar physic s is devoted to the study of

the pyrotechnics that play across the face of the sun, waxing and waning
with the 1 1-year sunspot cycle.

SUNSPOTS

Sunspots are the only sign of solar surface activity that can be detected

with the naked eye under ordinary circumstances. When a large spot

or group of spots is present on the face of the sun, it can be seen easily

at sunset, or through a thin haze of clouds or a filter.

References to sunspots go back to a Greek observer in the fourth

century B.C. There was little further mention of them during the long

period in which western astronomy languished, the commonly held

belief being that the sun was a perfect, unblemished sphere. The
invention of the telescope in 1609 destroyed this illusion immediately.

By 1611, four observers, among them Galileo, had independently
studied the spots with the aid of the newly invented instrument.

When sunspots are photographed with high resolution under good
seeing conditions, they look like irregularly shaped holes or craters in

the sun's surface. Figure 14.1 is an example. It shows a photograph of

a sunspot about 30,000 kilometers in diameter, taken through a tele-

scope suspended from a balloon at an altitude of 80,000 feet. Atmos-
pheric blurring of the image is reduced at that altitude, and the details

of sunspot structure emerge more clearly than they can be seen from the

ground. The black inner region of the spot is called the umbra and the

surrounding fringe is called the penumbra. The granulation in the

photosphere is also visible in this photograph.
The average size of sunspots is about 10,000 kilometers, but on rare

occasions spots appear that extend across more than 150,000 kilometers



of the sun's surface. The spots usually occur in pairs or in complex

groups. Figure 14.2 (page 320) shows a large sunspot group photograph-

ed with the 100-inch telescope on Mount Wilson that includes one

enormous spot about 1 00,000 kilometers across.

The smallest sunspots, called pores, range in size from a few thousand

kilometers down to the limit of telescopic resolution. Still smaller

pores, too minute to be resolved in a telescope, may also exist. Large

sunspots in groups usually are accompanied by considerable numbers

of pores. Figure 14.3 (page 321) shows the birth of a pore in four photo-

graphs taken on February 4, 1958, during an interval of an hour and

25 minutes. Pores frequently appear and disappear in a few hours, and

generally do not last longer than a day.

Small sunspots persist for several days or a week, and the largest spots

may last for many weeks, long enough to be carried across the entire

face of the sun during the course of its rotation, and reappear about a

month later on the opposite limb.

What are sunspots? Early observers of the spots through telescopes

offered widely varying explanations. Some thought they were small

planets circling the sun within the orbit of Mercury; others said they

were mountains projecting above luminous clouds that covered the

sun's surface; Galileo thought they were clouds drifting in the sun's

atmosphere.

The answer turned out to be simpler than any of the theories proposed

in early times. Sunspots are regions of the sun that are a few thousand

Figure 14.1 A sunspot photographed

with a balloon-borne telescope. The dark

umbra and bordering penumbra of the

sunspot and the granules in the surrounding

photosphere are visible.
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Figure 14.2 A large cluster oi sunspots
photographed with the 100 inch telescope
in 1947 at sunspot maximum. The lower
photograph is an enlarged view.
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degrees cooler than the gas surrounding them. Consequently, they radiate

less energy to space, and appear darker. The average temperature in a

sunspot is about 4000 °K, compared to 6000 °K for the surface of the sun

as a whole. Although the temperature difference is great enough to

make sunspots appear black, the spots are intrinsically bright, the lumi-

nosity of a typical sunspot being hundreds of times greater than the light

of the full moon. If a sunspot could be separated from the sun and viewed

by itself in the sky, it would appear as an object of dazzling brightness.

The Sunspot Cycle

For about 200 years, astronomers have recorded the number of spots

appearing on the face of the sun. Figure 14.4 shows the variation in

the number of sunspots from 1760 to 1969. The graph clearly displays

a cyclic rise and fall with maxima and minima recurring approximately

every 1 1 years. The periodic change in sunspot number is called the

sunspot cycle.

Although the average length of the sunspot cycle is about 1 1 years,

the interval from one maximum in the cycle to the next has been as

short as 7 or as long as 17 years. All the other manifestations of solar

activity discussed later in this chapter, including flares, plages, and

prominences, are keyed to the pattern of rise and fall in the sunspot

numbers. In the years of sunspot maximum the surface of the sun is

violently disturbed, and outbursts of particles and radiation of all wave-

lengths are a common occurrence. In the years of sunspot minimum,

these outbursts are far less frequent.

The records of the positions of the spots also reveal the important fad

that sunspots are almost entirely confined to the zone of latitudes be-

Figure 14.3 A sequence of photographs
showing the birth of a pore. The new pore
appears beneath an existing pore and
coalesces with it during the 85-minute
sequence.

1970

Figure 14.4
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Figure 14.5 The splitting of a line into

three separate lines (leftl by the magnetic
field in a sunspot (right). The black line on
the right shows the position of the spectro-

graph slit with respect to the spot.

s
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tween 40 and tin- sun's equator, and nevei appeal neai the poles, rhe

spots are found at their highest latitudes at the Mart of a new sunspot

cycle, immediately following the last minimum. Latei in the cycle they

tend to appear at lower latitudes, t\m\ the last spots ot a given cycle

usualK he i lose to the equator. No full) satisfactory explanation has

been given either lor the 1 l-yeai cycle or tor the dull ot the sunspots

toward the equator during ea< h c vc le.

\ er\ tew sunspots were rec orded

by European astronomers during the 70 wars from IMS to I 71 5, although

substantial numbers ot spots had lx>en reported In Galileo and other

astronomers before 1645. \\ost nineteenth-century astronomers consid-

ered this earlv period ot low sunspot activity t<> be the result ot poor ob-

servations and incomplete records, but in the 18 l)0s ,\\\ English astron

omer named E. W. Maunder reexamined the historic <il rec ord and ( ame

to the conclusion that sunspots had. inlac t. almost entirely disappeared

between 1645 and 1715.

For many years, the sunspot cycle was regarded as a nonvarying

property of the sun, and Maunders interpretation ot the early sunspot

records was considered questionable However, evidence presented in

1976 suggests that his basic conclusion was correct: the average level

of solar activity seems to have waxed and waned several times over

intervals of hundreds of years. Furthermore, the < hanges in the level of

solar activity appear to be correlated with changes in the climate of the

earth. This correlation is difficult to understand. A direct causal link

between solar activity and climate seems unlikely, since the energy con-

tained in solar surface outbursts is a million times smaller, on the aver-

age, than the solar energy that heats the surface of the earth. The explana-

tion may be that the sun's total output of energy— the solar luminosity—
varies somewhat over periods of one hundred years. This variation,

which could easily produce changes in the earth's climate, might be

accompanied by simultaneous changes in the level of solar activity.

Magnetic Fields in Sunspots

If the light from a sunspot is passed through a spectrograph, some of

the lines in the sunspot spectrum are found to be similar to the lines in

the normal absorption spectrum of the sun, but others are strikingly

different. The special lines are distinguished by the fact that each one
is split into two or more closely spaced components. Figure 14.5 shows
how a single line divides into three components in the interior of a

sunspot.

The splitting of a spectral line into several separate lines, called the

Zeeman effect, is a well-known phenomenon in the laboratory. It is

produced by a magnetic field acting on the atoms of gas that radiate

the spectrum, in the following way. Each atom consists of electrons

orbiting around a central nucleus. The orbiting electrons are moving



charges of electricity, equivalent to rings of electric current. Accord-

ing to the laws of electromagnetism, a ring of electric current generates

the same magnetic force as a bar magnet (Figure 14.6). The magnetic

field in the sunspot, acting on the innumerable atom-sized bar magnets,

distorts their structure and changes the energy levels of each atom.

The shift in energy changes the wavelengths of the lines in the spectrum.

The change in energy is small and, therefore, the change in wavelength

is also small.

Why is each line split into several separate lines, instead of being just

shifted in wavelength? The reason is that every tiny atom-magnet tends

to line up along the direction of the magnetic field but, according to the

laws of the atom, it can only line up in certain allowed directions, just as

electrons in the atom can only occupy certain allowed orbits (see pages

80-81). Each allowed direction corresponds to a different energy for

the atom, and therefore a different wavelength for the photon emitted

in a transition. In the case of the particular element producing the line

shown in Figure 14.5, the atom-magnets are allowed to line up with

the magnetic field, opposite to the field, or at right angles to it. The

three directions give rise to three energy levels and three separate lines.

A theoretical study yields a formula connecting the degree of split-

ting in the Zeeman effect, that is, the separation between the lines, and

the strength of the magnetic field. In this way, the measured separation

between the lines yields the information that magnetic fields in sunspots

are as high as several thousand gauss.

A magnetic field of several thousand gauss is a very strong field. By

comparison, the strength of the earth's magnetic field is less than one

gauss.

The Origin of Sunspots

Why is a sunspot cooler than its surroundings? Heat normally flows

from hotter to cooler regions; why doesn't it flow into the sunspot from

the surrounding high-temperature gas, and eliminate the difference in

temperature?

The answer is connected with the very strong magnetic fields that exist

in the interiors of sunspots. The critical point in the explanation of

sunspots is that these strong magnetic fields bend the paths of electrical-

ly charged particles. If the particle is inside the region of the magnetic

field, its path is bent into a circle (page 249). If the particle is outside

the field and its motion carries it toward the field, it is deflected at the

boundary and prevented from entering (Figure 14.7).

All the particles in the sun's interior are electrically charged. These

particles carry heat from the interior of the sun to the surface in the

form of convection currents. However, charged particles cannot read-

ily enter regions where strong magnetic fields are present. Consequently

the convection currents are partly suppressed, and heat is prevented

from reaching the surface.

Figure 14.6 The magnetic force produced

by an orbiting electron.

'ically

magnetic field.
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Figure 14.8 The magnetic held over a

pair of sunspots.

This explanation .k counts tor the fa< t thai «i sunspol is i older than the

surrounding surface ol the sun when it is tirst formed. However, it does

not explain why the spot remains ( old. I leal should leak into the region

under the spot in the form ol photons, whu h .ire not ele< tri< .illy charged

and, therefore, cannot !>«• affected by the magnetk field. Theoretical

studies suggest that a sunspol should warm up to a normal temperature

in a few days as a result of the heat ( arried into its interior by the flow

of photons. But large sunspots live for many weeks. What keeps them

cold? The answer is not clear. A complete theory of sunspots is one of

the major challenges in solar astronomy.

Sunspot Pairs
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Sunspots often appear on the surface of the sun in pairs, aligned in

approximately an east-west direction. Magnetic field measurements
using the Zeeman effect show that the two sunspots often have opposite

magnetic polarities, and are connected by lines of magnetic force that

emerge from the surface at the position of one spot and reenter at the

position of the other, as in Figure 14.8.

Frequently, a complex group composed of many sunspots appears.

Magnetic field measurements show that in this case also the region con-

taining the group of sunspots often is divided into two adjacent regions

of opposite magnetic polarity. Presumably, magnetic lines of force run

from one region to the other. Figure 14.9a (page 325) shows a group
of sunspots photographed on July 6, 1965. Regions of positive and
negative magnetic polarity are indicated by blue and grey shading,

respectively. Figure 14.9b, taken in the center of the 6563 A line, shows
the structure of the overlying chromosphere. Lines running from one
sunspot group to the other suggest magnetic lines of force connecting
the two regions of opposite polarity.

For a given sunspot cycle, and a given hemisphere on the sun, the

polarity of the leading, or westernmost, sunspot is always the same.
In the last sunspot cycle, the polarity of the leading sunspot invari-

ably was negative in the northern hemisphere and positive in the southern



SOLAR SURFACE ACTIVITY PLATES 19, 20 The Disk of the Sun Photographed in

White Light and at 656 *A.

PLATE 21 A Sunspot Group Photographed in Three
Wavelengths near 656 iA.

PLATE 22 Chromospheric Structure near a Sunspot

Group.

PLATE 22

PROMINENCES PLATE 23



PLATES 19 AND _>0. The Disk of the

Sun Photographed in White Light and

at 6563A.

PLATE 19 (right). A white-lighl photo-

graph taken on Ma\ 18. 1970. and

showing the photosphere reveals three

sunspot groups at lower left,

slightly above and to the left of center,

and at upper right.

PLATE 20 (tar right). This photograph,

taken at 6563A shows the structure of

the sun's chromosphere at the same
time.

The bright areas in the 6563A photo-

graph are disturbed, hot regions in the

chromosphere called plages. Bright

plages appear near the three

sunspot groups in the white-light

photograph.

The plages without sunspots presum-

ably are areas in which the magnetic

field is intensified and sunspots either

will appear, or were present and

disappeared.

The large sunspot group at upper
left consists of two distinct groups

separated by a distance of about

100,000 kilometers. Curved lines.

visible in the 6563A photograph in the

vicinity of this double sunspot group,

suggest that lines of magnetic force

emerge from one group ot sunspots

and return to the other group, in a

pattern resembling the magnetic field

around a bar magnet (pages 324-325).
The 6563A photograph also shows the

dark wisps and streamers called fila-

ments. These are relatively cool masses
of gas far above the sun's surface,

which absorb 6563A radiation strongly

because of their lower temperature,

and therefore appear black against the

solar disk when the sun is photographed
at this wavelength (page 330). It viewed
at the limb of the sun against the dark
of space, they appear highly luminous,
and are seen to be identical with the
solar prominences shown in Plates





PLATE 21 (left). A Sunspot Seen

at Three Wavelengths.

Photographs (,i), (I)) and (c ) show

a sunspot observed through liltcis

transmitting light .it three wavelengths

iH'.ir the first Balmer line of hydrogen.

The wavelengths were (.1) (>
rx> i v in

the center ot the absorption line, (b)

7/eA off (enter And (c) 2A off center.

In each case the width ot the

transmitted wavelength was V4A.

The photographs illustrate that we
see into the chromosphere to a depth

that depends on the wavelength ot the

light used in forming the image. In (a),

because of the strong absorption in

the center of the first Balmer line, the

light from the photosphere is

s( reened out, and only the struc ture

of the chromosphere appears. The dark

streaks reveal the direction and

sometimes the changes in polarity of

the magnetic fields in the chromosphere.

In (b) the absorption is less pronounced,

and the structure of the photosphere

emerges, together with features of the

chromosphere, such as the dark jets of

matter identified with spicules (page HO).

In (c) the wavelength is sufficiently far

from the center of the line so that the ab-

sorption is substantially reduced, spicules

disappear, and further details of the

photosphere appear including granulation.

PLATE 22 — (opposite). Chromospheric

Structure Near a Sunspot Group. This

6563A photograph shows two sunspot

groups (lower right and upper left)

The bright areas are plages. The dark

streak AA' is a filament (page Y2 l
)

and Plate 19). Numerous streaks and

threads of material, dark because they

absorb 6563A radiation strongly,

originate in the plages. The threads

indicate'the magnetic field pattern in

the chromosphere. An example is seen

to the right of the larger sunspot

group, where dark threads emerge from

one plage (B) and re-enter the surf.u e

at another plage (B'). The regions B

and B' clearly have opposite polarities.





PROMINENCES In regions in the corona that are cooler <\nd

denser than average, hydrogen atoms recapture

electrons, emitting photons in wavelengths

corresponding to transitions between states of

the neutral atom, such as the first Balmer line

at 6563A. The emitting regions appear bright

in photographs taken in 6563A light, forming
luminous streamers called prominences th.it

extend high into the corona.

The neutral atoms that emit the 6563A radiation

are a small part of the gas in a prominen< e.

Much of the material in the prominence con
sists of ions and electrons, which, because
they are charged particles, are constrained
to follow the direction of the lines of

magnetic force in the corona, leading to

graceful curving forms.

PLATE 23 A photograph of the sun
taken in the light of the calcium ab-

sorption line, during the eclipse of

December 9, 1929. The narrow ring of

luminosity is the chromosphere. Prom-
inences rise into the corona to heights of

as much as 150,000 kilometers at

several places on the limb. The striking

feature at bottom is a loop prominenc ;e

originating in a disturbed region on the
sun containing a strong kxalized
magnetic field. Its shape tra< es lines ol

magnetic force that c urve upward into

the corona and down again.



PLATE 24 A loop prominence

photographed in (>5(>{.\ light on
November 18, 1968 .il the limb of the

sun. Below, a side viev\ and .in oblique

overhead view ol magnetic field lines

in llie corona, calculated from the

observed pattern of the magnetic field

at the surface of the sun underneath

the prominent e. The observed sirut lure

of the prominence closely follows the

computed pattern of the magnet i< field

lines.

1520 UT

PLATE 25 Hollowing page). Two stage

in the eruption of one ol the gl

sol. ii promini raphed.

i had
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hemisphere. With each new sunspot cycle, the polarities reverse. A
reversal of polarities occurred in 1976. A possible explanation of this

pattern is given on pages 333-334.

Sometimes one group of sunspots, all having the same magnetic polar-

ity, is observed, but no sunspot or group of sunspots of opposite magnetic

polarity is visible nearby. However, magnetic measurements always

reveal a strong magnetic field of opposite polarity in an adjacent region.

Generally this is a region in which sunspots have formed and disappear-

ed, leaving behind a less concentrated but still relatively intense magnetic

field.

PLAGES, FLARES, PROMINENCES, AND FILAMENTS

Figure 14.9 Adjacent sunspot groups
with opposite magnetic polarities photo-

graphed on July 6, 'holograph oi

the photosphere showing the sunspots, with

positive and negative polarities inC

(b) 6563 A photograph ot the chromosphere
with dark streaks running a< ross the bound-
ary between regions in lai, suggesting

magnetic lines oi force connecting the

two regions.

Plages

Figure 14.10a shows a sunspot group photographed near the limb of

the sun on October 8, 1964. Figure 14.10b shows the same area photo-

graphed in 6563 A radiation, revealing the structure of the chromosphere.

The bright glow in the 6563 A photograph indicates a highly disturbed

condition in the gas above the sunspots. These bright patches are called

plages (French: beaches). They are nearly always found above regions

in the photosphere in which a strong magnetic field exists, regardless

of the presence of sunspots.

A plage usually precedes the appearance of sunspots in a high-magnetic

field region on the sun. It remains while the sunspots are visible, and per-

sists for several weeks or more after the spots disappear.

A plage is a region in the chromosphere that apparently has been

heated to incandescence by a local concentration of magnetic fields. A

satisfactory explanation of the heating action of the fields has not been

provided. It is possible that the lines of magnetic force guide energetic

charged particles to the region, forming small volumes of hot, dense
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gas; or the field lines may act as guides for travelling vibrations, similar

to the sound waves caused by a thunderclap or a supersonic boom,
conducting the vibrations upward into the chromosphere and corona

(page 314).

Figure 14.10 (a) A sunspol group photo-

graphed in white light near the limb ol the

sun on October 8, 1964. (b) Tht

region photographed in 656 1 A light,

showing plage in the chromosphere above
the sunspot group.

Flares

Frequently during the peak periods of the sunspot cycle, and less

often at other times, the surface of the sun is marred by explosive out-

bursts of energy that hurl particles and radiation into the solar system.

These outbursts, called solar flares, usually are observed in the vicinity

of large, complex groups of sunspots such as the group in Figure 14.2.

Flares build up to peak intensity in a few minutes, and disappear

in a period varying from 10 to 15 minutes to several hours, depending

on the size of the flare. The burst of radiation and energetic particles

produced by a large flare may play havoc with radio communications

and cause substantial changes in the normal magnetic field of the earth.

Large flares also create the luminous draperies and filaments of the au-

rora at latitudes as low as the southern United States and Mexico, which

normally do not witness these spectacular atmospheric displays.

The August 1972 Flares. An exceptional series of solar flares occurred

in August 1972. The flares originated in the disturbed region of the sun's

surface that had first appeared a month earlier as a small and innocuous

cluster of sunspots. The cluster disappeared on the west limb in mid-July

in the course of the sun's 27-day rotation, and reappeared on the east

limb on July 29. On August 2 the first of a number of flares erupted from

the region. On August 4 and August 7 enormous flares occurred. These

were among the largest ever recorded.

Photographs of the sun on August 4, 6, 8, and 10 are shown in Figure

14.1 1 (page 328). The flare region is in the dead center of the disk on

August 4. On August 8 it has rotated more than halfway to the east limb,

and on August 10, the region, still very active, has reached the east limb.

Figure 14.12 is a detailed view of a part of the disturbed region,

showing the rapid buildup of the large flare that occurred on that day.

The visible luminosity of the flare grew to full intensity in 18 minutes,

and disappeared an hour later.

A spectacular eruption of luminous gas, shown in Figure 14.13, oc-

curred on August 1 1, when the disturbed region had rotated beyond the

limb The arrow indicates an ejected mass of material moving rapidly

away from the sun. This material rose to a height of 250,000 kilometers

above the surface in approximately 20 minutes.

High-energy protons ejected in the flare of August 4 ionized atoms

and molecules in the earth's upper atmosphere and disrupted rad.o

communications at high latitudes for several days. Slower-mov.ng

particles traveling outward from the sun strengthened the normal ore*

of the solar wind (page 312) on arriving at the earth two days later.
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Figure 14.11 A >trongl\ disturbed

rotates from the center of the sun's df-k to

the limb in August, 1972. Intense flares tx

curred on August 4 and 7,

08 Aug 1356Z 10 Aug 1450Z

Figure 14.12 Buildup of an intense flare

on August 4, photographed in 6563 A
light, (a) 0620; <h) 0638; (c/ 0738 (Green-
wich Mean Time).
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Some of the charged particles in the solar wind penetrated the earth's

magnetic field, while others were turned aside by it. Both effects com-
bined to create a major disturbance in the geomagnetic field, triggering

strong currents of electricity in the ground and tripping circuit breakers
in power lines in several places in the United States and Canada.



Prominences

Prominences are masses of luminous gas that appear in the corona

far above the sun's surface. Prominences consist of gas that is cooler

and denser than the surrounding corona. They are luminous because

at the relatively low temperatures and high densities that prevail in a

prominence, its ions recapture electrons and emit photons.

Sometimes the material in a prominence seems to rise upward from

the chromosphere in surges and eruptions; the cloud of ejected matter

in Figure 14.13 is an example of an eruptive prominence. At other

times, the material in the prominence streams downward from great

heights, like luminescent rain. Often the glowing streams of gas form

graceful curves that appear to be shaped by lines of magnetic force

looping upward out of the chromosphere (Figure 14.14). Many promi-

nences are relatively stable and quiescent, and seem to float for hours

or days above the solar surface. A striking example of a quiescent prom-

inence appears on page 316.

Filaments. Photographs of the chromosphere above a region of high

magnetic field often show long dark streaks called filaments. These are

regions of relatively cool and dense gas that appear dark against the

solar disk in 6563 A photographs, because they are cooler than their

surroundings and absorb 6563 A radiation more effectively. Several

filaments are visible on the sun's face in Plate 21

.

Filaments and prominences are the same objects. If a filament is

followed to the edge of the solar disk during the sun's rotation, and

photographed silhouetted against space, it appears as a luminous promi-

nence (Figure 14.15).

THE SUN'S ROTATION AND THE SOLAR MAGNETIC FIELD

The blackness of sunspots has been explained in terms of intense

magnetic fields of thousands of gauss that exist in the interior of a typical

sunspot. Less intense but still relatively large magnetic fields are also

observed outside the sunspots, both in the photosphere and in the

chromosphere above. In fact, sunspots, flares, prominences and all

other disturbances on the surface of the sun seem to be connected with

the presence of magnetic fields that are concentrated in relatively small

areas of the photosphere and chromosphere.

The origin of these strong, localized fields is one of the major mysteries

in solar astronomy. The sun has a weak, irregular surface field with a

strength of roughly one gauss, which is too little to provide a simple

explanation of the strong fields in sunspots and disturbed areas.

One explanation that has won adherents among astronomers connects

the intense magnetic fields observed in sunspots to a peculiar property

of the sun's rotation. The sun rotates on its axis approximately once a

month, but the rotation is more rapid at the equator than at other lat-

region at the limb i
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Figure 14.14 A giant loop prominence

photographed in 656J A light. Although the

appearance oi the loop suggests that the

material rises out of the surface along one
branch of the loop and returns along the

other, motion pictures show, surpri>ingl\ ,

that luminous regions condense out of the

corona at the top of the loop and move
downward along both branches.

Figure 14.15 A filament on the face of

the sun rotates to the limb to become a

prominence.
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itudes. The period of rotation is roughly 26 days at the equator, 28
days at a latitude of 45°, and still longer at higher latitudes. A rigid body
like the earth or the moon could not rotate in this way, but the sun, being

a gaseous sphere, is capable of doing so. Important consequences for

the solar magnetic field can be deduced from the fact that this variation

in the sun's rate of rotation occurs.

The starting point in the discussion is the assumption that the sun's

general field resembles a bar-magnet field at high latitudes (Figure 14.16,

page 332). If the resemblance to a bar-magnet field were accurate, the

lines of force would emerge from the north pole, curve around in space

and re-enter at the south pole. At low latitudes, the lines of force would

run largely in a north-south direction, as in the figure. We know that

the magnetic force at the surface is highly irregular and variable at low

latitudes, and does not bear any resemblance to the uniform north-

south field shown in the figure, but it is possible that the irregularities

in the field only exist near the surface, and that the magnetic field in

the sun's interior has a more uniform appearance.

Now consider the effect of the sun's differential rotation on a bar-

magnet field in the interior. The interior of the sun contains electrically

charged particles— mainly electrons and protons— at a relatively high

density. Studies of the behavior of a magnetic field in a dense, gaseous

mixture of electrons and protons show that the lines of magnetic forces

are carried along with the flow of the particles in the gas. Thus, lines of

force that would normally run from north to south in the sun are stretched

out into long loops by the more rapid rotation of the gas at the equator, as

in Figure 14.17. After the sun has rotated a number of times, the di-

rection of these lines of force is changed from north-south to east-

west. When several years have elapsed and many rotations have oc-

curred, the lines of force become very tightly wrapped around the sun

at low latitudes, creating an intense east-west magnetic field just below

the sun's surface, as in Figure 14.18 (page 333). 1

Theoretical studies of magnetism also show that two adjacent lines

of magnetic force tend to move apart, as if they had a physical reality

and were acted on by a force of mutual repulsion. The repulsion increases

in strength when the field is strong. If the field is many thousands of gauss,

this repulsive force can become larger than the force of the sun's gravity.

The studies indicate that when this happens, a loop of magnetic force

may burst out of the sun's surface (Figure 14.19, page 334).

In addition, because a magnetic field deflects charged particles the gas

in a strong-field region has a lower density than the surrounding gas and

becomes buoyant. The buoyancy adds to the upward force propelling

the material to the surface.

Where the lines of force leave the sun's surface, there is an intense

magnetic field directed vertically upward, that is, with positive polarity.

Where the lines of force return to the sun at the other end of the loop,

1 There is also evidence that the rate of rotation changes with depth, enhancing

the effect of the differential rotation.
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Figure 14.16 (a) The lines of force of a

bar-magnet, ib) A photograph oi the corona

shows streamers suggesting the bar-magnet

field at high latitudes. At lower latitudes,

where the Held is represented by dashed

lines in la), the sun's field is highly irreg-

ular near the surface.
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Figure 14.17 A line of magnetic force run-

ning from north to south is stretched into

a long loop by the more rapid rotation of

the sun at the equator.

Figure 14.18 The magnetic field in the

interior of the sun after main rotations. The

field line^ are stretched into an intense

east-west field under the surface ai

suit of the sun'v differential rotation.
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Figure 14.19 A loop of magnetii

burst> out oi the sun's surface.

Figure 14.20 A pair of sunspot* with

opposite magnetic polaritv remain* whore
the loop of force broke through the surface.

In the present ^un^pot c\cle, the polarity

of the leading 'westernmost) spot is nega-

tive in the northern hemisphere and posi-

tive in the southern hemisphere. The polari-

ties will reverse in the next sunspot cycle

when the general magnetic field of the

sun reverses.

they enter the surface proceeding vertk .illy downw.ml. c rearing .1 strong

magnetic field with negative polarity (I igure 14.20). Thisdesi ription cor-

responds to the appearance of pairs oi sunspots with magnetic fields of

opposite polarity, thai are commonly observed in disturbed regions on

the sun (page 324-325).

Figure 14. 2 1 (page 1 15) shows the sequence of events in a disturbed

region. Prior to the commencement of the disturbance, the lines of

magnetic force run evenly beneath the surface in an east-west direction

(Figure 14.21a). In the first phase oi the disturbance, lines oi force use

to the surface and break through, forming a magnetii arch connecting

two regions of moderateK strong magneth field and opposite polarity

(Figure 14.21/)). Charged particles are Constrained to follow the direc-

tion of the magnetic arc h, forming a pattern of moving gas in thee hromo

sphere that reveals the direction of the lines ol lore e when the region is

photographed from above in 6563 A light, as in Plate 22. Particles and

sound waves are guided upward along the lines of force, heating the

chromospheric gas to incandescence and forming plages.

In the second phase, the lines of for< e. c ontinuing their upward move-

ment leave the surface of the sun .it a nearly vertical angle and loop

far out into the corona, occasionally reaching heights of 100,000

kilometers or more (Figure 14.21c). The regions in which the lines of

force go through the surface vertically, and where the field strength

is greatest, form the interiors of sunspots. The lines of force looping

upward high into the corona sometimes lead to the luminous veils,

streamers and loops classified as prominences.

In the next phase of the storm, the magnetic field diminishes in strength

in the disturbed region, the sunspots disappear, and the region regains

the appearance of Figure 14.21b, with magnetic arches and overlying

plage.

Normally, an interval of 10 to 15 days elapses between the initial

appearance of plages and the peak level of activity, with a gradual

buildup of sunspots, prominences, and flares. Most of the sunspots are

gone after about four weeks or one solar rotation. Filaments often form
and erupt during this period. After two rotations the brightness of the

plage is considerably diminished, and after four rotations it usual-

ly disappears.

In the final phase the magnetic field grows still weaker and spreads in

space, sometimes persisting for more than a year. The superposition of

many such old disturbed regions seems to be the explanation for the

weak irregular field on the sun's surface.

Main Ideas
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1. Sunspots; their properties and origin.

2. Plages, flares, prominences, and filaments.

3. The sun's rotation and magnetic field; a theoretical explanation of

intense magnetic fields on the sun's surface.

4. A photographic insert: information yielded by solar photographs.



Important Terms





15 The Planets and Minor Bodies of

the Solar System

According to the available evidence, the Universe began its existence

approximately 20 billion years ago as a dense, hot cloud. The cloud cool-

ed as it expanded, and after a time, stars began to form. Within each star

the manufacture of heavier elements out of hydrogen and helium began

through a series of nuclear reactions. In this way, the elements of the Pe-

riodic Table were assembled out of the basic building blocks of matter.

In the smaller stars, these elements were locked within the star per-

menently by gravity, but the larger stars ended their lives in th,

mic explosion of the supernova, radiating the heat of billioi

and spraying out to space the elements that had been manufactured

within the star during its lifetime. There these elements mingled with the

primordial hydrogen and helium to form an enriched mixture oi

Later, new stars were born out of the mixture.

Four and a half billion years ago, after innumerable supernova explo- Comet Kohoutek ph-wraphed on lanuary

sions, the concentration of the heavier elements amounted to about 1



percent. Around that time, the sun and its family of planets condensed

out of a cloud of gaseous nutter located in one of the spiral arms <>t the

Milk\ Way Galaxy. Mow did the planets form? The tirst task in oui study

of the planets is the investigation of their formation in this astrophysk al

context.

THE ORIGIN OF THE PLANETS

The origin of the planets is less of ,i mystery than the origin of the

Universej but it is still not a c learl) understood event. When the authors

were in high school, the commonly taught theory held that the planets

came into being as by-products of a catastrophic event in which the sun

collided with a passing star. The force of gravity tore huge streamers of

flaming gas out of the bodies of the two stars during this encounter. As

the intruding star receded into the distance, some of these streamers

or gaseous material were attracted by the sun's gravity and captured into

orbits circling around it. The earth condensed out of one of these stream-

ers of hot gas to form a molten mass, on whose surface a crust formed

and gradually hardened with the passage of time.

It is easy to calculate the probability that the earth and other planets

originated in a collision between two stars. The likelihood of a collision

between the sun and another star depends on the size of the sun, and on

the distance between it and its neighbors. Stars, large though they are,

are minute in comparison with the average distances that separate them.

The sun, for example, is one million miles in diameter, but 24 trillion

miles from its nearest neighbor. A calculation shows that because the

stars are so far apart, the possibility of a stellar collision is extremely

small. In fact, the calculations indicate that throughout the 14 billion

years in which our Galaxy has existed, there have probably been no

more than one or two stellar collisions.

Thus, the collision theory of the origin of planets implies that we are

unique and alone in this corner of the Universe.

The Condensation Theory

A very different prediction comes out of the modern theory of the

origin of the solar system. This theory asserts that planets are formed
as a natural accompaniment to the birth of stars. As the gas cloud of

the star-to-be contracted under the inward force of its own gravity,

the density of the gas increased, and atoms and molecules collided

and occasionally stuck together. Gradually, small fragments of solid

material accumulated in the cloud as a result of these collisions. What
happened next is not well understood. According to one theory of the

solar system birth of the planets, when the fragments of solid matter were still quite
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small they were swept along with the surrounding gas in its motion

around the center of the cloud. However, when the fragments became
large enough — roughly basketball sized or larger— they were too mas-

sive to be carried with the gas. They began to "fall" out of the gas

cloud toward the central plane of the solar nebula, where the density

of the gas was greatest and the pull of gravity was strongest. In the

course of time, the solid bodies became concentrated in a thin disk

of matter in the midplane of the nebula.

The situation was analogous to that in a cloud of moist air in which

water droplets are condensing; when the droplets are small, they move
with the air currents, but when they have grown to a sufficiently large

size, they fall out of the cloud in the form of rain.

Thus, according to our picture, at this early stage the solar system

consisted of a relatively dense, contracting cloud — which eventually

formed the sun — surrounded by a large number of solid fragments

and planetesimals of various sizes, confined to a disk of matter cir-

cling the sun (Figure 15.1).

With the further passage of time, the central cloud continued to

contract, until finally its temperature reached the critical level of 10

million degrees needed for the ignition of thermonuclear reactions.

This point in the contraction marked the true birth of the star. In our

solar system, that occurred about 4.6 billion years ago (Figure 15.2a).

Throughout the period in which the sun was forming, the aggrega-

tion of small bodies into larger ones continued until the planets were

completed (Figure 15.2b and c). The last stage in the formation of the

planets may have occurred somewhat before the sun was born, or

later. We are not sure which came first, the sun or the planets.

The 34 moons in the solar system could have been formed in the

same manner, as still smaller condensations around their parent planets.

Once again, the satellites may have condensed either a little earlier

or a little later than the planets.

orbit around thv .



Figure 15.2 Formation oi the planets.

Onlv the inner planet- are shown in the

final stage: if the giant planets and Pluto

were shown also, the diagram would be

four feet in diameter.
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Other Solar Systems

The condensation theory of the origin of planets implies that planets

are formed frequently when a star is formed, and must, therefore, be
very common objects in the Universe. In fact, there must be literally

billions of them in our Galaxy alone. Unfortunately, this important pre-

diction cannot be tested directly by astronomers, because a planet

circling a neighboring star, and shining only by the reflection of that star's

light, is far too faint an object to be seen in the largest telescopes on the

earth. If a 200-inch telescope were placed in an orbiting satellite or in an

observatory on the moon, far from the obscuring effects of the earth's

atmosphere, it would be just barely able to detect a Jupiter-sized planet

circling one of the stars near the sun. Telescopes of this size will not be
placed in orbit, or on the moon, for some years to come.
However, indirect evidence has been reported for planets circling

Barnard's star, one of the sun's close neighbors. A planet pulls on its

parent star as the planet circles in orbit, causing the path of the star to

shift slightly as it moves across the sky. This periodic shift or wiggle
seems to have been detected in the path of Barnard's star. According to

Peter van de Kamp, small variations in the path of Barnard's star reveal



that two planets, approximately the size of Jupiter and Saturn, are in

orbit around it.

Planet or Small Star? Observations indicate that multiple stars, usually

consisting of one large star and one or two smaller companion stars,

are very common in the sky. In fact, they probably make up more than

half the population of the Galaxy. This must mean that whenever a

cloud of gas and dust starts to condense in space, the condensing

cloud tends to break up into a number of separate clouds of various

sizes. The biggest cloud forms a star, while the other clouds form smaller

stars or planets of various sizes. This line of reasoning indicates that

solar systems like ours are likely to be common objects in our Galaxy,

as well as in other galaxies.

Planets Without Stars. The condensation theory leads to still another

interesting possibility. Suppose that a cloud condenses in space and

forms one or more bodies, but none of the bodies- whether one or

several have been formed does not matter- is massive enough to become

a star. Such an object, or a group of objects if several have been formed

out of one condensation, would resemble the planets of the solar system;

yet, they cannot properly be called a family of planets, or a solar system,

because a solar system is defined as a family of planets circling around

a star, and there is no object in this group that is large enough to be

a star.

Such relatively cold planet-sized objects would wander through space

as dark, frozen worlds, free of the gravitational influence of any star.

They may exist around us in considerable numbers, quite near to our

solar system. Since they do not shine by their own light, and are too

far away from any star to be visible to us by its reflected light, we have

no way of detecting these "free planets" at present. We may stumble

across one of them when we begin to explore with space vehicles the

region lying beyond the boundary of the solar system.

Arguments For and Against the Theory

These ideas are derived from the condensation theory of the origin of

the solar system, for which no definite proof has been supplied. However,

these are two good reasons for believing in the theory:

First, it fits naturally into the latest ideas on the birth of stars.

Second, multiple stars are very common objects in the sky, and they

are not very different from stars accompanied by massive planets.

Objections to the Theory. Although nearly all astronomers believe in

the condensation theory of the origin of the solar system, this theory still

presents some serious difficulties. One of the difficulties concerns the

rotation of the sun. The sun spins on its axis once every 27 days, ,ust

as the earth rotates once in 24 hours. It is easy to understand why the

sun should be spinning in this way if we remember that it was ong.naMy

formed out of swirling masses of interstellar hydrogen gas. Some of the
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swirling motion must have been retained in the c loud out ol \\hi< h the

sun formed. When the sun-cloud was newly formed, and its dimensions

were large, it probabK rotated wr\ slowly. Bui as it contracted it must

have spun more and more rapidly . [ust .1^ an i( e skater spins taster when

he pulls in his .ums .nul draws his skates together, in contracting from

a sweeping turn to .1 small 1 in le. \s .1 result ol this effec t, the sun should

now be spinning on its .i\is .it the rate 01 om e every fev« hours -\< tually

.

it turns al a far slowei rate, 100 times less rapidly, vvh.it h.is slowed the

sun down? Charged panic les, blown oti the surfac e ot the sun in the so-

called solar wind, may have exerted a braking effect, but a thoroughly

satisfac tory explanation ot this ettec t on the sun has never been provided.

Another diffk ultv involves the earthlike planets only. Act ording to the

theory, these planets, as well as the giant planets, must be the result of a

gravitational condensation ot matter that took place in the parent (loud of

the solar s\stem, around the time the sun itselt was forming. This idea

works well tor a planet sue h as lupiter, which is massive enough so that

the force ot its gra\it\ would unquestionably have been adequate to

cause it to condense at the beginning ot the solar system, and to remain

condensed ever since that time. However, the idea does not work very

well tor the earthlike planets, because they .ire relatively small objects,

and the force of their v;ra\ it\ < ould not have been suffk lent to cause them

to condense out of the parent c loud.

A third problem arises out of the fa< t that the planets should, according

to the theory, contain a large fraction of the mass of the original solar

cloud. A calculation by James Jeans leads to the conclusion that a third of

the mass of the sun should have been left behind to form the planets.

Actually, the planets have roughly one thousandth of the mass of the sun.

What has happened to the missing material? Perhaps streams of energetic

particles from the surface of the sun blasted it away, or it may have evap-

orated from the outer regions of the solar system. The answer is not

known.

These difficulties of the condensation theory are not easily resolved. It

can only be said that we have a strong suspicion that the earth was formed

by condensation, along with the sun, 4.6 billion years ago, but no one yet

has a clear understanding of the tangled complex of events that sur-

rounded the genesis of the planets.

EARLY HISTORY OF THE PLANETS

We believe that when the solar system came into being, it was only a

cloud of gaseous hydrogen mixed with small amounts of other sub-

stances. According to modern astronomy, this cloud contained the ma-
terials that are n9w in the bodies of the sun, the planets, and the creatures

that walk on the surface of the earth. It was the parent cloud of us all. At

its center existed a dense, hot nucleus that later formed the sun. The outer
the solar system regions- cooler and less dense- gave birth to the planets.



Out of what materials were the planets formed? The bulk of the parent

cloud must have been composed of the light gases, hydrogen and helium,

because they are the most abundant elements in the Universe. Other

elements relatively abundant in the Universe, although less so than hy-

drogen and helium, are carbon, nitrogen and oxygen, and metals such as

iron, magnesium, aluminum and silicon. These substances must also

have been present in relatively great abundance in the parent cloud of the

planets. No doubt the remaining 80-odd elements were also represented,

but in smaller amounts.

All the familiar chemical compounds of these substances would be

formed in the cloud. The heavier elements— silicon, aluminum, magne-

sium, and iron — combine with oxygen to form grains of rocklike materials

and metallic oxides. Hydrogen combines with oxygen to form molecules

of water vapor; hydrogen also combines with nitrogen to form molecules

of ammonia gas, and it combines with carbon to form methane, also

called marsh gas, which is used extensively today for cooking. Carbon

and oxygen combine to form carbon dioxide. Considerable amounts of

each of these compounds must have appeared in the parent cloud.

When the planets first condensed out of this mixture of gases and solid

matter, the bulk of their mass should have consisted of hydrogen and

helium which made up about 98 percent of the solar nebula. The giant

planets-Jupiter, Saturn, Uranus, and Neptune-are in fact composed

mostly of these very light elements, and are small-scale models of the

sun and stars, although their internal temperatures are not high enough

for nuclear reactions to occur. There is little question but that the giant

planets were formed in precisely the same way that a star is formed, by

condensation out of gaseous matter under the force of their own gravity.

As a result, they are very different from planets such as the earth. Our

planet- along with Mercury, Venus, and Mars, called earthlike planets-

is very different. It is a rocky ball of matter, almost entirely solid except

for some molten material at the center.

It is not clear why hydrogen and helium are scarce on the earthlike

planets. One theory suggests that these light gases were blasted away

from the inner parts of the solar system during a temporary flareup of the

newly formed sun, leaving behind the bits of heavier, rocky material.

Subsequently the earthlike planets -Mercury, Venus, the earth, and

Mars- formed out of those rocky substances.

When the light gases were blown out of the inner part of the solar

nebula, a small fraction of the gaseous material remained, trapped in

tiny cavities within the grains of rock. Some of the volatile compounds,

such as water, ammonia, and methane, were also trapped. These small

amounts of gases and volatile compounds were incorporated into tf

bodies of the earthlike planets when they formed. Later, released at the

surface of the earth during volcanic eruptions, they would form the

oceans and atmosphere of our planet.

How the earthlike planets accumulated out of those grains of rock

is one of the minor mysteries of astronomy. According to a speculate

theory, collisions occurred occasionally between neighboring grams
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of rock, in the course <>i their circling motion around the sun. Some
collisions were gentle, <\m\ the particles ^tuc k together. In this way,

m the course ot millions oi \t\irs, sm.iii grains oi rcx k gradually grew into

larger ones. Some pie< es <»t roc k hoc ame large enough to exert a grav it.i

tional attra* lion on their neighbors. I hese were the nu< lei of the modem
planets. Once then had grown large enough to attract Other particles by

their own gravity, the\ cjiiic kl\ swept up all the materials in the space

around them, and developed into full-sized planets m a short time.

The complete process ot formation ot the earthlike planets went on

over a period of perhaps id million years, pitx eeding with extreme slow-

ness at first, and then with rapidly increasing momentum in the final

At the end, the remaining matter in the solar system was gathered

into the existing earthlike planets, and Only a tew atoms of K'' s rem. lined

in the space between. This is the situation in the solar system .is it exists

today.

GENERAL PROPERTIES OF THE SOLAR SYSTEM

The solar system consists of a G2 star — the sun — circled by nine

planets, 34 moons, asteroids, and a large number of comets.

The sun is 1000 times more massive than the largest planet — Jupiter—
and 700 times more massive than the rest of the solar system including

Jupiter. The sun's gr.ivity controls the motions ot the other members ot

the solar system. Without it, they would drift away and wander into

space.

The Motions of the Planets

The fact that the sun's attraction keeps the planets in their orbits was
not appreciated until relatively late in the history of astronomy. As late

as the time of Galileo, it was generally believed that the circle represented

one of nature's ideal forms of motion, requiring no force for its indefinite

continuation. Galileo shared this erroneous view, which probably pre-

vented him from discovering the law of gravity, although he stood on the

threshold of that discovery as a consequence of his penetrating analysis

of the movements of objects on the earth. Newton was the first person to

strip away the old misconceptions and to replace them with a clear-cut

statement of the nature of motion.
In the third book of the Principia Newton included a figure intended to

explain the orbital motion of the moon (Figure 1 5.3). The figure shows a

mountain on whose top a cannon is mounted with its barrel directed

horizontally. When a ball is fired from the cannon, it moves forward
under the impetus of the pressure exerted by the hot gases in the barrel.

At the same time it is subjected to the downward attraction of gravity,

which pulls it toward the center of the earth. The combination of the for-
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Figure 15.3 Newton's diagram illustrating

the motion of the moon, from the third

volume of Principles of Natural Philosophy.

The cannon placed on a mountaintop fires

a shot that traveh a curved path, com-

pounded of its horizontal forward velot it)

and a downward motion produc ed by the

gravitational attraction oi the earth.

ward motion and the motion downward under gravity is a curved path,

which terminates when the projectile hits the ground.

If the charge of explosives is increased, the forward velocity increases

and the ball traverses a greater distance before it is pulled to the ground

by gravity It is conceivable that a cannon could be constructed ot such

power that the ball would travel around the earth without striking the

ground The combination of the forward motion produced by the dis-

charge of the cannon, and the downward deflection produced by grav.ty,

would curve the path of the projectile into a circular orbit around the

earth. The cannon ball would be a satellite.

Newton constructed this imaginary experiment to explain the motion ot

the moon around the earth, but it is also the explanation for the motion

of a planet, or any other object, around the sun.

If the object has no forward momentum carrying it around in its orl.

then it will fall into the sun, drawn by its gravity. Suppose now that the

object is given a small forward momentum. Then it will fall in toward the

sun on a curved path, loop around it on a curved path at a close c

tance, and move outward again in an elliptical orbit (Figure 15.4a).

If the object has a very large forward momentum, it will escape the
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Figure 15.4 Types o\i planetary orbits.
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sun's gravity and leave the solar system entirely. If the forward momen-
tum is large, but not large enough to carry the object out of the solar

system, the object will follow a curved trajectory carrying it a consid-

erable distance from the sun, but will eventually return on a path which
is again an ellipse (Figure 1 5.4c ).

Between these two cases must lie a third possibility, in which the path

of the object will be bent into an approximate circle by the combination

of its forward momentum and the pull of the sun's gravity. If the two
motions are in the proper proportion, the path of the object will be a

perfect circle (Figure 15.4b).

The Law ot Gravity. The gravitational force between two objects grows

weaker as the distance between them increases. Newton proved that this

effect is governed by the following law: The gravitational force between
two objects varies as one over the sqii -re of their distance. That is, if the

distance between two objects is doubled, the force of gravity diminishes

to one quarter of its former value. If the distance is tripled, the force of

gravity decreases to one ninth of its previous value, and so on. This rela-

tionship is known as the inverse-square law of gravity.

Suppose that the masses of the two objects are m, and m 2 , respectively,

and the distance between them is d. Then the mathematical statement of

Newton's law of gravity is

Force = C
m, m2



In this formula, C is the constant of proportionality, called the universal

constant of gravitation. In the cgs system, C has the value of 6.7 x 10"8
.

A legend has it that Newton's thoughts on gravity were stimulated by
an apple that struck him while he was resting under a tree. Newton
speculated that the earth's gravity-the force that makes an apple fall to

the ground — might be the same as the force that holds the moon in its

orbit. Others had made similar speculations, but Newton went beyond

his contemporaries. He calculated the strength of the earth's gravity at

the distance of the moon by computing the pull that would be required

to bend the path of the moon into a circular orbit around the earth.

Comparing his results with the force of gravity on the surface of the

earth, Newton discovered that in the space around the earth extending out

to the moon, gravity falls off as one over the square of the distance to

the center of the earth.

Newton wondered whether the same law governed the motion of

the planets around the sun. The clue to the answer appeared in a dis-

covery made by the astronomer Johannes Kepler, many years before

Newton was born. Kepler had discovered that the orbits of the planets

are ellipses.
1 Newton proved that the ellipse is the path that must be

followed by an object moving under an inverse-square law of attrac-

tion. Since the planets move in ellipses, he concluded that they are

governed by a force obeying the inverse-square law. The force that held

the planets in their orbits around the sun, the force that held the moon in

its orbit around the earth, and the force that made objects fall to the

earth's surface must be one and the same.

Thus Newton extended the law of gravity from the earth to the moon

and the planets. Encouraged by his success, he conjectured that the law

of gravity was valid throughout the Universe. The boldness of his step

cannot be exaggerated. In one flight of thought, Newton united the

heavens and the earth. This achievement laid the cornerstone for the

structure of modern science.

A TABLE OF PLANETARY PROPERTIES

Important information regarding the planets may be derived from an

examination of their general properties as a group of bodies circling the

sun. The basic properties of the nine planets are listed in Table 15.1.

Columns 1 and 2 of Table 15.1 indicate that the planets revolve around

the sun in more or less regularly spaced orbits, the distance from one

planet to the next increasing by approximately a factor of one and one-

half to two in most cases (Figure 15.5).

A conspicuous gap lies between the orbit of Mars and the orbit of

1 Kepler proved his result only for Mars, but in Newton's time it was generally

accepted that all planets moved in elliptical orbits.



Table 15. 1 Properties of the Planets.

Nam
Distance from

Sun

10 6 miles

Distance from

Sun
Relative to

Earth's Distance

(AU)«

Inclination

to Ecliptic

Eccentricity

of Orbit b

Revolution

Period

years)

The earth's mean distance from the sun -92.600.000 miles- is known as the astronomical unit (A.U.).

Difference between the closest and farthest distance to the sun. expressed as a fraction of the average radius of the orbit.
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Jupiter, which are located, respectively, at 1 .5 and 5.2 times the distance

from the earth to the sun. A planet should be located midway between
Mars and Jupiter, at a distance of, perhaps, three times the earth's

orbital radius, but none is found there. Instead, a swarm of rock and iron

fragments known as the asteroid belt circles the sun in that neighborhood

at an average distance of 2.9 earth-orbit radii.

The orbits of all the planets are within a few degrees of the plane of

the orbit of the earth called the ecliptic. The orbits of the innermost

planet, Mercury, and the outermost planet, Pluto, are exceptions (column

3 in Table 15.1). All orbits are close to perfect circles, with the excep-

tion, again, of Mercury, Pluto and to a lesser extent, Mars (column 4). The
distance from Pluto to the sun varies by approximately one billion miles

during the course of the planet's year. The farthest reach of Pluto's orbit

marks the outer boundary of the solar system, except for the minor bodies

known as comets. Some cometary orbits reach out one-fifth the distance

to the next-nearest star.

In the space between the planets there is a tenuous cloud of gas,

mostly hydrogen, with a density of 100 to 1000 atoms per cubic inch.

Beyond the boundary of the solar system the density of matter drops to

its interstellar value of 10 atoms per cubic inch.

Length of Year. The length of a planet's year- that is, the time required

to complete one circle around the Sun- increases with distance from the



Rotation

Period

(hours or days)

59d

243d

23h 56m 4.1s

24h 37m 22.6s

9h 50.0m

lOh 14m

lOh 49m

15h

6.39d

Mass

(earth's

mass = 1)

0.05

0.82

1.00

0.12

317.80

95.2

14.5

17.2

0.1?

Dianrv

(miles)

3,000

7,600

7,930

4,270

89,000

75,000

30,000

28,000

4,000(?)

(water = 1)

5.4

5.1

5.52

3.97

1.33

0.68

1.60

2.25

4?

10

Effective

Temperature

°K

450

283

240

220

100

75

50

40

40

11

Incident

Solar Energy

(relative

to

6.7

1.9

1.00

0.43

0.04

0.01

0.0031

0.001

0.0006

I
Yumc
Satellites

c
Temperature at the surface if there were no atmosphere

d The earth receives on the average 2 calories per square centimeter per minute

sun, varying from 88 days for Mercury to two and a half centuries for

Pluto (column 5). The relationship between a planet's distance to the

sun {R) and the length of its year (7) is given by:

T (planet) _
7 (earth)

R3 (planet)

R3 (earth)

This formula was obtained by Kepler by trial and error at the beginning of

the seventeenth century. Newton used Kepler's law to derive the inverse

square law of gravity and tested his result against the orbit of the moon.

Length of Day. The length of a planet's day-that is, the time required

to complete one rotation about its axis- varies from 9 hours and 50 min

utes for Jupiter to 243 days for Venus (column 6). The similarity in the

lengths of the day for the earth and Mars probably is a coincidence. The

significance of the long period of rotation of Venus is discussed below.

All giant planets rotate very rapidly on their axes. The explanation tor

the rapid rotation is to be found in the "ice-skater" effect on page 142.

The rotation produces a pronounced bulge at the equator which is par-

ticularly large for Saturn, amounting to three thousand miles or <

percent of the radius of the planet. In contrast, the earth's equatorial

bulge is 14 miles.



Figure 15.5

the planets.

The spacing of the orbits of The Terrestrial Planets
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The nine planets divide into two groups differing greatly in their size,
mass, and composition (Figure 1 5.6). Mercury, Venus, and Mars resemble
the earth in being composed almost entirely of rocky materials and iron
and are known, together with the earth, as the terrestrial planets The
moon is only slightly smaller than Mercury and is sometimes included
with the terrestrial planets, being composed of similar materials.

Table 15.1 lists hypothetical surface temperatures for each planet,
calculated from the intensity of the solar radiation reaching the planet
at its average distance from the sun (column 10). In the case of the earth
and Venus, the actual surface temperatures are substantially higher be-
cause the relatively dense atmospheres of these planets act as insulating



blankets. Mars has a very thin atmosphere, and Mercury and the Moon

have substantially no atmospheres, hence the true surface temperatures

for these bodies are close to the ones listed in the table.

The average densities of the terrestrial planets vary considerably

according to column 9 of Table 15.1, suggesting a substantial difference

in composition. However, when allowance is made for the increase in

density in the interior of each planet caused by the pressure of the over-

lying layers, the so-called "uncompressed density" derived in this way

turns out to be approximately the same for all terrestrial planets. For each

of these planets, the uncompressed density is somewhat greater than the

density of surface rocks on the earth, as would be expected for a planet

composed of rocky materials plus a substantial admixture of iron.

Mercury. Mercury is the closest planet to the sun. It is one-third the THE I*.



Figure 15.6 The sun and the plant-t^:

relative sizes. The sun and planets, arranged

in order of distance from the center of the

solar system, are shown here in proportion

to their actual sizes. The sun is 860,000 miles

in diameter, or roughly 10 times the size of

the largest planet, Jupiter.
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size of the earth and has one-twentieth the earth's mass. It completes an

orbit in 88 days. The length of its day is 59 earth days.

The density of Mercury is somewhat greater than you would expect

for a planet of earthlike composition. Probably the materials out of which
it was formed were at a high temperature because of their closeness to the

sun, resulting in the loss of more of the lighter, relatively volatile ele-

ments than in the case of the other terrestrial planets.

A close view of Mercury was obtained in 1975 from the Mariner space-

craft (Figure 15.7). The Mariner photographs revealed a cratered moon-
like surface. Mercury resembles the moon in being waterless, nearly

airless, and without life.

Venus, Venus is the earth's nearest neighbor, and also has nearly the

same size and mass as the earth. The planet circles the sun inside the

earth's orbit, completing one circuit in 225 earth-days. As Venus revolves

around the sun, it goes through phases similar to those of the moon. The
phases of Venus are visible in Figure 15.8, taken with the 36-inch tele-

scope at Lowell Observatory. At the "full Venus" the planet is on the

opposite side of the solar system from the earth, and its face is fully

illuminated by the sun. At the "half-Venus," the planet has moved
halfway around its orbit toward the earth. The "new Venus" is on the

same side of the sun as the earth; because it is directly between the earth

and the sun, it can hardly be seen although at this point in its orbit, it is

at minimum distance and assumes its largest apparent size.

The planet's rotation on its axis is opposite to the direction of its move-
ment around the sun. That is, looking down on the north pole of Venus
from "above," the planet will be seen to revolve about the sun in a coun-
ter clockwise direction - as is the case for all planets in this solar system -



while rotating on its axis in a clockwise direction. This type of motion is

called retrograde rotation. Venus is the only planet in the solar system

whose rotation is unmistakably retrograde.

Why is the rotation of Venus so peculiar? When the planet was born, it

probably rotated on its axis at about the same speed as the earth. How-
ever, being closer to the sun, it felt the effect of the sun's gravity more

strongly. The pull of solar gravity must have slowed down the rate of rota-

tion until the planet was rotating on its axis at very closely the same rate

at which it revolved around the sun. This means that Venus would present

the same face to the sun at all times. The moon, which is controlled by the

earth's gravity, rotates on its own axis in the same period of time in which

it repeats one revolution around our planet, and presents one face to the

earth at all times for this same reason.

This would explain why the length of the Venus day is so much longer

than the length of our day. The explanation for the retrograde rotation is

probably connected with the fact that the rotation rate observed for Venus

is precisely such as to assure that the planet will present the same face to

the earth every time it comes closest to the earth in its orbit. Apparently,

once the sun had slowed the rotation rate of Venus down to 200 days or

so, the weaker pull of the earth was then effective enough to swing the

same face of Venus around to the earth whenever the two planets were at

their minimum distance during their orbits around the sun.

A heavy cover of clouds veils Venus at all times. Breaks may occur

in the clouds but are not visible in ground-based telescopes because of

the blurring effect of the earth's atmosphere. The appearance of the

surface was a mystery until 1975, when Soviet spacecraft descended

through the atmosphere and photographed the terrain in the vicinity of

the landing site (Figure 1 5.9).

Venus is a particularly interesting planet because of its similarity to

the earth in size, mass and distance to the sun. Chapter 18 contains a

Figure 15.7 The cratered moon-like sur-

face o( Mercury photographed in

1975 by Mariner 10 irom an altitude of

11,800 miles.



Figure 15.9. The Venu> terrain photo-

graphed by a spacecraft on the surface.

Figure 15.9a. Phobos, in 1977 one of two
moons of Mars, photographed from a dis-

tance of 300 miles fay the Viking orbiter.

Phobos is 13 miles in diameter. It lacks the
red color of its parent planet and may be a

captured asteroid.
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more detailed description of conditions on the surface of Venus and in

its atmosphere.

Mars revolves around the sun .it a distance ot I4J million miles,

one and one-half times more distant than the earth. The length of the

planet's year is 687 days or 1.9 earth-years. It rotates on its axis in 24

hours and 37 minutes. Its axis of rotation is jn< lined «it an angle of 24°

to the plane of its orbit. By a coincidence, the length of the Mars day and

the inclination of the Mars axis to the plane of the planet's orbit are nearly

the same as the corresponding quantities for the earth.

The surface of Mars, unlike the surface of Venus, is almost entirely

free of clouds. Dust storms and haze occasionally are conspicuous, but

most of the time the face of the planet is open to photographic sur-

veillance.

However, good photographs of Mars cannot be obtained from tele-

scopes on the earth, again because the earth's atmosphere blurs the

images. Features on the surface of Mars cannot be seen from the earth

unless they are at least 50 miles in diameter. It is impossible to tell from

the earth whether Mars has continents, basins that might once have held

oceans of water, or other features that might indicate geological activity

or the presence of life today or at an earlier time.

In spite of their poor resolutions, photographs of Mars taken from the

earth have revealed several interesting properties. The photographs in

Figure 15.10 were taken during the Martian year in summer and winter,

respectively, in the southern hemisphere. The most conspicuous feature

of these photographs is the polar cap, resembling the cover of ice and
snow at the poles of the earth. The polar cap grows in size from 200 miles

in the upper photograph to a maximum of 2000 miles in the lower photo-

graph. Measurements made by the Viking spacecraft in 1976 suggest

that the caps are composed of a thin layer of frozen carbon dioxide (dry

ice) covering a less extensive but thicker cap of water ice.

Spacecraft photographs also have revealed riverlike channels that

suggest an abundance of water was present on Mars at one time (Figure

15.11). Because of this evidence, Mars is considered a possible abode
of life. The planet is discussed in greater detail in Chapter 19.



Figure 15.10 The change of seasons on
Mars.

Figure 15.11 A pattern of chanr

Mar<<, resembling

The braided pattern of nearly parallel chan-

nel >• is formed when tilt < arried ah
river is deposited on the river bottom in

large amounts The s//f eventually blocks

the (low in the existing < hanm

the river to i
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The Giant Planets

The giant planets- lupiter. Saturn. Uranus, and Neptune— are 5 to 10

times larger than the earth, and tar more massive, hut considerably lower

in densit\. In general their densit\ is about the same as that ot water;

Saturn, in fact, is less dense than water; it would tloat in the bathtub if

you could get it in.

The giant planets are less dense than the earth and its neighbors

because they contain large amounts ot the lightest elements, hydrogen

and helium. As a consequence, the structure ot .1 giant planet may be

entirely different from that oi a terrestrial planet, lupiter and Saturn are

starlike in composition; the\ consist almost entirely of hydrogen and

helium, and lack a well-defined surface. Uranus and Neptune have lost

much ot their light gases. ,uui probabb .ire composed ol ices ot water,

ammonia, and methane, deposited in a deep mantle surrounding a

rocky core.

lupiter Jupiter is the largest ot the giant planets, and the first to be

observed from a spacecraft (Color Plate 17A). Its average distance from

the sun is 480 million miles. Jupiter completes a revolution around the

sun in approximately 12 years. The length of its day is 9 hours and 50

minutes. The rate of spin of lupiter is very rapid for a planet of its size,

and leads to a pronounced bulge of material at the equator. The other

giant planets also have large equatorial bulges.

Theoretical estimates of the internal structure of lupiter indicate thai

the pressure at the center of the planet is about 10 million pounds per

square inch. The temperature at the center may be as high as 50,000 °K.

The high temperature is a result of the c ondensation of this very massive

planet under the force of its own gravity. If Jupiter were 70 times more
massive, its temperature would have risen to a level sufficient to ignite

nuclear reactions, converting it into a small star.

It might be expected that the interior of Jupiter would be in a gaseous

state resembling the interior of a star, in view of the high temperature at

its center. However, calculations on the properties of hydrogen, when
subjected to a pressure of 10 million pounds per square inch and a tem-

perature of 50,000 °K, indicate that the extreme pressure forces the atoms
into the state of a liquid metal, like lithium or sodium at high tempera-

tures. This liquid metal core of hydrogen is believed to extend out to a

distance of 40,000 miles from the planet's center (Figure 15.12).

A thick envelope of highly compressed, gaseous hydrogen and helium
overlies the hydrogen core, extending upward with gradually diminish-

ing density. The gaseous envelope is topped by two thick decks of clouds.

The lower deck consists of water droplets and ice crystals. The upper
layer of clouds consists of crystals of frozen ammonia compounds at a

temperature of- 300 °F. These clouds of frozen ammonia present the

visible face of the planet to the observer.

During 1973 and 1974 a Pioneer spacecraft passed Jupiter at a dis-

tance of 600,000 kilometers, on a course that would carry it to Saturn
the solar system and then beyond the limits of the solar system. Instruments carried on the
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Figure 15.12 The structure of Jupiter.

spacecraft indicated that Jupiter radiates considerably more heat to space

than it receives from the sun. The excess heat may be a remnant of the

heat released 4.6 billion years ago when the planet first formed; or it

may be heat released at a steady rate today, as the planet continues to

shrink under the force of its own gravity. The rate of shrinkage is esti-

mated to be one centimeter a year.

Photographs taken by the Pioneer cameras show turbulent cloud for-

mations, that appear to be violent hurricane-like storms extending over

thousands of miles (Figure 15.13). The photographs also reveal details

of the great red spot, about 40,000 kilometers long and 1 3,000 kilometers

wide (Color Plate 17B). The red spot, which has persisted for at least

300 years, is probably a mammoth storm center. The origin of the red

color is uncertain.

Conditions beneath the clouds of Jupiter are concealed trom our >.

but below the level of the cloud tops the temperature must rise, ju;

does on the earth or any other planet wrth a fairly dense atmosphere.



Figure 15.13. Cloud formations and storms

on Iup iter.

V-*.
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The rise in temperature is the result of the greenhouse effect, in which
the atmosphere acts as an insulating Manket, sealing in the planet's heat
and increasing its temperature (See Page 416). We suspect that Jupiter

does not have a well defined surface but, instead, an atmosphere that

grows steadily denser with increasing penetration into the interior of the

planet. With or without a surface, Jupiter probably has a region, at some
depth below its clouds, in which the temperature passes through a com-
fortable range for the development and support of life.

Is it possible that I ife exists on Jupiter? The planet contains an abundance
of hydrogen as well as the compounds of hydrogen with relatively com-
mon elements such as carbon, nitrogen, and oxygen. These compounds-



among which ammonia and methane have been observed, and water

vapor probably exists also— were present in abundance in the primitive

atmosphere of the earth, and are believed to have played a critical role

in the events that led to the development of life on our planet. Their

importance in evolution on the earth has ended, and they have long

since escaped, but their continued presence on Jupiter leads us to

wonder whether the initial steps along the path to life have not also

occurred on that planet.

The Moons of the Giant Planets. Thirty-four moons in all circle the

giant planets. Jupiter has 14 — more than any other planet— which orbit

it like a solar system in miniature. Six moons of the giant planets— four

around Jupiter and one each around Saturn and Neptune— are the size

of the earth's moon or larger. One of these moons may serve as a base

for the scientific exploration of Jupiter in the future, since direct manned

reconnaissance of the largest planet is forbidden by the crushing force

of its gravity.

The remaining satellites of the giant planets are very small, with diam-

eters ranging from 70 miles down to 4 miles. These satellites resemble

the asteroids in size, and some may be asteroids that were captured from

their normal orbits by the gravitational forces of the giant planets.

The Rings of Saturn. The rings of Saturn are an extraordinary phe-

nomenon familiar to every amateur astronomer. The four rings occupy

the region between 46,000 miles and 85,000 miles from the center of

Saturn. The innermost ring is 9500 miles above the planet's surface.

The outermost ring ends 1600 miles inside the orbit of Janus, the closest

of Saturn's moons. The rings are paper-thin relative to their diameter,

with estimates of their thickness ranging from 4 inches to 2 miles. Con-

sequently, when the rings are viewed edge-on to the earth, they dis-

appear, although when viewed face-on they are dazzlingly bright (Figure

15.14). Stars can be seen through the rings, indicating that they are not

solid sheets. Probably they consist of crystals of ice and grains of ice-

coated dust.

The origin of the rings lies in the gravitational force exerted by Saturn

on its satellites. Since the force of gravity increases in strength with

decreasing distance, the near side of a moon feels a somewhat stronger

gravitational pull toward its parent planet than the far side. The stronger

attraction on the near side tends to wrench the material on this side out

of the body of the moon. The force of the moon's internal gravity, hold-

ing it together, resists this effect. If the moon is too close to its planet

the excess pull on the near side becomes too great to be counteracted

and the moon is torn apart. Each of the resulting fragments then circles

in orbit around the planet as a miniature moon.

A moon must keep a minimum distance from its parent planet in order

to stay intact. The minimum distance is called the Roche limit. A calcula-

tion shows that the rings of Saturn are inside the Roche limit for that

planet. Either the rings are fragments of a moon that spiralled in too close

and was torn apart; or, more likely, they are grains of material that were

within the Roche limit around Saturn originally and, therefore, were
THE Cl



Figure 15.14 Photon'jph^ showing various

oriental s num.

prevented from collecting into a single object when the moons of Saturn

were first forming. 2

All planets and stars possess Roche limits. The Roche limit for the sun
is one million miles from its center, or approximately 500,000 miles

above its surface. No planet could form within this distance. The Roche
limit for the earth is 10,000 miles from its surface, well inside the orbit

of the moon.

Pluto
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Pluto, found in 1930, was the ninth and last planet to be discovered in

the solar system. Its orbit carries it farther from the sun than that of any
other planet, and probably marks the outer boundary of the solar system.
Because Pluto is so far away, we have been able to learn very little about
it, except that it appears to be a body similar in composition to the
terrestrial planets. It must be a frozen, silent world, far too cold to support
any form of life.

2
Artificial satellites orbiting the earth within the Roche limit are preserved by

their rigid construction.



The absence of hydrogen and helium from Pluto probably marks the

end point of a trend discernible in the compositions of the giant planets.

Progressively with increasing distance from the sun, larger amounts of

primordial hydrogen and helium appear to be missing from these

planets. The trend toward a decrease in the concentrations of hydrogen

and helium probably is the result of the sun's weak force of gravity at

great distances. The lightest gases— hydrogen and helium — would be the

first elements to escape to interstellar space under these circumstances.

Pluto may have accumulated out of the residue of heavier elements,

achieving a composition similar to that of the earth, although for entirely

different reasons.

The Asteroids

Between the orbits of Mars and Jupiter there is a gap in the distribu-

tion of the planets. We might expect to find a planetary body located

outside the orbit of Mars, about three times the earth's distance from the

sun; but instead we find only a large number of small bodies- plane-

tesimals- circling in a ring. These are called asteroids. The largest of

the known asteroids is Ceres with a diameter of 480 miles. Three other

asteroids- Pallas, Vesta, and Hygiea-have diameters greater than 200

miles. The remining asteroids -estimated to number tens, of thousands-

are far smaller.

Asteroids are discovered by taking a long exposure photograph of

stars and noting any objects which move relative to the stars (Fig-

ure 15.15).

1 1 !>u re 15.15 D/Si

Icarus b) its motion

ground ot the
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Figure 15.16 Orbit of Icarus Icarus /•>

about one mile in diameter. Its orbit is

inclined at 23 degrees to the ecliptic; the

revolution period is 40 1
-) days; the orbital

eccentricity is 0.83., and at perhelion the

asteroid is only about 19 million m/7e- from

the Sun — within the orbit oi Mercurs

Figure 15.17 The orbits of various

asteroids.

The orbits of several asteroids brings them dangerously close to the

earth. Hermes went by at a distance ot 400,001) miles in 1937, and

Icarus approached within 4 million miles ot the earth in 1968. The visit

of Hermes was a near miss tor earth inhabitants; it it ever strikes the

earth-as it may in the future-the force ot its impact will liberate tin-

energy of 10 million hydrogen bombs, and may destroy a substantial

fraction of the population ot the earth. We know from the geological

record that the land areas of the earth have not been strut k by Hermes-

sized objects during the last few hundred million years. However, the

early years of the earth's record have been wiped out, and during that

period such collisions may have been frequent. The great craters and

circular maria of the moon show the marks of collisions with asteroids

and planetesimals the size of Hermes and larger.

The unusual properties of asteroid orbits provide a clue to the origin

of these bodies. Many orbits are in( lined at very large angles to the plane

of the ecliptic (Figure 15.16). The orbits also tend to be highly elliptical

in contrast to the near-circular orbits of the planets (Figure 15.17). The

orbit of Icarus, for example, carries it to within a distance of 19 million

miles from the sun and out to a distance of 180 million miles. These

peculiarities can be explained by the powerful gravitational force of

Jupiter. Jupiter's gravity affects all nearby objects, and occasionally pulls

an asteroid out of its normal orbit, and may set it on a collision course

with another asteroid. If a collision occurs, fragments of the two asteroids

will leave the .scene of the collision traveling through space in many
different directions and with different speeds and will fall into new orbits

around the sun, including orbits that make a large angle to the plane of



the ecliptic. Some may be slowed down by the collision and fall in toward

the sun, as presumably was the case with Icarus, while others are hurled

farther out into the solar system. This collision theory would explain the

great variety to be found in the asteroid orbits; it also explains the fact

that they have never accumulated into a single large planetary body

during the history of the solar system.

Meteorites

Among the fragments ejected from the asteroid belt in a collision,

some fall by chance into orbits crossing the orbit of the earth. It is be-

lieved that most of the meteorites that hit the earth have this origin. The

examination of meteorites that survive the searing passage through the

earth's atmosphere reveals that most are pieces of rock and iron with a

rather complex physical and chemical history, suggesting that they were

broken off from larger bodies during repeated collisions.

Most meteorites consist of rocky materials primarily, but fragments

of pure iron and nickel are not uncommon. The meteorite that blasted

out the Arizona meteorite crater was a large block of iron weighing

approximately one million tons (Figure 15.18).

Meteorites range in size from blocks of material weighing many tons

down to invisible grains of rock or iron dust called micrometeorites. If

the meteorite is the size of a grain of sand or larger, it leaves a fiery trail

of incandescent matter behind as it passes through the earth's atmos-

phere. When we see this trail in the night sky, we call it a shooting star.

The great majority of the meteorites are so small that the heat of their

. >m the
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passage through the atmosphere vaporizes them before the> reach the

ground. If the meteorite is the size of a basketball 01 larger, its entry into

the atmosphere creates a spectacular sight called a fireball.

Prior to the landing on the moon, meteorites were the only samples <>i

extraterrestrial matter available to man. I heir examination in the labo-

ratory has provided two results ot great importance to students ol the

origin ot the solar s\stem. One relates to the age ot the solai system.

Measurements ot the ages 01 meteorites in the tec hnique <>i radioa< tive

dating (Chapter 16) yield results ranging up to 4 <> billion years. Since

these 4.6-bil I ion-year-old meteorites art- the oldest objects known, then

age is taken as a lower limit to the age ot the solar s\stem and, there-

fore, to the age ol the earth. This ( onje< lure is strengthened bv the dat-

ing of the lunar rocks, which also yields ages up to 4.6 billion years

(Chapter 1 7).

A second point ot interest is the c omposition ot meteorites. I hey show
is 01 having been worked over by air mu\ water erosion or sub-

jected to a long histor\ ot chemical separation, as is the case <>t locks

on the surface ot the earth. For this reason, the) are believed to give a

better indication ot the original state ot the materials in the solar nebula

than can be obtained on the earth.

The chemical c omposition ot one type ot meteorite in partk ular, ( ailed

the chondrite, is believed by some geologists to provide an accurate

indication of the composition of the materials out of which the earth

accumulated as a new planet. Chondrites are often used as a starting

point in theoretical studies of the earth's history from the time of its

formation.

Comets

The close approach of a comet is one of the most spectacular sights

in the heavens. The comet appears first in the telescope as a small, fuzzy,

faintly luminous object. At this point it is far from the earth, but is

approaching our planet on the inward leg of a long journey from the

edge of the solar system. As it comes closer, solar energy warms the head
of the comet and vaporizes gases that were frozen in solid crystals during

the many years in which the comet was far from the sun. These gases

stream out behind the comet's head. Excited to luminescence by the

absorption of solar radiation, the stream of gases forms a spectacular,

glowing tail, which becomes clearly visible to the naked eye as the comet
nears the sun (Figure 15.19).

Comets derive their name from the Latin cometes, which means
"long-haired." Most comets move, in fact, in highly eccentric orbits,

sometimes approaching within the orbit of Mercury, and then retreating

far beyond the orbit of Pluto on the outward leg of their journeys. The
most elongated cometary orbits are estimated to reach one-fifth of the

way to the next nearest star. A comet in one of these orbits requires sev-



eral million years to complete one circuit of the sun, and most comets

are estimated to require 10,000 years or more for the round trip. The

vast majority of the comets we observe will not be seen again from the

earth for thousands of years. The solar system probably contains a reser-

voir of billions of these long-period comets, of which only a few enter

the inner parts of the solar system.

Some comets have shorter periods, ranging down to 3.3 years for

Enke's Comet. Most of these short-period comets come close to the orbit

of Jupiter, suggesting that Jupiter's gravity has deflected them into new

orbits that remain within the solar system. The most famous comet in

this group is Halley's Comet, named after Edmund Halley, a friend of

Newton, who studied the records of comets dating back to 1531 and

decided that several of these comets were a single body making a re-

peated appearance in the sky. Halley predicted that this comet would

return in 1758, and it reappeared on Christmas night of that year. The

last apppearance of Halley's Comet was in 1 91 0, and its next appearance

is scheduled for 1986. 3

What is a comet? The most widely held theory suggests that the

nucleus of the comet is a swarm of rocky and metallic particles coated

with frozen ices of water, ammonia, methane, and carbon dioxide. This

collection of dirty, slushy substances resembles the mixture of ice and

rock materials in the original solar nebula out of which the planets

formed (page 343). The comet nucleus is a small object, a few miles in

diameter, probably with a very loose structure and a low average density

The ice crystals vaporize to form the tail on each sweep around the sun.

As the comet moves out toward the edge of the solar system once more,

the gases condense and freeze again, and the tail disappears

ure 15.19).

There is evidence that the earth occasionally passes through the tail

of a comet, or through a swarm of particles that have become detac hed

Figure 15.19 The gradual disappt

of the tail of / lalh

irom the sun.

3 The period of Halley's Comet varies from 74 to 79 years from one orbit to the

next as the result of changes produced by Jupiter's gravity.
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t'rom the tail of a comet that passed by |>reviously. On some evenings,

thousands ot meteor trails are visible in the sky during the course of the

night. These displays are known as meteor showers. The trajei tories of

the meteorite trails c .\n lx> t ale ulated In photographing them with special

cameras. Most c oini \dv w ith the orbits ot known comets, suggesting th.it

these grains ot dust are cometary particles entering the atmosphere.

The meteor shower oct urring each year around October 21 is produced

by particles formerly in the tail of Malley's Comet, while the spec-

tacular shower that ixi urs about August 1 2 is identified with the anony-

mously named comet, 1862 III.

Main Ideas

1. Formation of the solar system from the products of earlier generations

of stars.

2. Two competing theories of the origin of the solar system; arguments

for and against each theory.

3. Distinction between multiple stars and solar systems: the probability

of other solar systems.

4. Formation and early evolution of the planets.

5. Laws governing the motion of bodies under gravity.

6. The differences between the inner and the outer planets.

7. General properties of the major bodies of the solar system; planets

and their satellites.

8. Minor bodies of the solar system: asteroids, meteorites, and comets.

Important Terms



3. What are the principal difficulties in the condensation theory of the

origin of the solar system?

4. Would you expect to find a Jupiter-sized planet at the distance of

Pluto? Within the orbit of Venus? Explain your answers.

5. A combination of two motions keeps a planet in orbit around the

sun. What are the two motions?

6. Using Table 15.1, list the fundamental differences between the

inner planets and the outer planets. Explain the differences in terms

of their formation and early history.

7. Suppose that a planet circles Barnard's Star at a distance equal to the

radius of the earth's orbit. Which body— the earth or Jupiter— would

you expect this planet to resemble more closely. Suppose that a

planet circled Deneb at a distance equal to the orbital radius of

Jupiter. Would this body resemble a giant planet or a terrestrial

planet? Explain your answers.

8. Briefly describe the conditions of temperature, surface gravity, and

atmosphere on each of the terrestrial planets.

9. On the basis of what you have read in this chapter, what would you

expect the composition of the larger moons of Jupiter and Saturn to

be? What conditions would you expect on the surface of one of

these moons?

10. Give a possible explanation for the existence of the asteroid belt.

11. How does the chemical composition and age of meterorites increase

our knowledge of the origin of the solar system?

12. Describe the structure of a comet. What do you think would happen

if a comet struck the earth?

13. How many years remain in the lifetime of the solar system according

to the theory of stellar evolution? How will it end?
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16 The Earth

The early years of the earth's history are shrouded in mystery. Erosion

by wind and running water, and the upheavals that accompany the build-

ing of continents and mountain chains- all have combined to erase the

record of the earth's past. Although the earth is under our feet, and the

stars are far away, writing the history of our planet has turned out to be a

far more difficult task than piecing together the life story of the stai

the skies contain stars of many different ages, and all are available for

examination in our telescopes. Through the study of these young, middle-

aged, and old stars we have learned the story of the red giants and white

dwarfs. But planets of different ages are not available for inspe< Hon. We

have no direct knowledge of the conditions that might exist on an earth-

like planet during its lifetime.

Faced with this problem, students of the earth and its history- geolo-

gists- have arrived at ingenious methods for reconstructing the past his-

tory of the earth. Some of their investigations are concerned with scattered Iran
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Figure 16.1 Types of rock: (a) sedi-

mentary; (b) fine-grained igneous; (c)

coarse-grained igneous.
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fragments oi roc k lying on the surtax e. The means for studying these rocks

range from absurdly simple operations— such as tasting or feeling the

to highly c ompk>\, delk ate laboratory analyses in which the rocks

are taken apart almost atom by atom. To begin with, the geologist brushes

the dust off, looks at the clean surface of the roc k c arefully, hefts it, and

then hits it with a hammer. He grinds a smooth face on one of the frag-

ments and inspects it under a low-powered microscope; then he cuts off a

thin slice, grinds that down to .1 transparent slab one-thousandth of an

inch thick and sends polarized light through the slab to see what colors

are produced. Afterward he bombards another small piece with electrons

and X rays. FinalK . he vaporizes the rock and studies it an atom at a time.

Much can be learned about a rock's past by looking at it. Does the rock

look like it has been built up layer upon layer? If so, it was probably

formed by an accumulation of sediments, perhaps by silt filtering down
onto the bottom of a lake or an ocean. Such sedimentary rocks (Figure

16.1a) are common on the earth, nearly all of whose surface has been

covered at one time or another by water. Is the texture of the rock not

layered but homogeneous, made up of many fine crystals of different

types? If so, it is an igneous rock — solidified lava — that came up to the

surface of the earth in a molten stream from the deep interior and rapidly

cooled there. Is it an igneous rock with large crystals? That means that this

rock, again originating in the deep interior, has collected in a pocket

under the surface of the earth and cooled and solidified there very slowly,

subsequently to be exposed on the surface by a subterranean uplift or by

the forces of erosion (Figure 16.1b and < ).

The rocks that lie on the surface of the earth come from depths as great

as 60 miles, but no greater. How does the geologist penetrate deeper into

the earth to determine the materials of which it is composed and the

temperature and pressure at great depths?

The problem is like that of the physician who seeks a knowledge of his

patient's interior without taking a cross-sectional cut. Earthquakes pro-

vide the geologist with the diagnostic tool equivalent to the X ray and the

electrocardiogram. Vibrations set up by subterranean disturbances travel

through the body of the earth at speeds that depend on the properties of

the materials through which they travel. By studying the earthquake rec-

ords— seismograms- from stations located at many points and by com-
paring the properties and arrival times of the signals from an earthquake,

the geologist can deduce a great deal about the earth's interior (Figure

16.2). In this way he has learned that the center of the earth is largely

liquid -a core of molten iron 1800 miles in radius. Within the molten
core lies an inner solid core, whose atoms are forced into the solid state,

in spite of the high temperature at the earth's center, by the enormous
pressure of the overlying layers. Surrounding the molten outer core is a

mantle of dense rock 2200 miles thick. The mantle is capped by a rigid

crust of lighter rocks with an average thickness of 10 miles (Figure 16.3).

The sum of the evidence gives a surprising picture of dynamic change
and transformation within the earth's interior and on its surface through-

out its history from the moment of its birth. The solid earth, viewed in the



span of geologic time, has been the scene of violent activity that belies its

seemingly static nature. The pattern of those changes has been assembled
painstakingly by geologists through a combination of crude and sophisti-

cated methods, but a key element was missing from earth science until a

few short years ago. Prior to the mid-1960s, geologists could see what
had happened, but they could not determine why it had happened. The
missing element, which is connected with the concept of "continental

drift" or plate tectonics, is described in the last section of this chapter.

THE EARLY HISTORY OF THE EARTH

In Chapter 15 we described how the earth was probably formed. Small

pockets of condensed material appeared in the cloud of gas and dust that

circled the newborn sun in the first years of the solar system. We do not

know how these condensed pockets developed, except that they may

have collected under the influence of gravity in a small-scale duplication

of the formation of a star. When a condensed pocket of material had

grown large enough to exert a strong force of gravity, it constituted the

nucleus of a planet. Other bits of material surrounding the planetary

nucleus were drawn to its surface by the force of its gravity, and in a rela-

tively short period of time the nucleus developed into a full-sized planet.

As the earth grew to its final size, the force of its gravitational attraction

mounted in proportion to the mass of the accumulated material. Toward

the end, the force of gravity on the earth's surface was as strong as it is

today.

An extraterrestrial fragment of rock- such as a meteorite -drawn down

onto the surface of the earth by gravity, crashes into the planet at a speed

of about 25,000 miles an hour. The amount of energy liberated by the

impact at that speed is greater- pound for pound -than the energy lib-

erated in the explosion of TNT. If the object is substantial in size, an

enormous amount of heat is created when it hits the surface. If we can

bring our imaginations back in time to the period when the earth was

almost fully formed, but there was still a large amount of planetary debris

circling around the sun, we can conceive not only of an occasional

meteorite hitting the earth, but of a heavy bombardment of rocks of all

sizes raining down on the surface.

We can see that the earth must have been heavily scarred by that early

bombardment. In fact, calculations indicate that large parts of the earth's

outer layers could have melted as a result of the temperature rise caused

by the bombardment during the final stages of its birth.

If this were the case, the surface of the earth must have been covered

with red-hot lava at one point in its youth, even though it condensed

initially from cold grains of rock and ice.

But the interior of the earth would have been little affected by surface

bombardment since heat travels very slowly through layers of rock that

are hundreds of miles thick. Calculations indicate that it would take

Figure 16.2 The seismograph: a heavy

weight suspended from a spring remains

relatively motionle^* while the ground

shakes beneath it during an earthquake.

A pen, attached to the nearl\ stationary

weight, traces the vibration* oi t/i<

on a rotating drum.

Figure 16. 1 The itrm turv oi thr i



nearly the entire lifetime ol the earth foi heat to travel .1 distarx e 1

miles through the earth's roc k\ interior. I wo hundred and fifty miles is ,i

small traction ol the earth's radius 01 4000 miles Ihus. most ot the in-

terior of the earth must have been unaffected by the vigorous bombard-

ment of the surface that occurred during the final stages ot its birth. The

earth, when .1 young planet, may have had a molten surface, but its

interior prohahK was stone-cold.

Yet toddy the inner 2000 miles ot the earth .ire tilled with molten iron,

and the temperature at the earth's tenter is 5000 C or 9000 I. I his tern

perature is close to the temperature at the surlace ol the sun. By Com-

parison, the temperature ot a household o\en rarelv v^ets above 600 I

and steel furnaces are never hotter than 1000 I .

RADIOACTIVE HEATING OF THE EARTH

What source of energv ( OUld have c reated the pool ot molten iron that

now exists in the center ol the earth? Ihe answer is believed to Im' that

certain rare elements have raised the temperature <>l the earth's interior to

the point where the iron— originally sprinkled throughout the interior like

raisins in a fruitcake— has melted and run to the ( enter.

The rare elements that are the source ot the earth's inner heat are

uranium, thorium, and potassium. These are the so-called radioactive

elements. Each of them has the special property— unique among all ele-

ments found within the earth — of disintegrating by itself, without any

external stimulus, when a sufficient amount of time has passed. In the

disintegration, a piece of the nucleus of the radioactive element breaks off

and is ejected at high speed, leaving behind a smaller and different

nucleus than existed before. The breakup of the nucleus is called radio-

active decay.

The fragment of the original nucleus that has broken off, speeding away
from the scene of the radioactive decay, crashes through the surrounding

atoms of the solid rock in which the radioactive element is located (Figure

16.4). Colliding with these atoms, the nuclear fragment transfers energy

to them and heats the rock.

Ernest Rutherford -the discoverer of the atomic nucleus- was the first

person who thought about the heating effects of the radioactive elements
in the earth. He was also the first person to measure the amount of heat,

and the first to realize the implications of this heating for the interior of the

earth, and for the understanding of the earth's history. Rutherford meas-
ured the temperature of a small amount of radium -a radioactive element
derived from uranium -and found that if the radium was carefully insu-

lated from all other sources of heat, it steadily became warmer. The rise

in temperature was the result of radioactive decays.

Rutherford calculated the heat that would be released by the radioac-

tive decays in ordinary rock using his measurements of the heat released
)lar system by the decay of radium atoms. He found that the heating effect was very
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Once the rock mantle had melted, or partly melted, the only way in

which it could become completely solid again would be by solidifying

from the interior of the earth outward toward the surface. You might

expect the opposite — that .1 c rust would form on the surface of the molten

rock first, just as ice forms on the surface of a lake or a pond when the

temperature falls. But water is very different from molten rock. When
water freezes into ice, the ice weighs less than the watei and, therefore,

floats on top. That is why ice forms on the surface of a cooling body

of water. Solid rock, on the other hand, is denser than liquid rock. If the

entire mantle melted, and then a solid crust formed on the surface of the

earth, it could not remain there. Being heavy, it must have broken up and

sunk into the molten material, melting .is it sank. Again and again the

crust would have formed, broken up, sank into the liquid rock beneath,

and melted. Final solidification could never occur at the surface; it must

have started at the "bottom," that is, at the base of the mantle.

It is believed likely that only a part of the mantle was molten at one

time. Therefore the picture presented above is oversimplified. The actual

history of the earth's mantle probably involved the repeated melting,

solidification, and remelting of local regions. The details of the process

are complex, but a thorough analysis leads to the same result that one
obtains from the simpler picture.

What happened next? As soon as the interior of the earth began to

solidify, a complication entered the story. We have been speaking of

the rocks in the interior as if they were made of a simple substance like

salt or sugar. In actuality, however, the substance we have been calling

"rock" is a mixture of many different compounds or minerals. Common
rocks generally contain about one dozen separate minerals in varying

proportions. For example, consider the rock granite. If you look closely

at a block of granite on the face of a building, you will see that it contains

many small grains of different colors and shapes. Some grains are ivory

white in color. These light grains are called orthoclase feldspar. Other
grains are almost entirely transparent except for a slight cloudiness.

They are the mineral quartz. The granite is also apt to contain dark

specks- nearly black, which are crystals of the mineral biotite.

Another common rock is the dark, fine-grained volcanic material

called basalt. If you have ever seen solidified lava, you probably have
seen basalt. Nearly all rocks brought back from the lunar landings are

basalts. Basalt usually contains a mixture of three minerals called

pyroxene, olivine, and plagioclase feldspar.

What does the complex mineral structure of rocks have to do with the

story of the earth's past? The answer is that each mineral freezes out of a

cooling mass of liquid rock at a different temperature. Table 16.1 lists

the common rock minerals with their freezing-point temperatures, that is,

temperatures at which a molten mineral becomes solid. The minerals in

this table make up 95 percent of the earth's rocks.

As the interior of the earth cooled, beginning at the base of the mantle,

the minerals with the highest freezing points were first to freeze. In
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Figure 16.5 Concentration* of minerals

in the earth* crust and interior.

in the Universe. They are the principal constituents of all the rock min-

erals mentioned above. Quartz, tor example, is pure oxygen and silicon

in the proportions given by the formula SiC) 2 . Its basic striu ture is shown
in Figure 16.6. A tetrahedron — call the silica tetrahedron — is formed

by four oxygen atoms enclosing the relatively small silicon atom at the

center. Each oxygen atom is shared by two silicon atoms in neighboring

tetrahedra, hence the chemical formula Si() 2 instead of Si< ).,.

The silica tetrahedron is the basic building block for most of the min-

erals in the earth's mantle and crust. Quartz consists of pure silica, and

other minerals are composed of silica tetrahedra linked by regularly

spaced atoms of iron, magnesium, aluminum, sodium, calcium, or potas-

sium. For example, Figure 16.7 shows the structure of olivine.

The smaller the atom that serves as the link between adjacent tetra-

hedra, the tighter and more compact is the resultant structure. Olivine,

for example, consists of silica tetrahedra linked by atoms of iron or mag-
nesium. Being small, the iron atom or magnesium atom fits very easily

Figure 16.6 The silica tetrahedron.
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Mg++or Fe + +

O S i ion

Olivine-(Mg, Fe)2 Si04

Figure 76.7 The structure ol Olivine.

into the spaces between the other atoms that make up the crystal struc-

ture of olivine. The result is a mineral with a very compact and, there-

fore, a very dense structure. This is the reason why olivine tends to settle

to the bottom of the melt when it crystallizes out of molten rock.

The presence of iron and magnesium atoms in olivine also explains

why this mineral is the first to crystallize out of a cooling mass of molten

rock, that is, why it has a higher freezing-point temperature than other

minerals. Because the iron and magnesium atoms are small, in minerals

containing them other atoms come into closer contact. The electrical

forces of attraction that tie atoms together to make a crystal are stronger

when the atoms are closer together. Suppose now we consider what

happens as a molten mass of rock cools down. Collisions occur con-

tinually between neighboring atoms in the molten rock, breaking up the

bonds that attract one atom to another, and preventing solid crystals

from forming. At very high temperatures, these collisions are violent

enough to break the bonds of all minerals, including the very strong

bonds that tend to tie together the atoms that make up a crystal of olivine.

However, as the temperature drops the violence of the collisions di-

minishes. When the temperature falls to fourteen hundred degrees, the

violence of the collisions is sufficiently diminished so that the atoms thai

make up a crystal of olivine can lock into place and stay in place in spite

of continuing collisions with their neighbors. But at this temperature the

collisions are still violent enough to break up the other minerals- with a

looser, less compact, and less tightly bound structure- that start to

in the molten mass. These minerals cannot solidify or crystallize out of

the melt until the temperature decreases still further.

Thus, as the earth solidifies from the inside out, the small atom

locked into the structures of the minerals that appear at the base of tin-

mantle, while the large atoms are forced successively upward layer In

layer, because they do not fit into the spaces between other atom



nally, at the top there is a residue of the low-density minerals I out.lining

large atoms, which float on top of the denser rocks below. Eventually

this layer of low-density minerals solidifies to lorm the rocks of the c rust.

The elements with large atomic ions, having been forced upward into

the crust, exist there in gre.it abundance, fai in excess of the abundance

that they would normally have if they were distributed according to their

average proportion as in the original cloud of gas and dust out of which

the earth condensed.

Differentiation enriches the crust in all elements having large-sized

atomic ions. The> in< lude the elements mentioned on page 143, which

are intrinsically abundant in the Cosmos and, therefore, make up a large

fraction of the rock minerals in the crust. They also include elements

such as lead and mercury, which are rare in the Cosmos, and therefore

relatively rare in the crust, but are to be found there in much greater

abundance than their average abundance in the earth.

Finally, all the radioactive substances— radium, thorium, potassium,

and uranium — have atoms with very large diameters. These radioactive

substances are to be found in far greater abundance in the crust than their

average concentration in the earth as a whole. Differentiation is estimated

to have removed more than half of the radioactive elements from the

interior of the earth and to have concentrated them in the relatively thin

crustal layer during the course of the earth's history.

If the radioactive substances were still distributed throughout the man-
tle, their radioactive heat would be sufficient to keep a large part of the

mantle in a molten condition. Probably a solid and relatively permanent

crust could not exist in that case. In summary, heat released by radio-

active substances led to differentiation in the mantle, and the differentia-

tion led to the removal of radioactive substances from the mantle, and

hence the removal of the heat source. Differentiation has thus introduced

inherent stability into the temperature history of the earth.

THE FLOATING CRUST

The lightweight rocks that form the crust of the earth are the familiar

granites that are found on the continents, and the somewhat denser

basalts that make up the rocks underlying the oceans. Like the granites,

basalts are also found in substantial amounts on the continents. Granites

and basalts together form the light crust that floats on the denser mantle

underneath.

The word "floats" is used with care. The rocks of the earth's interior-

while sol id -are nonetheless warm enough so that they have a kind of

plasticity. They yield under pressures, provided that the pressures are

applied for a long enough time. They are very much like silly putty, which
seems as hard as steel when hit sharply, but yields and flows like a vis-

cous liquid under a steadily applied weight.

As the photographs show (Figure 16.8), a slab of silly putty yields in

the solar system 30 minutes under the pressure of a weight placed on top. How much
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Figure 16.8 Silly Putty yields undv<

pressure.

time elapses before the solid rocks of the earth's interior yield under the

weight of a mountain on the surface? The answer is approximately

one million years. If a large mass-the size of a mountain -is placed on

the surface of the earth, during the course of a very long time the under-

lying rock of the mantle yields under its weight, and slowly but steadily

the mountain sinks into the earth's interior. But several million years must

elapse before this occurs. During appreciably shorter periods of time-

such as a year, a century, or even 10 centuries -very little happens. The

atoms of the mantle rock remain locked in fixed positions, each atom

bound to its neighbor by an electrical force.

But if solid rock is subjected to a large force, now and then a small

layer of atoms somewhere within the rock will slip over an adjoining layer

of atoms as a consequence of the pressure on its surface. The sliding mo-

tion of one layer of atoms over another occurs only in scattered places

in the solid rock, and only at rare intervals. No change can be seen in the

rock if you look at it for a short time. But over a sufficiently long per.od

the accumulation of many tiny displacements adds up to a "flow

one part of this seemingly rigid, solid body over another part.

The slow movement of a solid body-such as rock- under heavy

pressure is called creep. The phenomenon of creep is responsible for

the fact that the solid rocks of the earth's interior yield and flow under

the weight of mountain ranges on the surface.

Mountains are made of crustal rocks-mostly granite- which are

lighter than the rocks of the mantle as a consequence of d.fterent.at.on.



The light rocks ot the c rust are buoyant; they float in the \ ielding mantle

like a block ol wood in a tank ol water.

Only a small part ot a floating bloc k ot wood rides above the surfat e ol

the water. Similarly, when you see a mountain range such as the K<x k

ies or the Himalayas— you are only \ iewing a small part ol the < omplete

mass of rock. The remainder is "submerged" below ground. The Hima

layas extend upward 4 to 5 miles above sea level and downward about

25 miles. Continents also float on the mantle and have deeply submi

roots that extend far into the underlying ro( k. In fact, the entire crust

of the earth— including the r<x ks on the floor ol the ocean— floats on

the mantle, with the larger part submerged and hidden from view

(Figure 16.9).

PLATE TECTONICS

In recent years evidence has accumulated thai makes it indisputable

that the continents have not always been located in the positions they

now occupy on the globe. Antarctica was once located in a pleasant

climate far from the South Pole; North America was once joined to

Europe; South America was once joined to Africa; and .ill these con-

tinental masses were far from their present locations.

The Zone of Weakness

At first thought it seems that these results must be incorrect. How can a

continent slide about like a cake of soap in the bathtub? The answer is

that a zone of weakness exists in the earth's interior at a depth of some
60 miles, well below the deepest continental roots. At this particular

depth the mantle rocks- while still below the melting-point tempera-
ture-come nearer to melting than at any other place in the interior

of the earth. The Vocks at a depth of 60 miles are still solid, but only
barely so. They are so close to melting that they are as soft as warm but-

Figure 76.9 The roots of the continents.
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Figure 16. 10 The dimensions <>i a plate.

ter. The mantle above this deep layer of soft and yielding rock is colder

and more rigid. This rigid 60-mile layer is called the tithosphere.

The lithosphere is broken up into a number of slabs, called plates

by earth scientists. The term conveys a thinness that seems inconsistent

with a slab of rock 60 miles thick. However, the plates average thousands

of miles in size, or more than 20 times their thickness (Figure 16.10).

The movement of the earth's plates, and the disturbances of the crust

that these movements produce, are the subject of plate tectonics.

If a continent is embedded in a particular plate, the continent moves

along with the plate as it slides over the zone of weakness. The move-

ment is slow— usually no more than one inch per year- but over an ap-

preciable period of time in the earth's history (e.g., 100 million years

or more) these slow movements of the plates add up to displacements

of thousands of miles. Plate tectonics provides the explanation of the

drifting continents.

A Map of the Earth's Plates

Between 1965 and 1970, geologists succeeded in mapping the

boundaries of most of the great plates into which the earth's surface

is divided. The boundaries of the plates are shown in Figure 16.11.

Arrows drawn on the plates indicate the direction of the movements.

All movements are relative to the Eurasian landmass, which is regarded

as fixed in this map. Locations of all earthquakes occurring during the

last 10 years are also marked by small circles. The zones of inte

earthquake activity played a major role in defining the plate bound.

The most striking geological consequences of the map are explained

below.

The African Plate. In some parts of the globe, two plate- apj

colliding head-on, crumpling the material of the earth's crust in great

folds. The map shows that a great plate containing the A 'ment

and part of the Atlantic Ocean is moving northward and plowin

a second plate containing the Eurasian landmass. The Alps are giant

18)



Figure 16.11 The boundaries of the

earth's platen. Arrows indicate plate move-

ments relative to the Eurasian landma&s.

Shading indicates zone^ of earthquake

occurrence.
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wrinkles in the edge of the Eurasian landmass produced by a collision

between the two plates at the rim of the Mediterranean. The Mediter-

ranean itself is gradually disappearing as the northern movement of the

African plate closes the gap between the two continents. The earthquakes



that plague Greece and Turkey, of which the most recent occurred in

Turkey in 1975, are signs of the subterranean adjustments occurring

as one mammoth mass of rock pushes its way into another.

The India-Australia Plate. A crustal block in the Indian and Pacific
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oceans, carrying the subcontinent of India and the continent of Australia,

is currently moving to the north, again at about the rate of one inch a

year, crumpling up the lower part of the Eurasian landmass and creating

the Himalayan Mountain system. The map indicates a zone of earth-

quake activity in Asia near the plate boundary, produced again by the

subterranean impact of the collision.

The South American Plats The westward movement of the plate

containing the South American continent is clearly indicated on the

map. The western edge of this plate also marks the western coast of South

America. When a plate containing a continental landmass on its leading

edge collides with a plate underlying the ocean, the continental plate

rides over the ocean plate. Deep-seated earthquakes and intensive

volcanic activity occur in Peru and Chile as the adjoining plate underly-

ing the southeastern Pacific Ocean is thrust downward into the interior of

the earth, beneath the advancing edge of the South American plate. The

edge of the South American plate, forced upward, became the Andes

Mountain Range.

The Pat ifh Plate In some parts of the globe, the edge of one plate

slides past another like a ship scraping a pier. A plate underlying the

Pacific Ocean basin is moving slowly upward to the northwest, scraping

past a plate that includes most of the North American continent. In

this case the movement is about 1 .5 inches per year. Over the course of

a century or so, the eastern rim of the Pacific plate — carrying Los Angeles-

will move about 15 feet to the north. San Francisco lies on the other

side of the plate boundary. At the present rate, Los Angeles will enter

the suburbs of San Francisco in 10 million years. The San Andreas Fault

marks the boundary of the plate running up the California coastline.

The motion of the Pacific plate slowly bends the rocks of the crust

where they run across the San Andreas Fault. When the displacement

across the fault reaches about 15 feet, the crust breaks in two and the

broken ends vibrate, causing earthquake tremors. The crust last snapped
in 1906, causing the San Francisco earthquake and fire.

At its northern edges, the Pacific Ocean plate collides with the Eurasian

plate near the Aleutian islands. The coll ision has forced the Pacific Ocean
plate downward into the interior of the earth creating an intensive zone
of earthquakes, and volcanic eruptions. The Aleutian island chain is the

accumulation of lava produced by the eruptions — called an island arc.

Evidence for Continental Drift

The bulging Brazilian coastline fits nicely into the hollow of the Ivory

Coast in West Africa (Figure 16.12). This coincidence provided the first

suggestion of drifting continents. Impressed by the agreement between
the coastlines, a German meteorologist, Alfred Wegener, put forward the

suggestion in 1910 that South America and Africa had once been part
)lar system of a single landmass. According to Wegener, Africa and South America
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Figure ib.u The tit oi the African and
South Amern an < oastf/nes

split apart about 150 million years ago. Since the matching coastlines

are about 3000 miles apart, the two continents must have drifted away

from each other at an average speed of one inch per year. A speed ot one

inch per year became accepted as the standard velocity for drifting

continents in the Wegener theory.

Wegener's proposal was greeted with scorn by most of the worlds

geologists, although he pointed to other evidence, such as simila

in fossil plants and animals discovered on the two continents. In

of circumstantial evidence accumulating in its favor, the theor\ ..! con-

tinental drift continued to be greeted with skepticism.

Interest in continental drift was revived after World War II b

of geophysical discoveries relating to the floor ot the Atlanl

Each discovery by itself seemed to have little bearing on th.

theory until 1966, when everything clicked into place and .. be

clear to geologists everywhere that the theory ot continental dnft-

long ignored or dismissed- was valid.

The Mid-Atlantic Ridge. The first important discovery was mad

scientists of the Lamont-Doherty geological observatory

the topography of the ocean bottom during a series ... cruises oi the



Figure 16.13 Map of the Mid-Atlantic

Ridge.
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oceanographic research vessel Vema. They found that an underwater

chain of mountains ran along the bottom of the Atlantic Ocean from

north of Scandinavia to the latitude of Cape Horn at the tip of South

America. The subterranean mountain chain was a nearly continuous

ridge rather than a series of separate peaks. Because it ran along the

middle of the ocean floor, dividing the Atlantic into two nearly equal

parts, it became known as the Mid-Atlantic Ridge. A large crack called

the Rift ran the length of the ridge in its center (Figures 16.13 and 16.14).

During the late 1950's and 1960's, geophysicists carried out inten-

sive studies of submarine earthquakes in the Atlantic Ocean and found

that the great majority of these earthquakes were located on or near the

Mid-Atlantic Ridge. During the same period, evidence was found of

extensive volcanic activity on the Mid-Atlantic Ridge. Finally, measure-



merits of the flow of heat through the floor of the Atlantic Ocean revealed

an anomalously large amount of heat emerging from the Central Rift

in the ridge.

The flow of heat through the rift suggested a crack in the earth's crust

at that point, connecting the surface to the warm interior of the planet.

With this thought born, all the facts regarding the Mid-Atlantic Ridge

began to fit together. Suppose a large amount of heat appeared in the

rift because hot, molten rock was emerging through this crack in the

earth's crust and flowing out to either side along the ocean bottom. The

material would create fresh rocks continually on the floor of the ocean

as it came up from the interior.

The theory could be tested by measuring the ages of the ocean-bottom

rocks in the Atlantic. If the ocean floor were continually renewed by

fresh lava flowing out of the rift, the ocean-bottom rocks in the vicinity

of the ridge should be younger than rocks at a distance from the ridge.

The rocks near the continental boundaries should be the oldest rocks

in the Atlantic Ocean.

The ages were measured by collecting samples of ocean-bottom sedi-

ments and by determining the ages of fossil animals in the deepest layer

of sediments lying directly on the ocean floor. The results fully con-

firmed the theory: the rocks making up the floor of the Atlantic Ocean

were very young in the neighborhood of the Mid-Atlantic Ridge, and

they became progressively older as the distance from the Mid-Atlantic

Ridge increased.

Moreover, no rocks older than 150 million years were found any-

where in the Atlantic between the South American and African conti-

nents, indicating that this part of the ocean did not exist prior to that

time. Those rocks that were as old as 150 million years were all located

very close to the continental shorelines.

No proof could be more convincing. Africa and South America had

been a single landmass with no ocean between them until 150 million

years ago, when a buried crack- the forerunner of the rift-appeared in

the crust, and the landmass broke in two.

Figure 16.14 Profile across tfn

Atlantic fron nry to Ri<>

The horizontal >•<.)/<• is in nautical mik">

and the vertit a/ a ale m thousands ol

uthoms (after Heezen el .1/

.

Pangaea

Accumulating evidence indicated that 250 million years ago all the

earth's continents -and not only South America and Africa-wen

lected into a single land mass called Pangaea that stretched nearly from
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terial is a solid rather than a fluid, and the motions are correspondingly

slow, with each cycle lasting many millions of years, but the mechanism

is the same.

Imagine a current of warm rock ascending toward the surface (Figure

16.16). Near the surface, just under the lithosphere, the current of warm
rock meets the resistance of the cold, rigid material above, and divides

into two separate currents. These currents proceed in opposite direc-

tions. Eventually they descend into the interior of the earth again.

In the lithosphere, above the place where the current separates into

two streams, the solid rock is pulled in two directions. It breaks apart;

a crack appears; and the lithosphere separates into two plates. The

crack manifests itself on the surface of the earth as a rift running down

the center of the midocean ridge. The midocean ridge itself is formed

by molten material that pours out on the surface.

Each plate is dragged along by the movement of the current of rock

beneath it. A number of currents or convection cells exist in the earth's

mantle. As the plates move apart, they collide with other plates, carried

along by the motions of their own convection cells. In this way the

convection theory of plate tectonics completes its explanation of the

movements of the earth's plates as they are observed today.

I iinirt- 16 /'' The intrui \mainto

Main Ideas

1. Comparison between the study of a star and the stuck oi a planet

2. The early history of the earth.

3. Radioactivity as a source of internal heat.

4. The meaning of differentiation; effect of repeated melting on m

with different melting points; effect on elements •

5. The floating crust.

6. The zone of weakness.

7. Division of the earth's surface into plates; expla

zones and mountain-building in terms of plate movements.

8. Evidence for Plate Techtonics; the midocean ridges; Gondwanaland.

9. The driving force for plate tectonics.
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Important Terms

basalt

continental drift

core

creep

crust

differentiation

granite

igneous rock

lithosphere

mantle

metamorphic rock

midocean ridge

mineral

plates

plate tectonics

radioactive element

rift

sedimentary rock

seismograph

zone of weakness
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Questions

1. Describe the formation of the earth.

2. Why is there no evidence on the earth's surface of its early years?

3. What was the major source of the heat that melted the interior of the

earth? What element melted first? Where did this element concen-

trate?

4. Why did some minerals begin to crystallize deep in the interior of the

earth, while others did not do so until the final crust formed? Why is

uranium, a heavy element, concentrated in the earth's crust instead

of sinking with iron to the earth's core?

5. Describe the phenomenon of rock creep.

6. What is the zone of weakness? Why does it exist?

7. Explain why earthquakes and volcanoes are confined to long, narrow

belts.

8. If a two-billion-year-old bedrock were found in the Atlantic Ocean
floor, what impact would such a find have on the plate tectonics

theory? Why?

9. What strikes you as the most significant evidence for plate tec-

tonics? Why?

10. Mountains are generally formed at the edges of plates when adjacent

plates collide. What explanation can you suggest for the origin of

a mountain range such as the Urals, which are located in the middle

of Eurasian landmass far from any existing plate?

1 1

.

Describe one theory for the force that moves the continents.

12. Where is most of the new crustal material made on the earth today?

How is it made?

13. Suppose an earth-sized planet is formed in another solar system, in

which the abundance of the radioactive elements is negligible in

comparison to their abundance in the solar nebula out of which

the earth condensed. What would the structure of this earth-sized

planet be after 4.6 billion years of geological history? Explain.

Suppose the radioactive elements were considerably more abundant
in this earth-sized planet than in the earth itself. What would it look

like after 4.6 billion years? Explain.
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1 7 The Moon

When Galileo, the first man to look at the moon through a telesc

turned his primitive instrument on that body in 1609, he saw large,

dark areas resembling the earth's oceans, and mountainous light-colored

areas that seemed to resemble the continents. This pattern of light and

dark regions, visible to the naked eye, makes up the face of the man-

in-the-moon (Figure 17.1). Galileo thought the dark areas were actually

oceans, and called them maria, or seas. The light-colored, mountaii

regions came to be known as the lunar highlands.

Today we know that these similarities to the surface of the

illusory. The lunar seas contain no water; no storms rage acros

plains; no streams flow down from the highlands. And the lunar •

lands are not similar in any way to the earth's continents; they do not

resemble continental rocks chemically, and the forces that ,

lunar mountains were entirely different from the forces that thrust up

the great mountain ranges of the earth.

Moreover, a casual inspection of the moon through a t, I

that the texture of the moon's surface is completely different from that
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of the earth. Photographs of the moon taken through a large telescope

show that both the maria and the highlands are pitted by innumerable

craters of all sizes. Most of these craters have been produced by the

impact of meteorites that have been raining down on the moon's surface

for billions of years. Many craters are circled by ramparts ranging up

to 10 thousand feet in height. Some of these ramparts must be more than

one billion years old, yet photographs taken with a telescope clearly

indicate that they have been preserved almost unchanged, with little

of the original material worn away (Figure 17.2).

Meteorites have collided with the earth throughout its history, just as

they have collided with the moon, and they have produced similar cra-

ters; but all traces of the older craters are gone. Only the scars of the

most recent collisions, such as the Arizona meteorite crater, formed about

30,000 years ago, are still visible on the earth (Figure 17.3).

Air and water— the elements that make our planet livable — have worn

Figure 17.1 Photo oi the moon taken

from the earth, made by joining two hali-

moon photo* together to provide maxi-

mum contract

Figure 17.2 The ancient surface of thv

moon.



Figure 17.3 The Arizona meteorite crater.

down the oldest rocks and washed away their remains into the oceans,

while the movement of the plates, and associated mountain-building

activity and volcanic eruptions, have churned the surface and flooded

it repeatedly with fresh lava. These natural forces have entirely removed

the materials that lay on the earth's surface when it was first formed.

But on the moon there are no oceans and atmosphere to destroy the

surface, and there is little or none of the plate movement and moun-

tain-building activity that rapidly change the face of the earth. Over

large areas, the materials of the moon's surface are as well preserved

as if they had been in cold storage.

THE LUNAR SURFACE

Pictures of the moon taken by spacecraft provide further proof that

the surface of the moon changes very slowly. Many craters that had

never been seen before in photographs taken with telescopes on the earth

were visible, ranging in size from a few feet up to hundreds of feet (Fig-

ure 17.4). These small craters must have existed on the earth as well,

but were wiped out almost immediately by the wearing effect of winds

and running water. The Arizona Crater probably will last no longer than

10 million years, which is a blink of an eye in the scale of geological

time. On the moon the shallow footprints of the Apollo astronauts, six

inches deep, will last at least that long (Figure 17.5).

The Small Rate of Lunar Erosion
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Why should the footprints of the astronauts not last forever? The

principal force of erosion on the earth is running water; why should the

moon, lacking water and even an atmosphere, suffer any erosion at all?



Figure 17A Small

The ( ratet in the centi eet in

I diameter.

Figure 17.5 Neil Armstrong's footprint on

the SUliaceoi the moon



A part of the explanation is connected with the very thinness of

the moon's air, which allows a continuous hail ol extremely small mete-

orites—called micrometeorite* — to reach the surface of the moon. Micro-

meteorites bombard both the earth and the moon at all times, but in the

case of our planet they are burned up in the outer layers of the atmos-

phere and never reach the earth's surface.

These tiny gains of rock and metal contribute appreciably to the

erosion on the moon because, although very small, they are presenl in

enormous numbers, and collide with the moon at very high speeds.

The sizes of typical micrometeorites range from one ten-thousandth

to one-thousandth of an inch and they travel at speeds ranging up to

70,000 miles per hour. A micrometeorite moving at 70,000 miles an

hour possesses one hundred times as much energy as an equivalent

mass of TNT, and it can do one hundred times as much damage. Figure

17.6 shows a pit blasted out of an iron meteorite— picked up on the

surface of the moon by the Apollo 1 1 crew— by a microscopic grain of

meteoritic matter one ten-thousandth of an inch in diameter.

The moon's surface is continually fragmented and churned by the

impact of these tiny particles, as well as the larger meteorites in the range

of sizes that also reach the surface of the earth. Whether the meteorite

is small or large, the effect of its impact is to pulverize the surface of the

moon, ejecting particles of rock in a spray of fine dust, and, in the case

of large meteorites, rock fragments ranging up to 30 or 40 feet in size.

Figure J 7.6 A lunar micrometeorite crater

one-hundreth of an inch in diameter.
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Meteorite Erosion. Each time a meteorite hits the surface, it disturbs

the layer of rock dust created by previous impacts, and as the dust

particles are shifted about under the succession of impacts, they always

tend to slide downhill, filling in all the depressions on the surface. Also,

the continuing bombardment steadily wears away the high points of

the lunar surface. Thus, the crater edges become steadily more rounded,

and the craters themselves are gradually filled in.

The evidence of lunar erosion can be seen clearly in Figure 1 7.4. This

photograph was taken by a lunar satellite orbiting the moon. It shows

an area of 100 acres located in the ocean of Storms near the western

limb of the moon. The crater in the middle of the area is 500 feet in

diameter. It looks freshly made and probably was formed recently, within

the last 200 million years, by the impact of a meteorite about 10 feet in

diameter and weighing 500 tons. The freshness of the crater is demon-

strated by the sharpness of the edges of the crater wall, and by the fact

that the surrounding terrain is still littered with blocks of rock ranging

up to 10 or 15 feet in size.

Two craters, indicated by arrows at the right of the fresh crater, demon-

strate the effects of lunar erosion by micrometeorites. Their edges are

rounded and the craters are partly filled in. These craters are clearly

older than the fresh crater. They were formed by a meteorite impact

approximately one billion years ago.

A study of many lunar photographs shows that frequently small craters

are worn away and filled in, but large craters never are entirely obliter-

ated. The dividing line between the two groups of craters occurs at a

crater size of 200 feet and a crater depth of 50 feet. That is, in the 4.6-

billion-year history of the moon, meteorite and micrometeorite bombard-

ment has moved the top 50 feet of the moon's crust from place to pla< e,

wearing down the high points and filling in the hollows in the moon's

surface. Fifty feet of erosion in 4.6 billion years represents a rate of

erosion one ten-thousandth of the erosion rate on the earth.

The Unchanging Surface of the Moon

We referred above to events occurring on the moon 200 million
)

ago as "recent" events. They are recent in the sense that they ot< i

only a short time ago in comparison to the age of the moon and th

of the solar system. But consider how the surface of the earth ha

transformed in the last 200 million years. Two hundred million

the continents of the earth were located in entirely different places than

they are today: Africa and South America probably were joined in a

supercontinent; the Rocky Mountains, the Alps, and the Him.i

did not exist, the Appalachians were just being formed; and the «

seaboard and most of the southwest region of the United Stat

the bottom of a shallow sea. Yet the moon has scarcely changed at all

in this period. Fragments of rock, hurled out of the tresh crater in F.gure



17.4 when it was formed, still lie on the surface, prw isely where they

fell 200 million years ago.

The excellent preservation of these materials on the moon's surface—

and the low level of lunar seismic activity described below — suggest

that much of the moon's interior is cold and rigid. We would expect

more of the plate movements and mountain building thai have molded

the earth, transformed its surface, and continue to transform the surfa* e

today. Because of the relatively modest level of geological activity on

the moon, this body has preserved the record ol its p.ist lor an ex< option-

ally long time; it holds clues to the early history of the earth which are

unavailable on our own planet.

THE APOLLO FINDINGS

These circumstances lent considerable scientific interest to the

exploration of the moon. During the Apollo landings 836 pounds of

rocks, hundreds of miles of scientific records and many thousands of

photographs were collected. This mountain of facts will be sifted for

nuggets of information for years to come. Thus far, lunar scientists have

established the following major features of the Apollo results.

Chemistry of the Moon

The chemical ingredients of the moon's surface were analyzed with

the aid of instruments carried around the moon in orbit during the Apollo

flights, and by studying rock samples in the laboratory. The results show
that the entire surface of the moon — including the maria and the high-

lands—appears to be covered with a thick layer of basalt— a type of rock

formed by the cooling of molten lava.

Two major kinds of lunar basalt were discovered. One, called mare
basalt, came from the maria and was composed mainly of the same
minerals that make up the bulk of the basalts found on the earth. These

minerals are pyroxene and plagioclase feldspar. In addition, the mare
basalts also contained small amounts of olivine and of a much rarer min-

eral called ilmenite, which is an oxide of iron and titanium. While
olivine is present in about the same concentration as in terrestrial basalts,

ilmenite is much more abundant in the lunar basalts than on the earth.

The other type of basalt was collected mainly during the landings on
the highlands, and is called highland basalt.

1 The predominant mineral

in highland basalt is plagioclase. Some pyroxene was found, but much

400 ' Most highland rocks are actually breccias — rocks made up of fragments from
preexisting rocks. These rocks were first broken apart by intense meteorite
bombardments, and later packed together again by the force of further impacts.



less than in the mare basalts. Only a trace of ilmenite was detected.

The abundance of ilmenite— a dark mineral — in the mare basalts, and

its scarcity in the highland basalts, largely account for the blackness of the

lunar seas in comparison to the highlands.

The relative amounts of the various chemical elements also differ

greatly in the mare and highland basalts. The more important differences

involve aluminum and iron. Aluminum is much more abundant in the

highlands than in the maria, but iron is much less abundant.

The relative scarcity of iron and abundance of aluminum in the high-

land basalts explain the low density of the highland rocks. Their density

measured in the laboratory is 2.9 g/cm 3
, in comparison to 3.3 g/cm 3

,

for the mare rocks.

Dryness of the Rocks. In addition to analyzing the basic chemical

composition of the rocks, the Apollo investigators also made a very

careful search for water. They looked for traces of actual moisture in the

rocks, and also for water in the form of molecules locked up in the crys-

talline structure of the minerals. The laboratory analyses showed the

lunar rocks were bone-dry in both respects; they contained neither free

moisture, nor minerals with water molecules included in their structure.

Since water is an essential ingredient for life as we know it, the dryness

of the moon rocks suggests that life does not exist on the moon at the

present time. Moreover, the measurements of the ages of the rocks,

discussed below, indicate that they have been in their present state

about three billion years. Therefore, we can be confident that no life

has existed on the moon for that long interval of time.

The lunar rocks also showed no traces of organic matter, such as would

have been left by biological organisms. Laboratory tests failed to detect

any fossil organisms or residual molecular building blocks of living matter,

such as amino acids and nucleotides, except in amounts so small that

it was uncertain whether contamination by a technician's fingerprint

might have been responsible for them.

Evidence for the Early Melting of the Moon

The discovery that the entire surface of the moon -both maria <\m\

highlands- is covered with basalt was one of the most important results

of the entire Apollo program. On the earth, basalts are created only h\

the cooling of molten lava. Thus, this single finding from Apollo indi-

cates that the surface of the moon was entirely molten al some point

in its past.

What melted the moon's surface? Only two possib

known. One is that the moon was melted by an intense meteorite bom-

bardment during a short period at the beginning of its life. This explana-

tion fits in with the currently favored theory on the origin of the

system, which proposes that all the planets, and their moons, cono\

out of particles of gas, dust, and fragments of rock ot various
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As our moon grew to final size in the last stages of this birth proc-

ess, gravity pulled the material around it down onto the surface with

great force. Each rock generated some heat as it crashed into the surface.

The heat would be radiated away slowly to space, but if enough impacts

occurred in a short period of time, the total accumulation of heat could

be sufficient to melt the moon to a considerable depth.

The alternative explanation is that the moon was melted later by radio-

active energy released in the decay of uranium and other radioactive

elements scattered throughout the moon's interior. The Apollo measure-

ments showed that the moon rocks contain a substantial amount of

radioactivity, suggesting that this could be an explanation for the melting

of the moon.

However, radioactive elements release their heat very slowly. In fact,

calculations show that it takes about one billion years of steady radio-

active heating to bring the interior of a planet like the moon or the earth

to the melting point. If the rocks on the surface of the moon were melted

when the moon was at least one billion years old, that fact would suggest

that radioactive heat was the likely cause of the melting; but if the

rocks were melted when the moon was considerably younger than one

billion years, it would be necessary to look to another factor— presumably

meteorite bombardment— for the explanation.

The Ages of the Lunar Rocks

These ideas indicate that the times at which the moon rocks were
melted could provide the clue to the cause of their melting. With this

remark we come to the second critical Apollo result, which is the meas-

urement of the ages of the mOon rocks. The ages of the rocks are measured
by the technique of radioactive decay, which tells how long they have

been in their present crystalline form (see Chapter 16). In other words,

it tells how much time has elapsed since they were last melted. Thus,

the age measurements provide precisely the information needed to

distinguish between the two causes of the moon's melting.

But nature rarely gives up her secrets without a struggle. When the

results of the age measurements became available, they yielded the

ambiguous answer that both causes of melting probably had played

roles in the moon's history. The lunar highlands probably were melted

by meteorite bombardment early in the moon's life, while the lunar

seas were melted later by internal radioactive heat.

This fact did not become clear until the astronauts were in true high-

lands terrain. All the highland rocks collected during the Apollo missions

turned out to be at least 4 billion years old, indicating that these rocks

crystallized when the moon had existed for no more than 600 million

years. Several highlands rocks- the oldest rocks found on the moon thus

far-are 4.2 billion years old. Many small fragments of rock 4.6 billion

the solar system years old also have been found. From the age of these fragments it follows



that the surface of the moon must have been melted and resolidified

when the moon was less than 100 million years old. One hundred

million years is probably too short a time for the moon to have been

melted by the slow process of radioactive heating. Therefore, meteorite

bombardment must have melted the highlands rocks.

The highlands are known to be older than the lunar seas, and are

thought to be derived from the moon's original crust, parts of which were

later covered over by the darker materials of the lunar seas. Thus, it

appears that the original surface of the moon was entirely melted by

meteorite bombardment during the moon's birth, or shortly after. This

inference from the Apollo findings agrees with the general expectation

that an intense meteorite bombardment must accompany the formation

of every planetary body such as the moon or the earth.

But the story of the moon's melting does not end there, because other

moon rocks— those collected from the lunar seas— have younger ages,

ranging from 3.1 to 3.8 billion years. Their average age is roughly three

and-a-half billion years, which would indicate crystallization when the

moon was roughly one billion years old. This time period would corre-

spond more closely to the time required for radioactive heating of the

moon to melt the rocks in its interior, creating floods of molten lava

on the surface.

Presumably, the lunar seas are pools of solidified lava that accumulated

in the original impact basins of the original highland crust as a result of

repeated volcanic eruptions and lava flooding during this later period

of radioactive heating. Photographs of the walls of the Hadley Rille,

taken during Apollo landings, clearly reveal several layers of the kind

that would result from repeated flooding of the moon's surface by lava

(Figure 17.7).

moon
Rille, and photogi

i tht' m «./«.•

distil*
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Another important conclusion follows from the age measurements.

Apparently, the moon experienced one great episode oi sustained vol-

canism lasting about 700 million years, And ending roughly three billion

years ago. The 700-million-year interval of melting and lava flooding

on the moon was undoubtedly accompanied by volcanic eruptions,

moonquakes, and all the other manifestations of internal heat within a

planet, that are so familiar to us through our experience with vole ani<

activity on the earth. When the volcanism ended, the moon subsided

into geological lifelessness, and has remained inactive ever since. Today

there seems to be scarcely any volcanism on the moon, apart from a few

wisps of gas vented at the surface now and then.

Is it possible that volcanoes have erupted more recently, and may still

be erupting, but only in places that have escaped the attention of the

astronauts? Another basic Apollo finding — the information obtained from

the lunar seismometers— excludes this possibility.

The Seismometer Results

Five seismometers were placed on the moon during the Apollo pro-

gram (Figure 17.8). According to the seismic data, the energy released by

moonquakes per year is only a billionth to a trillionth as much as the

energy released in one year by quakes on the earth. The most powerful

moonquakes detected by the Apollo seismometers have a rating of 2 on
the Richter scale. If you were standing directly over a quake of this size

on the earth, it would not produce a perceptible vibration in your feet.

The weakness of the moonquakes detected by the Apollo instruments

strongly suggests that there cannot be intense volcanic activity or lava

flooding anywhere on the moon at the present time. Volcanoes and lava

flows would be accompanied by movements of material within the

moon, which would create vibrations detectable by the seismometers

left behind on the lunar surface. These vibrations would show up in the

records as major moonquakes.
The seismometer signals have provided other details regarding the

moon's internal structure. The signals indicated that the quakes occurred

at a surprisingly great depth, most originating at depths between 500
and 600 miles, whereas quakes on me earth usually originate within

60 miles of the surface.

The fact that the moonquakes occur at depths of 500 miles or more
suggests that little, if any, molten rock or warm and plastic rock exists

in the outer 500 miles of the moon. In other words, the moon is capped
by a 500-mile thick shell of strong and rigid rock.

Beneath the rigid shell, however, there appears to be a layer of warmer
rock, analogous to the earth's zone of weakness. This layer is the source
of the moonquakes.

Layers Within the Moon. Another important fact to emerge from the
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seismometer experiment is that the moon appears to have distinct layers,

similar to the layers of the earth's interior.

First the speed of the seismic waves changes sharply at a depth of 1

5

miles that seems to be produced by a transition from a layer of broken

rock -fragmented by repeated meteorite collisions -to solid, intact basalt.

Second the speeds of the seismic vibrations change sharply again at

a depth of 40 miles. This implies that the rocks within the moon change

their character 40 miles down. That depth appears to be the boundary

between two layers containing different kinds of rock.

The most likely means of producing such a separation into two types

of rock is a long-continued process of melting, freezing, and remeltmg,

leading to chemical differentiation of the moon analogous to the 9

tions of the earth into a crust and mantle. The seismic vibra.,

that down to 40 miles, moon rocks are similar to basalt, m« U The

signals received from depths below 40 miles suggest a mantle of rock

such as peridotite or dunite. Thus, the seismic results suggest that

the moon has a well-differentiated crust and mantle

Third, the seismic data suggest that the moon has a partlv molten

co e The discovery of a molten core rests on the fact that one I,

ei mic wave cannot travel through a liquid. Whenever a moonquake



originated on the tar side of the moon, the Apollo seismometers located

on the near side tailed to detect this type of vibration. Since vibrations

from quakes on the far side must travel through the center of the moon

to reach the Apollo seismometers, it was inferred that the moon's

center contains molten rock that blocks the passage of the special vibra-

tion, but allows other types of seismic vibrations to pass through. The

seismic data do not provide decisive information on this molten core

within the moon because of the relatively small number of seismometers

involved, and the fact that they are not very widely distributed over the

moon's surface. According to rough estimates, the core is 400 miles

in radius.

THE HISTORY OF THE MOON

The Early Bombardment

Armed with the facts from Apollo, we can now reconstruct the full

life story of the moon. Our satellite condensed out of cold matter, but

its surface was immediately bombarded by a vast quantity of meteorites.

The debris of the newborn solar system — ranging from fragments of rock

to meteorites the size of asteroids— rained down on the planet in rapid

succession. The rocks in each collision area had no chance to cool off

from the heat of one impact before they were warmed up by the next.

The temperature rose rapidly as the intense bombardment continued.

Eventually, the whole outer layer of the moon melted, and remained

molten until the bombardment subsided. As the holocaust ended, the

molten outer layers cooled and solidified. The moon became a quiet

planet- a sphere of solid rock from its center to its surface.

When the moon was several hundred million years old, the intensity

of the bombardment would have fallen off from the earliest years. How-
ever, some meteorite collisions still occurred at a reduced rate. These

collisions produced the craters visible today in the highlands. Once in a

great while a meteorite of exceptional size, perhaps as large as an aster-

oid, hit the moon. These mammoth chunks of rock, up to 60 miles in

diameter, presumably blasted out the basins of the circular maria.

The 700-Million-Year Episode of Volcanism

As the number of meteorite impacts diminished, simultaneously

the interior of the moon heated up slowly as a result of the decay of

radioactive elements below the surface. When the moon was nearly

a billion years old, the radioactive heating partly melted the interior.

the solar system Occasionally a flood of lava poured across the surface, as molten rock
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forced its way upward through natural channels provided by fractures

in the crust.

The impact of a very large meteorite would produce such fractures in

the crust. There must have been numerous fractures under the circular

basins that had been the sites of the biggest impacts. This explains how
the lunar seas came to be formed; molten rock rose up repeatedly under

the surface along these numerous fractures, and flooded the basins,

creating the seas as we know them today.

Volcanic activity and lava flooding— signifying a partly molten interior

— continued for about 700 million years, and then subsided, leaving

the moon quiet once more. The last major lava flow appears to have

occurred 3.1 billion years ago. The next three billion years in the history

of the moon have been geologically uneventful.

The Moon Today

Why did lava flows dry up on the moon three billion years ago? The

answer probably is that the moon, being a small planet, lost its heat to

space rapidly. As the moon's heat disappeared, and its temperature

dropped, the extent of the warm, molten region diminished, and the

outer zone of cold, strong rock became thicker. According to the Apollo

seismometer data, this cold outer zone, which is the moon's lithosphere

(page 381), today extends from the surface to a depth of 500 miles.

Beneath the thick layer, there exists a warmer zone of rock, analogous

to the earth's zone of weakness. Below a depth of 600 miles the moon

may be partly molten.

It is extremely unlikely that molten rock lying at such great depths

could force its way upward through the thick layer of solid rock that c aps

the moon. This casing of cold rock probably explains the absence of

volcanic eruptions on the surface of the moon during the last three billion

years. Magma from this depth might reach the surface through an inter-

vening layer of 500 miles, but only very infrequently and with

difficulty. A 500-mile outer casing of rigid rock is also too thick to

break up into several plates that move against each other, as the earth's

plates do, producing earthquakes, volcanoes, and mountain building

(Chapter 16). These circumstances account for much of the diffi

between the geology of the moon and the geology of the earth, an

plain why the appearance of the moon today is so different from that of

our own planet.

What the Moon's History Reveals About the Earth

Scientists had always hoped that they would recaptur,

earth's missing past as they unraveled the history of the moon



that the Apollo tacts are in, what, it anything, can they tell us about our

own planet? Consider first the evidence for the early melting of the moon
by meteorite bombardment. The meteorites that bombarded the moon
at the beginning of its life must also have bombarded the earth. This

bombardment would have been even fiercer on the earth because its

gravity is six times greater than the moon's. The outer layers of the earth

would have been melted by bombardment at about the same time that

the first episode of melting occurred on the moon.

After the initial bombardment subsided, the earth, like the moon,

would have cooled and been a nearly solid body from the center to the

surface. It would then have remained solid, for a period of about 500

million to a billion years, while the radioactive heat within it slowly

built up, and its internal temperature rose.

If the abundance of radioactive elements is about the same in the

interiors of both the earth and the moon, then, after about a billion years,

the earth's interior, as in the case of the moon, would have reached the

melting point of rock. At that time, on the earth as well as the moon,

molten rock would have started to rise to the surface.

Where did the molten rock first rise? We believe that on the moon it

rose in the places where the crust had been punctured or damaged by

giant meteorites. The evidence for this conclusion is to be found in the

ages of the materials filling the lunar seas. The ages, ranging from 3.1

to 3.8 billion years, indicate that the mammoth craters left by the impact

of those meteorites were filled in by lava at just about the point in the

moon's history when radioactive melting would have occurred. On the

earth, lava must also have filled similar basins left by the largest mete-

orite collisions, producing terrestrial equivalents of the lunar seas at

the same time that they were formed on the moon.
Today, the lunar seas, dating back to that early time when the moon

was about one billion years old, are still as well preserved as if the entire

sequence of events had happened yesterday. They are preserved because
three billion years ago the moon became geologically inactive, and has

remained inactive right down to the present. But the terrestrial "seas"

of lava were not preserved, and are no longer visible. They have been
obliterated by the volcanic activity and mountain building that have
reworked the surface of the earth continuously for nearly four billion

years.

THE ORIGIN OF THE MOON

The history of the moon has been carried from its first melting by
meteorite bombardment through its second melting by internal heating,

and then through the three billion years of geological inactivity that

followed, down to the structure of the moon as it is today. Left unex-
plained is the question of the moon's origin: How and where was the

the solar system moon formed ?
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The subject has always been one of the most vigorously debated ques-
tions in science. In 1898 the physicist George Darwin, son of Charles
Darwin, proposed that the moon had been wrenched from the earth by
centrifugal forces, when the earth was a young and rapidly spinning

planet. This idea came to be called the fission theory. According to

Darwin, the Pacific Ocean Basin was the scar left by the violent separa-

tion that created the moon.

Recently, a variation of the Darwin theory- called the spin-off theory-
has been proposed. This theory holds that the moon was spun off as a

circular ring of gaseous matter from the equator of the young, rapidly

rotating earth, like a stream of mud leaving the rim of a rapidly turning

bicycle wheel.

A third theory is based on twentieth-century ideas relating to the con-

densation of stars and planets out of clouds of gas. This idea, called the

double-planet theory, suggests that the moon and the earth were formed

simultaneously as a double planet, condensing out of two neighboring

rings or pockets of gas in the solar nebula.

The fourth and most recent theory suggests that the moon was formed

independently of the earth, as a small planet in another part of the solar

system, and was captured subsequently by the earth's gravity as it

hurtled past in a near-encounter. This idea is known as the capture theory.

Very few scientists support Darwin's fission theory today. One reason

is that enormous frictional forces would be created when the moon

started to separate from the earth, and calculations show that the trie -

tional forces would slow down the rotation of the earth to such an extent

that the moon would never get away.

The spin-off theory also suffers from basic difficulties. One relates to

the plane of the moon's orbit. According to the spin-off theory, the mate

rial of the moon should have been spun off from the earth's equator,

since the equator is the place on the earth where the centrifugal force

is greatest. The material that was originally on the earth's equator would

continue to circle in the earth's equatorial plane after it h.is been spun

off. The moon, accumulated out of this material, would move in an orbit

that is also in the earth's equatorial plane. However, the moon's orbit is

actually inclined at a rather large angle to the earth's equatorial plane,

averaging 23.5 degrees. 2 Calculations show that the moon's orbital plane

could never have drifted this far from the equatorial plane of the earth,

if it had started out in that plane.

The second difficulty with the spin-off theory is th.it the earth probably

was not spinning fast enough to produce the moon in this way. rhe earth

had to turn on its axis once every two and one-half hours,
i

produce sufficient centrifugal force to spin off the moon, but fron

rate at which the earth and the moon are rotating today, il

that the earth would have been spinning on its axis i

! The angle varies between 17° and 28° in an 18-year
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hours. That is, it was rotating only halt as fast as would have been neces-

sary to spin off the moon.

This and the previous objection also apply to the fission theory. Both

objections must be rejected if it happened that another planet flew off

at the same time as the moon. It has been suggested that Mars was cre-

ated in this way, spinning off the equator of the earth along with the

moon, in one dramatic episode at the beginning of the solar system. There

is no theoretical objection to this hypothesis. However, the observed

facts about Mars and the moon seem to work against it. The theory

implies that the moon and Mars are made of exactly the same materials:

namely, the materials that made up the outer layers of the earth at the

time they were formed. This conclusion works well enough for the moon,

whose density is about the same as the density of the earth's mantle,

but it does not work for Mars, whose density is considerably greater

than that of the mantle.

The third major theory of the moon's origin — condensation out of

materials near the earth, as a sister planet — also suffers from a basic

difficulty. If the moon formed in this way, out of solar nebula materials

in the neighborhood of the earth, it should be composed of the same
chemical elements as the earth, and in the same proportions. That is,

its chemical composition and, therefore, its density, should be the same
as that of the earth. But the moon's average density is 3.34, whereas the

earth's density, even after allowance is made for the compression of

the earth's interior by the weight of the outer layers, is 4.5. The greater

density of the earth suggests that it contains different proportions of the

chemical elements. This discrepancy seems to exclude the theory that

the moon and the earth were formed out of the same materials as a

double planet.

The fourth theory— formation of the moon in a different part of the

solar system, followed by capture by the earth -has no obvious flaws.

The only objection to this theory is that it constitutes an extremely

improbable event. For capture to occur, the moon must have moved
past the earth at exactly the right distance. If too far away, it would have
been whipped around the earth by the force of our gravity, without

dropping into orbit; if too close, it would have collided with us. Cal-

culations indicate that the range of conditions that can lead to capture
is very narrow, and the probability of a capture occurring is correspond-

ingly small.

For years prior to the first lunar landing, scientists argued the merits

of the four theories of lunar origin w.th great intensity, but the battle

ended in a stalemate, for each theory suffered from at least one major
defect. Everyone expected that the lunar landing would promptly settle

the debate, for it seemed obvious that as soon as the first samples of

lunar rock were analyzed, and we found out what the moon was made
of, we would be able to tell where it came from.

These hopes were not realized. The moon's origin is as much a mystery

as it was before Apollo. Perhaps the answer is that the moon's formation

was, in fact, a very rare accident. Perhaps it was the product of improb-
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able circumstances, so special in their character that we may never be

able to separate them from the events that were involved in the birth-

process of the planets.

Main Ideas

1. Description of the lunar surface; low level of erosion; meteorite

bombardment.

2. Explanation for the absence of air and water on the moon; the chance

of life.

3. Surface evidence for internal heating and volcanism.

4. Geophysical evidence for a cold moon.

5. Alternative theories of the moon: internal versus external heating.

6. Scientific value of the moon; antiquity of the lunar surface.

Important Terms

basalt mare micrometeorite erosion

centrifugal force mascon radioactive age determination

highland meteorite crater rille

Questions

1. If the earth were as airless and waterless as the moon, in what ways

would the surface of the two bodies differ in appearance? Explain.

2. What are the lunar "seas"?

3. What are the principal items of evidence for a geologically active

moon? For a geologically lifeless moon?

4. What bearing does the presence of a substantial abundance ot radio-

active elements in the lunar rocks have on the theory of the thermal

history of the moon?

5. Discuss the ways in which the history of the moon illumm.it*

history of the earth. How would you expect the history ot a planet

to compare with that of the moon if that planet were halt the

diameter? Twice the moon's diameter? Four times the moon's diarr*

6. Cite evidence for and against the four current theories of the m
origin.
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18 Venus

Venus and the earth are sister planets, closely similar in size and weight,

and situated at distances from the sun that are not very different. Con-

ditions on the surface of Venus have always been an enigma because

the planet is completely covered by clouds, yet hope has flourished

throughout the last 300 years— since Galileo first turned his telescope on

Venus in 1610 and discovered that the planet was a round body like the

earth and the moon — that beneath the clouds on Venus lie teeming

masses of exotic flora and fauna. In 1686 de Fontenelle, in his hook

Conversation on the Plurality of Worlds, described the characterise

expected to find in the people on Venus:

"I can tell from here. ..what the inhabitants of Venus are like

ble the Moors of Granada; a small black people, burned by the sun, full

and fire
"

PLANETARY PROPERTIES

The density of Venus is very close to the density of the earth- indi<

ing that it is probably composed of a similar mixture of iron and rex v.



materials. Assuming that Venus has the same concentration of rat Ik >.h live

elements in its interior, it can also be assumed that the iron within the

planet melted earlv in its history mk\ collected at the center to form a

molten core.

It is also safe to assume that a mantle a\m\ a c rust are loc ated outside the

core and that at some depth below the c rust in the interior of the planet

there is a zone of molten or nearly molten roc k. The external manifesta-

tions of the internal melting have undoubted!) been a substantial degree

of movement of surface plates during the history of the planet, analogous

to the movement of the great plates ot material that have determined

the position of the earth's continents. Volcanism. earthquakes, and moun-
tain-building activity must accompany the movement of these plates,

as on the earth.

Evidence for mountain ranges on Venus has been found in the analysis

of radar signals reflected oft the surface of the planet. These signals are

sent in the direction of Venus and irregularities in the radar echo are

analyzed to determine the large-scale topography of the planet.

THE SURFACE OF VENUS

The planetary properties of Venus suggests that it should provide an

agreeable climate for living organisms. The planet is 67 million miles

from the sun, while the distance of the earth is 93 million miles. Because

Venus is closer it receives 1.9 times, or approximately twice, the inten-

sity of sunlight falling on the earth. This is true because the intensity of

sunlight falls off in proportion to one over the square of the distance from

a planet to the sun. Therefore, the intensity of the sunlight received by

Venus in comparison to the sunlight received by the earth is equal to:

(93/67) 2 = 1.9

The heavy cloud cover on Venus keeps out 80 percent of this excess of

solar energy, but the predicted average temperature on the planet is,

nonetheless, slightly higher than the average temperature on the earth,

and very comfortable by terrestrial standards.

But 1 2 years ago radio astronomers obtained evidence which suggested

that the climate on Venus might be far from balmy. In fact, the measure-

ments indicated that Venus is a very hot planet. The results obtained by

the radio astronomers depended on the fact that a heated object radiates

energy at all wavelengths, although the most intense radiation occurs at

one particular wavelength that is determined by its temperature. Figures

2.4 and 2.5 in Chapter 2 show radiation curves for several different tem-

peratures. An object that is only hot to the touch, but not visibly glowing,

such as a heated iron, radiates most of its energy in the infrared region;

but, like every heated object, it also radiates energy at all other wave-
lengths from the shortest to the longest. For example, the relative amount
of energy radiated by a hot iron in the short ultraviolet wavelengths or at



very long radio wavelengths, is very small compared to the amount
emitted at the peak intensity in the infrared; but nevertheless, the radia-

tion at these wavelengths is present.

A planet, heated by the rays of the sun to a temperature of a few hun-

dred degrees, is like the hot iron. Most of the energy radiated from its

surface is in wavelengths in the far infrared region, around 100,000 A, or

10 microns. 1

The long-wave radiation includes waves ranging from a fraction of an

inch in length up to many miles. These waves fall into the parts of the

electromagnetic spectrum that are called the radar or the microwave

region, and the radio region. This radiation is of great interest to astron-

omers because of the fact that after it has been emitted from the surface

of the planet, it passes through the atmosphere of the planet relatively

unhindered, and escapes freely to space. Furthermore, that part of it

which reaches the earth also passes through the atmosphere of the earth

relatively unhindered and thus can be detected by radio telescopes on the

earth's surface (see Chapter 3).

Especially when the surface of the planet is covered by clouds, as is the

case of Venus, the long-wave radiation, which can penetrate through

these clouds, is the only means available to the earthbound astronomer of

obtaining information about the surface conditions on the planet.

Motivated by this fact, radio astronomers at the Naval Research Labora-

tory pointed their antenna in the direction of Venus in 1955 and tried to

pick up long-wave radiation coming from the direction of that planet.

They were immediately successful in detecting the signal from Venus. In

fact, it was considerably stronger than their calculations had led them to

expect.

The calculations were based on the assumption that the temperature on

Venus was about the same as the temperature on the earth. The fact that

the signal from Venus was more intense than expected indicated that the

temperature on Venus must be considerably higher than the temperature

on the surface of the earth. Fitting their data to a radiation curv<

Naval Research Laboratory astronomers deduced that the temperature on

Venus was a sizzling 800°F.

This temperature is hot enough to melt lead. It is also high enough to

break apart all the delicate molecules that make up the essential ingredi-

ents of a living cell. It is certain that no organisms remotely resembling

any form of life on earth can exist on the surface of Venus.

Yet hope lingered on for the discovery of a green world on Venus. -

astronomers argued that the intense radiation might come fron

atmosphere of Venus and not from its surface. Others suggested d

might be supported at the north and south poles, which should

Another suggestion was that organisms might have developed on \

1 A micron, which is a convenient unit for radiation in th«

millionth of a meter. The visible band of wavelengths extends from 0.4 I

microns.
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with a very specialized form, consisting of gas-tilled bladders, something

like beach balls, whose buoyancy would cause them to Ho.it high in the

atmosphere, where the temperature should be considerably cooler than

it is on the ground.

THE VENUS ATMOSPHERE

Between 1967 and 1971, a series of Russian and American spacec rafl

reached the planet and carried out measurements that showed the tem-

perature of the surface was, in fact, 800T.

These measurements removed the last doubts regarding the tempera-

ture deduced by the radio astronomers. Venus is hot enough to melt lead,

and there is no reasonable chance of finding life on its surface.

The American and Russian measurements also indicated that the

atmospheric pressure at the surface turned out to be nearly one ton per

square inch— 100 times the pressure on the surface of the earth.

Finally, the Russian experiments showed that carbon dioxide made up

90 to 95 percent of the atmosphere, compared to 0.03 percent on the

earth. They also suggested the presence of a small amount of water-
sufficient, if condensed to liquid form, to cover the surface of the planet to

a depth of one foot.

What would existence be like in this atmosphere? Human lungs prob-

ably would not be able to take in and expel gases at the pressure and
density of the "air," because a pressure of 100 atmospheres corresponds

to the pressure in the ocean at a depth of 3000 feet. The greatest depth to

which unprotected divers have descended is 800 feet.

Assuming a human being could survive the pressure, the denseness

of the atmosphere would create an eerie scene for the observer on the

surface of the planet. As the light from the sun passes through the suc-

cessively denser layers of the atmosphere on its way to the ground, it is

bent or refracted into a curved path. This effect occurs in the earth's

atmosphere, but is very small. In the dense atmosphere of Venus, the

refraction curves rays of light through an angle of 1 80°. This means that if

the sun is setting on Venus, and you face in the opposite direction, you
will still see the sunset, but the image of the sun will be spread out into

a band of light stretching around the horizon (Figure 18.1). The horizon

itself disappears, and the world looks to you as though you are standing

at the bottom of a gigantic fishbowl. You can theoretically see the back
of your head on Venus without mirrors.

The Greenhouse Effect

Why is Venus so hot? What determines the temperature on the surface

of this planet, or any planet? A planet's temperature is determined
the solar sYSTEi* primarily by its distance from the sun, which controls the intensity of



the solar heat falling on the planet's surface. Most of this heat reaches

the planet in the form of visible light. A part of the light is reflected back

to space by clouds and scattered in the atmosphere; the remainder passes

through the atmosphere to the surface, which is warmed by the absorp-

tion of this solar energy. The warm surface radiates heat back to space

in the form of infrared radiation. Over a long period of time a planet

must radiate as much heat back to space as it receives in the form of

visible sunlight.

At first the surface of the planet will rise steadily in temperature as

it receives the solar energy, but as it becomes hotter it radiates more

heat to space, until eventually the outgoing heat just balances the in-

Figure 18 1 Sunset on Venus



flow of sunlight. For any planet, the temperature can be calculated at

which the radiated heat equals the influx of sunlight. In the case of the

earth, we find in this way that the average ground temperature should

be -20°F.

But the actual average temperature of the earth is 60°F, and not — 20°F.

The increase in temperature is produced by our atmosphere, which

acts as an insulating blanket, trapping a part of the radiation from the

ground and returning it to the planet, where it adds to the heat provided

by the absorption of sunlight. In this way the average temperature of the

earth is raised from the theoretical value of — 20°F to the level of 60°F,

which is actually observed.

The outgoing heat is trapped by the trace amounts of water vapor,

carbon dioxide, and ozone in the atmosphere. Although these con-

stituents together make up less than one percent of the earth's atmos-

phere, they absorb 90 percent of the heat radiated into the atmosphere

from the surface.

The heat insulation provided by the atmosphere is called the "green-

house effect." A greenhouse has a glass cover that is transparent to the

sun's visible radiation (just as the earth's atmosphere is transparent),

but blocks the heat radiated from the plants within. Thus the heat is

trapped within the greenhouse and warms the interior, just as water

vapor, carbon dioxide, and ozone retain heat in the earth's atmosphere

and warm the surface of our planet.

The greenhouse effect provides the answer to the mystery of Venus's

high temperature. Carbon dioxide, of which only a trace exists in the

earth's atmosphere, is present in the atmosphere of Venus in such

massive amounts that it makes that atmosphere almost impervious to

infrared radiation. Nearly 100 percent of the heat radiated from the

surface of Venus is trapped by this insulating blanket of carbon dioxide,

causing the temperature of the surface to soar far above the value it

would have if the atmosphere of Venus were similar to ours.

The Dryness of Venus

It is also a great puzzle to students of the planets that the equivalent

of only one foot of liquid water is present on Venus. According to

current views on the origin of the solar system, Venus and the earth

condensed out of the same materials, containing similar amounts of

water. During the condensation, water was trapped in the interior

of the earth. Later the trapped water rose to the surface and escaped

through cracks in the crust to fill the oceans. The water in the earth's

oceans, if spread uniformly over the surface of the planet, would form

a layer about 8000 feet deep, and a layer of water of approximately the

same thickness should also exist on Venus. Because of the high tempera-
4

ture on the surface of Venus, the water would be present not in liquid

the solar system form as an ocean, but in the form of water vapor in the atmosphere.



The Soviet measurement showed that most of this water is missing.

Thus, by terrestrial standards, Venus is a dry, hot planet and not a

very suitable environment for the development of life.

THE EARTH AND VENUS: A STUDY IN CONTRASTS

Why did two planets, probably formed out of similar materials and

situated at comparable distances from the sun, evolve along different

paths? Why is the surface of Venus baked by a searing heat, while the

earth luxuriates in a climate friendly to all known forms of life? These

are among the most important and interesting questions in astronomy

from the viewpoint of the nonscientist, because they bear directly on

the probability of finding life on other earthlike planets in other solar

systems. The answers depend on an understanding of the factors that

govern the evolution of a planet's atmosphere.

The Primitive Atmosphere of a Planet

When a planet is newly formed, the ingredients of its atmosphere

consist of the gaseous elements and compounds that were abundant in

the solar nebula out of which it condensed. The foremost among them

is hydrogen-the most abundant element in the Cosmos. Next is helium,

and then oxygen and nitrogen, the third and fifth most abundant ele-

ments in the Cosmos and presumably in the solar nebula. Carbon,

fourth in abundance after oxygen, would not be present in the atmos-

phere as an element, because it does not exist in gaseous form at the

temperatures that probably prevailed on the surfaces of the new pi,

However, carbon combines with hydrogen readily to form the

methane, or CH 4 . This gas must have been a major consto'tiii

primitive atmospheres of the planets. Oxygen and nitrogen ala

with hydrogen readily to form water vapor and ammonia, re

These gases also must have been abundant in the primitive atmosj

of every planet. Free oxygen reacts readily with iron and sili

crust of the planet to form solid compounds, and would not exist in the

atmosphere. However, free nitrogen would be present.

Neon is the next most abundant element after

exist in the form of a gas at atmospheric temperatun

be an important constituent of primitive planetary atmo

neon, we expect to find a small amount of primiti

smaller amount of xenon. Only trace amount •
<>uld

be expected, either because of their intrinsic rarity in

ances of the elements, or because of a

chemical combinations that remove the elements

These, then, are the gases that must have rmde up the atmos)

4H



the earth and Venus when they were young planets: hydrogen, helium,

methane, ammonia, nitrogen, neon, a small amount ol argon, and tra< e

amounts of other substances.

the Primitive \tmospheres. One ol the most surprising

things about the present atmospheres of the earth and Venus is that they

bear little resemblance to the elements and compounds listed above.

These substances must have formed a gaseous layer around each planet

when it first condensed out of the solar nebula, but today they are either

missing— with the exception of nitrogen and water vapor— or greatly

diminished in abundance in comparison with theoretical estimates. At

the same time, other gases not included in the list are abundant, includ-

ing, in the case of Venus, the gas c arbon dioxide, which constitutes the

major constituent of its atmosphere.

Even more surprising is the fact that the earth and Venus— two closely

similar planets in size and mass as well as distance from the sun, and

undoubtedly possessing closely similar atmospheres at the time of their

formation — should today have completely different atmospheres.

Contrast the two planets: the atmosphere of Venus is 90 to 95 percent

carbon dioxide with the remainder unknown. The atmosphere of the

earth is composed mainly of nitrogen and oxygen, with only 0.03 percent

of carbon dioxide.

What is the explanation for these gross differences? The scarcity of

hydrogen and helium in the atmospheres of the two planets can be

explained easily, because these gases are too light to be held by the

gravitational forces at the surfaces of the earth and Venus. Calculations

show that they must have leaked away promptly at the beginning of

each planet's life. The remainder of the puzzle is not as easy to solve.

The first clue lies in the fact that the noble gases, neon, argon and xenon,

are present in vastly smaller amounts than expected. Neon should be

even more abundant than nitrogen in the earth's atmosphere, but only

one ten-billionth as much is present, and only one-millionth of the

expected concentrations of argon and xenon. The importance of these

gases lies in the fact that they are chemically inert and, therefore, their

absence cannot be explained on the grounds that they have reacted with

other elements and have been removed from the atmosphere as solid

compounds.

The only possible explanation for the scarcity of the noble gases is

that they escaped to space early in the history of the earth. When they

disappeared into space, the other major constituents of the primitive

atmospheres must have disappeared with them, for each of these con-

stituents is far lighter than xenon. The forces that broke the grip of the

earth's gravity on the atoms of xenon must also have broken its grip on

the atoms of all other substances in the primitive atmosphere.

Perhaps the cause of their disappearance was a shortlived increase in

the outpouring of energy from the sun, which evaporated the atmos-

pheres of all planets circling in relatively close orbits. Or, perhaps,

in the final stages of their accumulation, the earth and Venus were
the solar system raised to high temperatures during the bombardment by planetesimals



and pieces of rocky debris of all sizes, and the primitive gases evaporated.

Whatever the forces were that stripped away the earth's primitive

atmosphere, they must also have removed the primitive atmosphere of

Venus. At some point early in their lives, the two planets probably

circled the sun as airless bodies of rock.

The Present Atmospheres of the Earth and Venus

Today each planet is blanketed by a substantial atmosphere. Where
did these atmospheres come from? In the beginning, the two bodies

were airless. Their atmospheres could not have condensed later on out of

the space surrounding each planet, because after the initial formation

of the planets the solar system was as devoid of interplanetary gases

as it is today. The only remaining possibility is that the gases of their

present atmospheres were exhaled from the interiors of the planets at

some point during their histories. There is evidence in support of this

theory in the case of the earth. Large amounts of gas are exhaled from the

interior of the earth in volcanic eruptions. These gases consist primarily

of water vapor, nitrogen, and carbon dioxide. The amount of water vapor

coming up to the surface of the earth could suffice, if volcanoes have

been as frequent throughout the earth's history as they are today, to fill

the earth's oceans without any other source being provided. Further-

more, the amount of nitrogen entering the atmosphere of the earth in the

form of volcanic gas, could suffice-again if it has been accumulating

throughout the earth's history at the same rate- to account for all the

nitrogen in the atmosphere today.

These ideas support the theory that the oceans and the atmosphere oi

the earth have accumulated either sporadically or steadily in the life

of the planet, as a result of the exhalation of gases from the interior of

the planet through cracks and fissures in the crust.

One major discrepancy remains: carbon dioxide makes up a sub-

stantial fraction, about 10 percent, of the gases emitted in vol

eruptions. If this gas has been accumulating steadily throughout the

history of the earth as hypothesized for the nitrogen and water

emitted in volcanic eruptions, carbon dioxide should be the prin

gas in the atmosphere, with a concentration nearly 100 tin*

than the concentration of nitrogen. But the observed

carbon dioxide in the atmosphere is three-hundredth-

Accumulation of COz in the Ven-

us to the matter of the difference between the earth at

two planets undoubtedly condensed out of the same m i

solar nebula, and similar amounts of (

trapped in the interior of each planet as it fomn

comparable masses, and during the first billio

probably were heated to the same internal tempera'

radioactive elements. Consequently, they must have had the 5



of volcanic activity, and carbon dioxide, along with other volcanic

gases, must have escaped through the crust of each planet at about the

same rate during its history. It should now be accumulated in the same

concentration in the atmospheres of both planets.

According to cal< illations based on today's rate of emission of volcanic

gases through the earth's crust, the amount of carbon dioxide accumu-

lated in each atmosphere should be half a ton per square inch. The

atmosphere of Venus is observed to have just this amount of carbon

dioxide, but the earth has 10,000 times less. Why did the histories of

the two planets diverge?

Carbon dioxide is an extremely effective agent in trapping a planet's

heat and in preventing it from escaping into space, while continuing to

admit solar heat in the form of visible light. This "greenhouse effect"

produced by the carbon dioxide in the Venus atmosphere explains the

800° temperatures on the surface of that planet. The temperature of the

earth would also be unbearable if the planet were covered by a blanket

of carbon dioxide as dense as that on Venus. When we understand why
the earth has a scarcity of carbon dioxide relative to Venus, we will also

understand why the earth offers a pleasant climate for life, while Venus

is an inferno.

Ren,> ' )
2 from the Earth's Atmosphere. The solution to the

carbon dioxide problem is connected with the fact that the rocks of

the earth's crust have a capacity for absorbing carbon dioxide. The

absorption takes place in a chemical reaction in which atmospheric

carbon dioxide combines with rocks to form carbonates, somewhat as

oxygen in the atmosphere combines with iron to form rust. Geochemists

have long been familiar with chemical reactions taking place at the

surface of the earth which demonstrate this process. An example of such

reactions is,

C0 2 + CaSi0 3-»Si0 2 + CaCCv,

in which carbon dioxide combines with calcium silicate, a variety of

rock, to form quartz plus calcium carbonate. Sand is an example of

nearly pure quartz, and marble and limestone are examples of calcium

carbonate.

This and similar reactions, going on slowly but steadily at the surface

of the earth over millions of years, presumably removed carbon dioxide

from the atmosphere and converted it into solid compounds nearly as

fast as it entered the atmosphere through volcanic eruptions.

A partial confirmation of this theory is found in the fact that the

amount of carbon locked up in the sedimentary rocks in the earth's

crust in the form of carbonates is approximately equal to the amount
of carbon contained on Venus in the form of atmospheric carbon dioxide.

The Role of Marine Animals. Perhaps the removal of carbon dioxide

by the rocks of the crust was the reason why the temperature on the

earth stayed at a comfortable level long enough for life to take hold here.

But as soon as animal life appeared in abundance, its own chemistry



could have provided a means for keeping down the level of carbon

dioxide in the earth's atmosphere. Marine animals absorb carbon dioxide

from seawater and convert it within their bodies to the solid substances

called carbonates. 2 For every molecule of carbon dioxide removed from

the water by this process, one molecule eventually enters the ocean

from the atmosphere. Thus, the absorption of carbon dioxide from sea-

water by marine animals is equivalent to its removal from the atmosphere.

When the earth was young, life was either absent or scarce, and

carbon dioxide could not have been removed in this way. But the gas

still would have been absorbed from the atmosphere of the young earth

by chemical changes involving rocks rather than living organisms.

The Runaway Greenhouse Effect

Venus may be lifeless, but its crust must contain the same silicates that

removed carbon dioxide from the earth's atmosphere. Why were the

silicates less effective on Venus? Why did Venus not follow the same path

as the earth when both were young planets?

The answer is connected with a special property of the reactions that

cause carbon dioxide to combine with rocks in the form of carbonates.

The effectiveness of these reactions in removing carbon dioxide from the

atmosphere depends very strongly on the temperature of the rocks. The

higher the temperature of the rocks, the less effective they are in removing

carbon dioxide. When the earth was a relatively young planet- old

enough to have cooled from its birth process, but still too young to have

accumulated its insulating blanket of atmospheric gases- its average

temperature was about -20°F. At this low temperature the rocks of the

earth's crust would absorb nearly all carbon dioxide from the atmosphere.

When Venus, on the other hand, was a young planet without an at-

mosphere, its average temperature was higher- about 140°F- because of

its closeness to the sun. At this higher temperature, the rocks on its sur-

face absorbed far less carbon dioxide than was absorbed by rocks on the

earth in the same period. According to the measurements on the tempera-

ture-dependence of the reactions, the amount of carbon dioxide remain-

ing in the atmosphere of Venus must have been 10 to 100 times gn

than the amount in the earth's atmosphere.

This blanket of carbon dioxide, although still thin at that early time in

comparison with the heavy C02 atmosphere on Venus today

have been great enough to produce an appreciable greenho

The greenhouse effect, raising the temperature ot the sui

still higher, would further diminish the eftec tiveness of the Vein

absorbing the C02 that continued to pour into the atmo

volcanoes. As more C02
accumulated in the atmosphere, the green-

2 Seashells, for example, are nearly pure calcium carbon .te.
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effecl became stronger, the temperature of the rocks rose higher, their

effectiveness in absorbing Co., was still further diminished, the green-

house effecl was further enhanced, and so on. In this way, a runaway
greenhouse effect may have started, leading to the massive carbon di-

oxide atmosphere mu\ ovenlike conditions that characterize Venus today.

Presence of Oxygen on the Earth

These ideas explain the different e in c arbon dioxide on the earth and

Venus. They do not ac( ount tor the presence of free oxygen, the second

most abundant constituent of our modern atmosphere. This gas should

not exist in the atmosphere 1 in appreciable cone entrations despite its high

abundance in the Cosmos, because its strong tendency to enter into

chemical reactions removes it promptly from the atmosphere and de-

posits it on the surface in the form of solid oxides. Again, the explanation

lies in the presence of life on the earth. The main source of atmospheric

oxygen is generally believed to be plant life. Plants— especially marine

algae— absorb carbon dioxide from the atmosphere, convert the carbon

into compounds that enter the structures of their bodies, and return the

residual oxygen atoms to the atmosphere. These biological activities con-

tinually renew the supply of free oxygen in the atmosphere, which would

otherwise be depleted rapidly — in 2000 years or so— by chemical re-

actions with the materials of the earth's crust.

Why Venus has less Water than the Earth

Water, like carbon dioxide, was one of the gases that must have been

trapped in the interiors of both the earth and Venus when they first con-

densed out of the solar nebula. The release of trapped water vapor

through cracks and fissures in the crust of the earth has led to the accum-

ulation of oceans covering three quarters of the surface of the planet to a

mean global thickness of 8000 feet.

A comparable amount of water should exist on the surface of Venus.

Because of the planet's high temperature, this water should be in the

form of a vapor in the atmosphere, rather than a liquid filling the natural

basins in the topography of the crust. But it is known from the results of

the measurements performed by the Russian spacecraft that the equiv-

alent of an ocean of water is not present on Venus. In place of the 8000

feet of liquid water that cover the face of the earth, the atmosphere of

Venus has no more than the equivalent of a foot of liquid water.

The surprising fact is not that Venus has so little water, but that the

earth has so much. Water is lost very readily from the atmosphere of a

planet with the mass of the earth or Venus, because solar ultraviolet

radiation breaks up the water molecule into its basic hydrogen and oxy-



gen atoms, and the hydrogen atoms, being extremely light, quickly

evaporate to space. The oxygen atoms remain behind, trapped by the

planet's gravity, and enter into chemical combinations with elements in

the crust.

As a result of this process— called photodissociation — water should be

removed from the atmosphere of the earth almost as rapidly as it reaches

the surface. But the earth has retained its water in spite of the photo-

dissociation effect. Two factors appear to be responsible for this. First

the temperature of the air drops with increasing height above the surface

of the earth, reaching a low point of about —80°F at a height of approxi-

mately 30,000 feet. As the temperature falls, the water vapor condenses

into droplets of liquid water or tiny crystals of ice, forming clouds. The

water droplets or ice crystals are immune to destruction by solar ultra-

violet radiation, which can only destroy individual molecules of water.

Only one-tenth of one percent of the water in the atmosphere remains in

the form of a vapor at high altitudes, as a result of the so-called "cold

trap" at 30,000 feet. Second, solar ultraviolet radiation coming from the

sun is absorbed rapidly as it enters the atmosphere from above, partly

by photodissociation and partly by reactions in which ultraviolet photons

eject electrons from atoms of air. Oxygen atoms, which are abundant

at great heights in the earth's atmosphere, are particularly effective in

absorbing the ultraviolet wavelengths that break up water molecules. By

the time the solar radiation has penetrated to 30,000 feet, its ultraviolet

component has been almost entirely removed.

Thus, in the atmosphere below 30,000 feet, where an abundance of

water vapor exists, the ultraviolet intensity is negligible because it has

been screened out by oxygen; and in the upper atmosphere, where the

ultraviolet intensity is still strong, the amount of water vapor is negligible

because of the cold trap. This combination of circumstances has pro-

tected the water on our planet. Consequently, water has accumulated

steadily on the surface of the earth throughout its history, gradually

filling up the empty basins of the earth's crust to form the oc<

Disappearam e oi Water from Venus. What are the correspond in.,

cumstances on Venus? First, the temperatures in the atmospher.

are higher than at the comparable levels in the earth's atmosphere

consequence of this fact is that 200 times more water c an rema

atmosphere in the form of vapor than in the case of the earth

Venus lacks the shielding screen of oxygen molecules thai mak<

percent of the terrestrial atmosphere and protect the

lower levels from photodissociation. The amount ot

radiation penetrating to the lower levels of the Venus atmosph.

times greater than in the case of the earth.

The product of the two factors- 200 times rru

times more solar ultraviolet radiation -correspond*

factor of 200,000 in the rate of removal of water mol.

Venus atmosphere by photodissociation, in comp.

removal of water from the earth by the same proces

quate to account for the scarcity of water on Venus and its abund,

on the earth.



Conditions for Life. How tar from the sun must a planet be to maintain

a congenial climate for lite? We do not know. The exploration of Venus

has told us only that that planet was too close, and that was its undoing.

If it had been only a few million miles farther away, the temperature of

its surface might have climbed slowly enough to permit life to gain a

toehold, and once life began, it could have held the abundance of carbon

dioxide in check, and might have prevented the temperature from climb-

ing out of bounds subsequently. But Venus, having lost its chance to

harbor life when the solar system was first formed, could never again

recapture the opportunity.

THE ZONE OF LIFE

This comparative study of the histories of the atmospheres of the earth

and Venus demonstrates that an earthlike planet must not be too close to

its sun if conditions are to remain favorable for the evolution of terrestrial

forms of life. In the case of our solar system, the critical threshold lies

somewhere between the orbits of Venus and the earth.

How far on the other side of the earth's orbit can a planet be, and yet

maintain a comfortable climate for the support of life? The answer de-

pends mainly on the size of the planet. It may be quite far from its sun,

and the warming effect of the sun's rays correspondingly small, but if the

planet is large enough to seal in its radioactive heat and build up a high

level of internal temperatures, volcanic eruptions will be frequent,

and copious emissions of gases can be expected from the planet's

interior. Thus, its atmosphere will accumulate to a high density, and a

significant greenhouse effect will develop. The greenhouse effect will trap

the heat of the sun and create a comfortable temperature on the planet's

surface, in spite of its distance from the sun and the weakness of the

solar heat.

If, however, the planet is relatively small — the size of the moon, for

example— its internal temperatures will not rise to a sufficiently high

level to produce substantial volcanic activity with copious emission of

gases. Moreover, the relatively weak gravitational field of the planet will

render it less effective in preventing the lighter gases from escaping to

space, further diminishing the density of the atmospheric blanket. For

these two reasons, the greenhouse effect will be too small to increase the

temperature on the planet's surface appreciably. The scarcity of water-

as a further consequence of the diminished emission of gases from the

interior of the planet— will also tend to act against the onset of biological

evolution.

Mars is an example of a planet intermediate between the two sets of

circumstances. It is one-tenth as massive as the earth, but ten times more

massive than the moon. Consequently, Mars may have developed in-

ternal temperatures high enough to create volcanic eruptions, accom-

426 panied by the emission of water and atmospheric gases. According to the

the solar system spacecraft evidence, these events actually took place earlier in the



history of Mars, but ceased roughly one billion years ago when the planet

became geologically inactive (page 433). As long as the volcanism per-

sisted the planet probably possessed a congenial environment tor life,

but later the gases disappeared to space or were locked up in frozen form

in the rocks of the crust, and Mars became a less agreeable place.

An interesting conclusion follows: Mars is quite cold and dry, and less

congenial for living organisms than the earth, not primarily because it is

farther from the sun, but because it is smaller and geologically less active.

If a giant hand moved the earth out to the orbit of Mars, the average

temperature of our planet would drop. However, its insulating blanket of

air, continually replenished by volcanic gases for some billions of years

longer, would maintain a comfortable temperature over large areas. The

difference would be noticeable, but life could continue.

Main Ideas

1. Properties of the Venus atmosphere.

2. Explanation of the greenhouse effect.

3. Factors controlling the composition of the gases in the primitive

atmosphere of a planet.

4. Evidence for the loss of the primitive atmosphere.

5. Origin of the earth's present atmosphere; comparison with the present

atmosphere of Venus.

6. Circumstances that probably removed carbon dioxide from the earth's

atmosphere.

7. Abundance of carbon dioxide and runaway greenhouse effect on

Venus.

8. Explanation for the retention of water on the earth and the disappear-

ance of water from Venus.

Important Terms

carbonate greenhouse effect refraction

cold trap photodissociation

Questions

What are the temperature, and pressure at th> of Vem

How has the abundance of C02 in the atmosphere produced these

conditions?



2. Venus is roughly twice as far away from the sun as Mercury. Why
is the temperature surface on Venus greater than Mercury?

3. Explain why the primitive atmospheres of the earth and Venus are be-

lieved to have disappeared.

4. What is believed to be the source of the gases now present in the at-

mospheres of the earth and Venus? What is the source of the water in

the earth's oceans?

5. How was CO z removed from the earth's atmosphere?

6. Why did C0 2 accumulate in the Venus atmosphere?

7. What is the origin of the free oxygen in the earth's atmosphere?

8. What happened to the water on Venus? Why was water retained on

the earth?

9. Explain the runaway greenhouse effec t.

10. Predict the conditions that would exist on the surface of Venus today

if it were at the same distance from the sun as Mars. Support your

predictions.

11. List and explain the principal factors that determine the conditions on

a planet that are favorable for life as we know it. According to your

answer, do these factors define a limited "zone of life," within which

conditions are favorable for the support of life? Again, according to

your ideas, how would the luminosity of the star affect the position of

the "zone of life"? Where would you expect the "zone of life" to be

for planets circling a Main Sequence blue giant? A Main Sequence

red dwarf?
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19 Mars

Mars has generated more speculation regarding extraterrestrial lite than

any other planet in the solar system. Several characteristics ot the

planet have contributed to the growth of these speculations. Its sui

free of clouds, reveals changes during the Martian year that resemble

the march of the seasons on the earth. In each hemisphere a pol.r

grows larger in the fall and winter and diminishes in the spring

summer. Dark regions appear each spring that are suggestive ot the

seasonal growth of vegetation. Toward the end of the nine*

tury, some observers reported a planetary network of canals presumably

engineered by intelligent life.

Twentieth-century studies of Mars have tailed to confirm the ex.stence

of the canals. However, earth-based and spacecraft obs made

in recent years have contributed a great deal of new information tf

bears directly on the prospects for Martian life. Since Mars is nearly tree

of clouds, conditions of its surface can be observed readily «>*
,

the.earth

_. ^i_ i i „kfDn,3i nnc tpi'pa ha the P !

of clouds, conditions ot its surateunucuu,,
,.i„, n|,„rt

through telescopes. These earth-based observations reveal that the
,



has .1 more agreeable climate than Venus, cold but not unbearable, with

Antarctic temperatures during the winter, and heat waves that bring the

thermometer up to 70° on the equator during the summer. A trace of

moisture exists in the atmosphere, equivalent to a film a few thousandths

of an inch thick. Although this small amount of water is not adequate to

permit life to originate, it could support life that had evolved earlier, in a

wetter and more favorable age, and had then adapted slowly to drier

conditions. The suggestion that Mars once had an abundance of water

has received strong support from spacecraft observations carried out in

orbit above Mars >md on its surface. The spacecraft observations of the

composition of the atmosphere (Table 19.1), carried out on the surface,

also indicate the presence of an appreciable amount of nitrogen, which

is an essential element in the chemistry of life as we know it on the earth.

All in all, as an abode of life Mars is considerably more promising

than Venus.

Table 19.1 Composition of the gases in the atmosphere

of Mars as measured at the surface by Viking. Traces

of krypton and xenon are also present.

GAS ABUNDANCE
Carbon dioxide (C02) 95 percent

Nitrogen (N 2 ) 2 to 3 percent

Argon (^Ar) 1 to 2 percent

Oxygen (0 2 ) 0.1 to 0.4 percent

Water (H 20) 0.01 to 0.1 percent

PLANETARY PROPERTIES

Mars stands midway between the moon and the earth as a planetary

body. It is approximately twice as large as the moon, and one-half the

size of the earth; its mass is approximately 10 times the moon's mass,

and one-tenth the mass of the earth. These facts lead to a prediction

regarding volcanism on Mars. We know from the study of the earth that

volcanism results from the release of radioactive heat within the body of

an earthlike planet. The source of the heat is the radioactive decay of

the elements uranium, thorium, and potassium, which exist in the interior

of the earth in small concentrations of a few parts per million. The Apollo

findings indicate that these elements exist in very roughly the same con-

centrations in the moon, and presumably they also exist in the interior

of Mars.

The heat that the radioactive elements create must have gradually

increased the temperature in the interior of the moon and Mars, as well

as the earth, during their early years. Volcanism may have commenced

on the earth, the moon and Mars at about the same time, when the three

432 planets were about one billion years old, as the product of this chain of

the solar system circumstances.



Although the volcanism probably began at about the same time on

each planet, it did not last for the same length of time on each, because

of the differences in their sizes. The reason is that the heat generated in

the interior of a small planet has to travel only a short distance to reach

the surface. Heat is lost from the surface of a small planet at a relatively

rapid rate because of this fact. If the planet is very small, its temperature

will never reach the melting point of rock, and volcanism will never

commence.

If the planet is somewhat larger, its internal temperature may reach

the melting point of rock, but will not remain there for more than a short

time. This appears to have been the case for the moon, whose episode

of volcanism lasted only 700 million years.

If the planet is very large, its internal heat must travel through a rela-

tively thick layer to reach the surface. This thick layer acts as an insulating

blanket, bottling up the radioactive heat, and causing the temperature

in the interior to remain at a high level for a relatively long period of

time. This is the case for the earth, wnich has remained volcanic ally

active throughout most of its lifetime, and is still active.

Mars, intermediate in size between the moon and the earth, must

have retained its radioactive heat longer than the moon, but not as long

as the earth. Therefore, Mars should have been volcanically active for

longer than 700 million years, and may have been active for as loni; .is

several billion years. This remark implies that Mars may have been at tut-

in relatively recent geological eras.

Water vapor and other gases released by internal heating are the prob-

able sources of water on the earth's surface, and gaseous elements in its

atmosphere. If volcanic activity persisted on Mars for two or three billion

years, and the relative amount of water trapped in the interior of Mars

was roughly the same as the amount of water trapped within the earth,

the surface of Mars may once have been covered by water to a < on-

able depth. A substantial atmosphere also may have existed dur.ng this

long period of volcanic activity.

Evidence for Geological Activity

The suggestion of early volcanism on Mars was confin

vision cameras, mounted on a satellite placed in orbit around

tained excellent pictures of the entire planet. The televised pi< <

taken at altitudes varying between 775 and 10,500 miles

pictures were obtained, the surface of the plane, was

violent dust storm that persisted for nearly two m

dust settled, and the television can

of Mars that had never before been seen by man.

The most conspicuous feature was the hum

Olympus, shown in Figure 19.1. The crater at th<

is about 40 miles in diameter. The entire mountain h

its base, and rises at least 70,000 feet above the surround
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The roughly conical shape of the mountain and the presence of a

crater at its summit clearly establish it as a volcano. The summit crater,

called a caldera, is a familiar feature of terrestrial volcanoes. It is formed

by the collapse of surrounding material into the molten pit of lava at the

top of the volcano. The volcanic nature of the mountain is also indicated

by high-resolution pictures that show individual tongues of frozen lava

emanating from the summit crater and descending the flanks of the

mountain (Figures 19.2a and b).

Figure 19.1 Mount Ulvmpus. a large

volcano on Mars The • / mile-.

X rDSS, and the summit i

feet above the surrounding terrain The
volcanic mound terminal

scrap or sharp clifi that /«. the origin oi the

circular teature called Mix Otymp
earlier Mars

the summit is shown in a detailed

Figure 19 2

Figure 19.2(a) The crater at the summit oi

the Mars volcano shovsn in Figure 19 1 The

area in the white rectangle

miles, (b) A high-resolution picture oi the

area outlined in white in hgut>

ing numerous indnidual t!<

cascading down tfx



In every respect the Mars mountain resembles the mounds of con-

gealed lava that form on the earth, when many successive outpourings

of molten rock occur at a single spot over a period of millions of years.

If the Pacific Ocean basin could be emptied, the Hawaiian Islands would

be revealed as similar but smaller mounds of lava, rising out of the floor

of the ocean basin in the same way that the Mars mountain rises out of the

surrounding terrain.

About a dozen large volcanic mountains have been discovered on

Mars. Six can be seen clearly in the photograph on page 430. There is

evidence that the volcanoes have been extinct for a long time. The photo-

graphs show many modest-sized meteorite craters on the flanks of the

volcanoes. These relatively small craters would have been obliterated if

fresh floods of lava had run down the sides of the volcanic mountains in

recent times. From the number of craters present, it has been estimated

that the great Martian volcanoes died out at least 500 million years ago.

The On the earth, volcanism is associated with

the movement of large slabs of rock, generally thousands of miles in size,

that slide over underlying layers of warm and yielding material. These

slabs of rock are the earth's plates (Chapter 16). When the edge of one

plate slides past another, cracks such as the San Andreas fault appear in

the surface of the planet. When two plates collide head-on, their edges

crumple, and huge masses of rock are thrust upward to form mountain

ranges such as the Himalayas. When two plates move apart, a shallow

cleft, called a rift valley, appears between them. The Great Rift Valley,

which runs through the Jordan Valley, the Dead Sea, and the Red Sea,

and continues into East Africa, is an example.

Are there also signs of the movement of plates on Mars, to accompany

the clear evidence of Martian volcanism? Thus far, no evidence has

been found of features like the San Andreas fault or the Himalayan

Mountains, but a feature that does resemble a long, straight crack or

fault has been found. This is the Valley of the Mariner, a broad canyon

3000 miles long, roughly 75 miles across, and 15,000 feet deep at its

lowest point. It is visible in the composite photograph on page 430 as a

jagged crack at the lower right, near the edge of the planet. An overhead

view of a 300-mile segment of the Valley of the Mariner is shown in

Figure 19.3a. The region enclosed in the rectangle at the right side of

Figure 19.3a is shown in an enlarged view in Figure 19.3b. This photo-

graph is a mosaic of high-resolution images obtained in 1976 from the

Viking orbiter.

Figures 19.3a and b show numerous branching channels or canyons

in the lower or southern rim of the Valley. These channels give the appear-

ance of having been formed by the eroding activity of large volumes of

water, perhaps during a warm, moist period in the history of Mars. (See

page 445.)

The arrows in Figure 19.3b point to jumbled terraces of rock, which

seem to be giant landslides formed by the slumping of material from the

436 north rim of the Valley. Their presence provides a clue to the process by

the solar system which the Valley of the Mariner may have been formed. At some point in



Figure

photographed from .1 space* rah
.- -;<«) \ cA

within the r« tang/e m I l

ed from f/ie V/'fc/mj

arrow 5 po/nj to #urn landslk

the geological evolution of Mars, forces deep within the planet must have

pulled the crust apart along a line roughly coinciding with the present

Valley. Numerous small, parallel cracks appeared in the crust as result

of these forces, forming the beginning of the Valley of the Mariner. Re-

peated slumping and landslides at the rims of the cracks gradually widen-

ed the Valley. Some of the original cracks are still visible in Figure 1 9. \b

(page 438), running parallel to the axis of the Valley above the north rim.

A similar process is believed to occur on the earth, when two plates

in the lithosphere begin to break up and move apart (Chapter 16). The

separation of the plates containing the South American <ind African

continents is the clearest example (page 385). Since there is, however, no

sign of major plate movements on Mars, it must be assumed that Martian

tectonic activity never progressed beyond the incipient stage. Apparently

this activity was arrested around the time that volcanism 1 Mars,

or perhaps a little later.

Photographic Evidence for an Early Abundance of Water

Figure 19.4a, taken from the Viking spaceiratt in 1971

pattern of converging channels, resembling the channe

volumes of water when flash floods occur in d.

Figure 19.46 shows an area in the Arizona desert with tribir

much like those photographed on Mars, although different in

drainage in the Mars photographs seems to be from I.
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The Martian Polar Caps. The spacecraft pictures of the channels provide

evidence for the existence of a large amount of water on Mars in the past.

However, the evidence is circumstantial; there is no direct proof of the

presence of water. Direct evidence comes from measurements of the

temperature of the Martian north polar cap, made from the orbiting Viking

spacecraft in 1976, when the northern hemisphere was in its summer
season. A portion of the north polar cap is shown in Figure 19.7(a). This

photograph was taken in October, 1976, during the summer season in

the northern hemisphere of Mars, when the thin cover of frozen carbon

dioxide or dry ice had evaporated from the cap and the underlying -

of ordinary ice were exposed. The dark, winding channels seem to be

ice-free valleys, perhaps scoured by wind cutting through the i

Prior to the Viking measurements, the Martian polar caps were con-

sidered to be mainly composed of dry ice or frozen carbon dioxide, with

a smaller admixture of ordinary ice or frozen water. M rider

Martian atmospheric conditions the temperature of a cake ol d'

would be about - 190°F. The measurements revealed the tern;

the northern polar cap to be -90°F, which is too warm tor drv ice but

consistent with the interpretation that the caps are composed oi fo

water.

The inference that the polar caps are composed of ordir

supported by measurements of the humidity of the Marti.

also made from the Viking orbiter. These show that the air abo\<

north polar cap is somewhat more humid than the atmo- • the

rest of the planet. That would be expected if the caps were mai

ice, since water molecules leave an ice surface bv the prcn i
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tion and enter the atmosphere directly above, increasing its humidity.

Water molecules enter the atmosphere even more rapidly from a surface

of liquid water; thus, at the edge of the polar cap, where ice is melting

continuously during the summer season and liquid water is always pres-

ent, the humidity should be particularly high. This prediction was con-

firmed by the Viking water vapor measurements, which showed that the

air directly above the edge of the north polar cap was 10 times more

humid than the average for the planet.

This evidence firmly establishes that much of the water released to the

atmosphere during earlier volcanic eruptions is still present on Mars,

but locked up at the poles in frozen form. How much water is present?

A tentative answer comes from the fact that relatively large meteorite

craters can be seen lying underneath the caps with only their rims visible.

From the size of the craters, and the general relation between the diam-

eter of a meteorite crater on Mars and the height of its rim above the

plain, it follows that the ice is some hundreds of feet thick. If this huge

amount of ice were melted and spread over the surface of Mars, it would

cover the planet with a shallow sea several feet deep.

Climate Changes on Mars. Close inspection of the photograph of the

polar cap (Fig. W.Ka)) reveals terraced slopes or layers in numerous

places. The upper right corner of Fig. \9.7(a) provides a clear example

(Fig. 19.7(bJ). These layers are believed to be evidence of repeated

changes of climate on Mars, alternating from warm to cold cycles of per-

haps 100,000 to one million years duration.

Recently acquired information regarding the earth's climate suggests a

plausible explanation for these episodes of Martian climate change. Pri-

marily because of the gravitational pull of Jupiter, the shape of the earth's

orbit varies every 100,000 years or so. Therefore, the earth's distance of

closest approach to the sun also varies. In addition, the tilt of the earth's

axis varies in a cycle with a duration of about 40,000 years. Finally, the

direction of the earth's axis of rotation varies in a cycle of about 20,000

years (see page I-5). Because of these variations, the northern hemi-

sphere of the earth will, on some occasions, be tilted sharply toward the

sun at the same time that the planet is closest to the sun in its orbit. When

this happens, summers in the northern hemisphere will be very warm

and winters will be correspondingly cold. When the northern hemisphere

is tilted away from the sun during the time of closest approach to the

sun, northern-hemisphere summers will be cool and winters will be mild.

These circumstances are known to affect the rate of accumulation c

and are one of the major causes of the ice ages on our pl.r

Similar variations occur in the orbit of Mars, again because ot lup.ter -

gravitational pull. The shape of the orbit of Mars varies in

two million years; the tilt of the axis of rotation varies in a cycle ot one

million years; and the direction of the axis changes in a q
years. The combined effect of these orbit variations can ea»

the climate changes that seem to have occurred on M
Still other evidence suggests that large deposits of ice lie undc

surface of Mars in other places besides the polar regions. In some n
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figure 19.8 A collapsed region 100 miles

in extent, possibly caused bv >udden melt-

ing of buried ice or permatri
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stances, these buried ice deposits seem to have melted suddenly, creat-

ing massive runoffs of ice water. Figure 19.8 shows an area about 300

miles across, just north of the Martian equator, photographed by the

Viking spacecraft from orbit in 1976. The most conspicuous feature in

the photograph is a triangular-shaped depression, with numerous chan-

nels running out of the depression toward the east, or to the right in the

photograph. This is also the direction of the regional downhill slope of

the terrain. The chaotic, jumbled appearance of the floor of the depres-

sion suggests that buried ice or permafrost melted suddenly, releasing

huge quantities of water that flowed eastward, that is, following the

downhill slope. It is possible that some of the Martian channels were

carved by flash floods of melted ice from regions such as that shown in

Figure 19.8, during warm periods in the history of Mars. The pattern of

riverlike channels at the right side of Figure 19.8 can be followed for

hundreds of miles with the aid of other Viking photographs. The signs of

the great flood peter out near the site on which the first Viking spacecraft

landed. From the number of ancient meteorite craters in the area, geolo-

gists infer that the melting and flooding occurred 2 or 3 billion years ago.

A new and more complete picture of Mars emerges from this evidence,

as a planet characterized by climatic intervals of warmth and moisture,

during which conditions may have been congenial for the chemical

evolution of life. Combining our knowledge of the present scarcity of

water on Mars with the evidence for its abundance in the past, we are

led to a tentative picture of the history of water on the planet. At one time,

Mars may have had a substantial amount of water, which accumulated

during a relatively long period of volca-iism, possibly lasting two or three

billion years. During that period its surface may have been traversed by

many streams and rivers, but when the volcanism subsided, the source of

the water disappeared. Individual molecules of water, leaking steadily

into space, gradually diminished the amount of available moisture, and

the streams and rivers dried up. Finally the planet reached the condition

in which we find it today, with only a trace of moisture in the atmosphere,

and no liquid water visible on the surface.



PROSPECTS FOR LIFE ON MARS

Does life exist on Mars? Possibly. Mars is dry, cold, and less favor-

able than the earth for the support of life, but not implacably hostile.

Experiments have shown that some terrestrial plants could exist in the

Martian climate, although they would not flourish there. Cosmic-ray
and ultraviolet radiation bombard Mars with an intensity that would be
lethal to terrestrial life, but biologists have suggested ways in which
Martian organisms could have evolved natural shields against these

deadly rays.

The Relationship Between Water and Life. Water is the key element in

a discussion of the prospects for Martian life. Water is an essential ingre-

dient for the development of the kinds of life with which we are familiar,

because it provides a fluid medium in which the complex molecules of

the cell can move freely. This movement leads to frequent collisions

between neighboring molecules and, as a consequence of these colli-

sions, to chemical reactions that make up the ongoing process of life.

The basic building blocks of living matter— immersed in the shallow

Martian seas — would have collided ceaselessly; now and then the colli-

sions would have linked them into the large molecules — proteins, DNA,

and RNA— which are the essence of the living organism. The linking of

small molecules to form large ones would have marked the first step

along the path from nonlife to life.

The relationship between water and life lends a special interest to the

Spacecraft evidence for large amounts of water on Mars at an earlier time.

If life exists on Mars today, it probably can be traced back to a golden

age on the planet, when emission of gases from volcanoes maintained

a substantial amount of liquid water on the surface, as well as a denser

atmosphere, and the climate rivaled the climate of the earth. The transi-

tion to the drier climate of today may have occurred very slowly, over a

period of millions of years and a very large number of generations.

In this case, Martian life could have adapted progressively to the gradual

onset of severe conditions. During this long period of slowly increasing

aridity, the weakest individuals in each generation would be elimin

and the hardiest would remain, propagating their qualities ol strength

to their descendants. There seems no reason to doubt that varied

interesting forms could exist on Mars today as a result of this <

continued process of natural selection, //the planet once had an abun-

dance of water.

Martian organisms, highly specialized for survival on

free and airless planet, doubtless would present an unusu

their forms, internal arrangements, and methods of repra

seem bizarre; the fundamental differences between the
|

mals, as we know them, might be blurred. Nonet*

restrial life would have much to teach us about the natun

earth, for the basic chemistry of Martian life- produ-

line of evolution, and adapted to very different conditi

ably would not be identical with the chemistry of terrestrial



Figure 79.9 /Pages 448 and 449} A Mar-

tian landscape photographed by the Viking

lander. The large rock at lett is about 3 ieet

high. The horizon is 2 miles a\\a\

comparison between two living structures, parallel but distinct, might

yield insights into the metabolism of all living organisms, including man,

that could not be acquired in decades of laboratory research on earth.

Moreover, the discovery of Martian life would have portentous im-

plications for the probability of life in the Cosmos; for if life has started

up on two planets in one solar system — the earth and Mars — there must

be a substantial a priori probability for life evolving on other earthlike

planets, that may be circling other stars.

The Search for Martian Life
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Two Viking spacecraft landed on the surface of Mars in 1 976, equipped

with a variety of instruments intended for the study of Martian geology

and biology. Each spacecraft contained a pair of television cameras

providing stereoscopic photographs of the nearby terrain, partly to pro-

vide geological information and partly to search for fossils and scan the

horizon for signs of existing life. The cameras recorded a scene reminis-

cent of some of the desert areas of the southwest, with rust-colored soil,

dunes, and other windblown formations, and scattered blocks of volcanic

debris. (Figure 19.9 and Color Plate 16.) The spacecraft also contained

small, automated biochemical laboratories designed to carry out a series

of tests for Martian life. The laboratories were operated by remote control

from earth and included instruments for the detection of simple forms of

life as well as the molecular building blocks of living matter. All the tests

used samples of Martian soil that had been scraped from the ground

near the spacecraft by a small shovel mounted on the end of a boom
(Figure 19.10). The samples were deposited in hoppers leading to separate

chambers. The entire spacecraft had been sterilized before the flight to

ensure that any organisms the instruments detected would be indigenous

to Mars, and not carried there from the earth.

The tests for life were designed to work if any kind of living organism

existed on Mars, no matter how primitive. The first test was based on the

reasoning that all organisms known on the earth give off gases as waste

products. For example, plants release oxygen as a waste product, and

animals and most kinds of microbes release carbon dioxide. If the Martian

soil contained organisms resembling plants, a pinch of soil placed in a

chamber would produce a small amount of oxygen. If the soil contained

microbes or animals, carbon dioxide would be produced. An instrument

adjacent to the chamber could detect these gases.

When the test for gases was carried out, carbon dioxide was released

from the soil, indicating that small animals or microbes might live in it.

At the same time, a substantial amount of oxygen appeared, suggesting

that the soil might contain plant life. The carbon dioxide was released

slowly and steadily over a period of several days, as would be expected

from a population of microbes in the soil. The oxygen, however, came

off in a burst in the first few hours of the experiment. This was a surprise,



because if plants were producing the oxygen, it would be released at a

slow, steady rate, like the carbon dioxide.

The very rapid release of oxygen was more consistent with a chemical

reaction in the soil, rather than a biological process. One kind of chemi-

cal reaction that could release a burst of oxygen is known from laboratory

experiments. Solar ultraviolet radiation — falling on a surface of soil — can
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produce molecules of hydrogen peroxide, or H 2 2 , which then adhere

to the grains of rock in the soil. If the grains of rock are moistened, the

hydrogen peroxide molecules break up very quickly into water and

oxygen. Since the initial step in the Viking experiment was the exposure

of the soil to moisture, the release of oxygen could be explained readily

by the chemical process just described, without recourse to life processes.

The second life test was designed primarily for microbes. In this test,

another pinch of soil was placed in the chamber and moistened with a

nutrient broth containing amino acids and other food substances. These

substances, like all foods, were made from atoms of carbon, oxygen,

nitrogen, and other chemical elements. If microbes existed in the soil,

they would consume the food and digest it. Most of the atoms in the

food would be incorporated into the bodies of the microbes as they grew

and reproduced, but some carbon atoms would be released into the

atmosphere in the form of molecules of carbon dioxide. All animals,

and most microbes, exhale carbon dioxide in this way as a by-product

of their metabolism.

How could scientists on the earth find out whether that complicated

process was taking place in a chamber on Mars, more than 200 million

miles away? The answer is ingenious. Before the flight to Mars, a special

kind of food had been prepared, in which some of the carbon atoms were

the radioactive isotope of carbon, C 14
. If Martian microbes were present,

they would digest the C 14 atoms and exhale radioactive carbon dioxide.

To find out if this was happening, a detector sensitive to radioactivity

was placed in an adjoining chamber, located above the first one and

separated from it by a thin tube. If the detector signaled the arrival of

radioactive carbon dioxide, that would suggest that Martian microbes

existed in the chamber below.

When the test was carried out, the detector indicated that a large

amount of radioactive carbon dioxide had been produced in the pinch

of soil below, and had passed through the tube into the upper chamber.

Thus, this test suggested the presence of Martian life.

But the test for microbes, like the first test, also could be explained by

a chemical reaction not involving organisms. Suppose Martian soil con-

tains hydrogen peroxide, as seemed to be indicated by the release of a

burst of oxygen in the previous experiment. When the soil was moistened

by the nutrient broth, the peroxide compounds would decompose the

particles of food in the broth, breaking them up into smaller molecules,

including molecules of carbon dioxide. The carbon dioxide would be re-

leased to the atmosphere. Some of this carbon dioxide would be radio-

active. In that way, a chemical reaction could simulate the presence of

microbes in the second test.

The third test for life was designed to detect the presence of plant-like

organisms on Mars. Plants require air, water, and light for their growth.

They grow particularly well in an atmosphere of carbon dioxide, which

happens to constitute 95 percent of the Martian atmosphere. In the ex-

450 periment, an artificial Martian atmosphere of carbon dioxide and water

the solar system vapor was created in a closed chamber, while a lamp bathed the interior



of the chamber in a uniform glow that imitated Martian sunlight. Pre-

sumably, a Martian plant would find these conditions favorable for its

growth. Next, a fresh pinch of soil was placed in the chamber. If plants

existed in the soil, they would absorb carbon dioxide and water from the

atmosphere; then, using the energy in the artificial sunlight, they would
break up these substances and combine them into the compounds known
as carbohydrates, giving off oxygen as a by-product. This process is

called photosynthesis.

The essential element in photosynthesis is the buildup of carbohy-

drates out of carbon dioxide and water. Following the same strategy used

in the microbe test, the experimenters decided to find out whether this

was happening by using specially prepared carbon dioxide, in which the

carbon atoms were radioactive. Martian plants in the chamber would

absorb the radioactive carbon atoms and build them into their bodies in

the form of radioactive carbohydrates. If a test indicated that something

in the soil had become radioactive, that would suggest that the soil con-

tained living plants.

The test gave a positive result; after an incubation period of several

days, the soil was found to be radioactive. The implication was that it

contained plants or plantlike organisms. This interpretation was sup-

ported by the fact that when the test was repeated with the artificial

Martian sunlight turned off, the radioactivity dropped considerably.

Apparently Martian plants, like terrestrial plants, grow more rapidly in

the light.

The test for Martian photosynthesis, unlike the first two tests, cannot

be explained readily by a chemical reaction solely involving peroxides.

Other chemical theories that could explain the photosynthesis test have

been suggested, but they involve different chemical compounds and

different reactions. Thus, it appears that chemical reactions coul<

plain the results obtained in all three tests for life, but the nature of the

reactions would be quite complicated. Moreover, the chemical reactions

proposed for the photosynthesis experiment would not be affected to .1

marked degree by the presence or absence of light; that property is more

characteristic of a plant-like biological process.

Additional information came from still another experiment

signed specifically as a test for life, which tested the soil for con

compounds containing carbon. These compounds, known as or,

molecules, are the building blocks of all life on the earth. It lift

Mars and is similar to terrestrial life, there should be an abui

organic molecules in the Martian soil. But the test failed

organic molecules. That result suggested that life do

and tended to support the chemical explanation for the Vikin

However, when the life tests were repeated bv a second

that had landed at another site 4600 miles av

chemical theory was obtained and the case for biolog.cal pro

strengthened. The test for release of gases was performed ag

second site, but this time only a third as much O) ^ a

s

the previous occasion. Since the burst of oxygen was believed to be due



to peroxides, it appeared that the soil at the second landing site must

contain a smaller amount of peroxide compounds than the soil at the

first site.

This discovery had a bearing on the chemical explanation of the

microbe test. If the positive results from that test had been triggered by

peroxide compounds in the soil, one would have expected the yield of

"microbes" to be down when the amount of peroxides went down. But

instead, when the microbe test was performed at the second site it yielded

30 percent more carbon dioxide than it had at the first site. This result

seems to indicate that chemical reactions involving peroxide compounds

could not be the source of the life-life signals in the microbe test. It works

against the chemical interpretations of the experiments, and in favor of

the biological one.

An unambiguous resolution of the question of Martian life may not be

obtained for decades. Nevertheless, although the Viking experiments

have contradictory elements, they suggest that life, or some process

imitating life, exists on Mars today.

MAIN IDEAS

1 . The effect of size on the geological activity of a planet.

2. Evidence on the Martian surface for: early geological activity; an

early abundance of water; the presence of water today.

3. Climatic changes on Mars.

4. The prospects for life on Mars.

5. The nature of the Viking experiments.

6. The results of the Viking experiments.

IMPORTANT TERMS

biological and chemical reactions photosynthesis

calders radioactive isotope

metabolism Viking

microbe Volcanism

QUESTIONS

1. How does the size of a terrestrial planet influence its geological
452 history? Explain the surface of the earth, moon, and Mars in these

the solar system terms.



2. What features on the flanks of the volcanoes indicate that they have

been extinct for a long time? Explain your reasoning.

3. What is the evidence for water on Mars in the past? Today? In what

form(s)? How do we know?

4. Why is the evidence for water on Mars, past and present, considered

to be of special interest?

5. Why were most of the biological experiments made by Viking aimed

at detecting simple forms of life?

6. Describe in detail one Viking biological experiment. Explain the

reasoning involved in the interpretation of the combined results from

the three experiments.

7. Can you devise one or more experiments designed to search for life

on an alien planet? Your experiments should be different than those

described in the text.

8. What is the larger significance of detecting microorganisms or other

primitive life on Mars? Explain.
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ingredient, hydrogen. Eventually these nuclear reactions died out, and the

star's life came to an end. Deprived of its resources of nuclear energy, it

collapsed under its own weight, and in the aftermath of the collapse an

explosion occurred, spraying out to space all the materials that had been

created within the star during its lifetime.

In the course of time, new stars, some with planets around them, con-

densed out of these materials. The sun and the earth were formed in this

way, four and a half billion years ago, out of materials that were manu-

factured in the bodies of other stars earlier in the life of the Galaxy, and

then dispersed to space when those stars exploded.

When the earth was formed, it must have been barren, but within one

billion years or so life appeared on its surface. How can we explain this

fact? If we confine the inquiry within the boundaries of science, discov-

eries made during the last few decades suggest a tentative scientific ex-

planation for the presence of life on the earth.

THE ORIGIN OF LIFE

It now appears possible that the first living creatures on the earth

evolved spontaneously out of chemicals that filled the atmosphere and

oceans of the planet in the early years of its existence. The following

facts suggest this hypothesis.

First, biologists have shown that all living organisms on the face of the

earth depend on two kinds of molecules— amino acids and nucleotides—

which are the basic building blocks of life— just as the physicists have

shown that all matter in the Universe is constructed out of three building

blocks— the neutron, proton, and electron.

Second, chemists have manufactured these molecular building blocks

of life in the laboratory out of the gases that are believed to have filled the

atmosphere of the earth when it was a young planet.

Third, an object has been discovered that links the nuclei, atoms, and

molecules of the physical universe to the complex organisms of the living

world. This object, called the virus, lies on the borderline between in-

animate matter and life. Its existence gives credibility to the notion that

life evolved out of nonliving chemicals.

The Building Blocks of Life

The basic building blocks of living matter are more complicated than

the building blocks of the physical world. Twenty different kinds of

amino acids play a critical role in living creatures, and five different kinds

of nucleotides. Furthermore, each amino acid or nucleotide is, itself, a

456 rather complex molecule made up of approximately 30 atoms of hydro-

the solar system gen, nitrogen, oxygen, and carbon, bound together by electrical forces of
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attraction. An example of the structure of a typical amino acid is shown

in Figure 20.1.

The amino acid and the nucleotide have very different functions in the

chemistry of life. Within the cell the amino acids are linked together into

very large molecules called proteins. One class of proteins, called struc-

tural proteins, makes up the structural elements of the living organism-

the walls of the cell, hair, muscles, and bone. The structural proteins are

like the steel framework and walls of a building. The other type of protein

is called the enzyme. Many kinds of enzymes exist; each kind controls

one of the many chemical reactions that are necessary to sustain the life of

the organism.

All proteins, in all forms of life, plant and animal, are constructed out of

the same basic set of 20 amino acids. One protein differs from another

only in the way in which their constituent amino acids are linked to-

gether. However, these differences are all-important. The distinction be-

tween a man and a mouse, both in appearance and personality, depends

entirely on the differences between the proteins contained in tl

their bodies.

Proteins are assembled within living organisms by the s

building blocks- the nucleotides. Nucleotides are
j

the cell to form very long chains, called nuch

tant type of nucleic acid is called deoxyribonucle

short. DNA is the largest molecule known, con'.-

organisms such as man, as many as 10 billion s«

the DNA molecule is understandable when we

and importance of its functions in the

the most important mole,

portant than the protein, because it determine

assembled; the DNA molecule has the master plan for th.



How does DNA control the assembly of proteins in the cell? The gen-

eral features of the process began to emerge during the decade of the

1950s, although many of the details are still not clearly understood. It

appears that the 20 amino acids and five nucleotides float freely in the

fluid of the cell. The DNA molecules that direct the assembly of proteins

are located in the center of the cell. In the first step, free nucleotides are

attracted to a segment of one of the DNA molecules at the center. They

line up alongside the DNA segment to form a replica of it. In the second

step, the replica detaches itself from the master DNA chain, and drifts

off into the cell; it is a messenger that carries instructions from the DNA
into the body of the cell for the assembly of one particular kind of pro-

tein. In the third step, another molecule enters the picture. This molecule

serves as a connecting link which brings the amino acids in the fluid of

the cell to the appropriate places alongside the messenger. There are 20

kinds of connecting links, one for each kind of amino acid. Each of the

connecting links attracts one and only one of the 20 amino acids. When,

in the course of chance collisions, the right kind of amino acid comes

into contact with the end of the connecting link designed for that par-

ticular amino acid, it is held fast there. At the other end of the connecting

link is another set of molecules, making up a surface of nooks and cran-

nies so constructed that it can only fit into the appropriate place along

the length of the messenger. When the connecting link takes its place

along the messenger, it adds the amino acid to the chain of amino acids

that has already been built up. When a chain of amino acids has been

assembled along the full length of the messenger, the assembly of amino

acids into a protein is complete. The assembled chain then detaches

itself from the messenger and drifts off into the fluid of the cell.

By this rather complicated process, the essential proteins are built up

within an animal in accordance with the order of the nucleotides in its

DNA molecules. The segments of the DNA molecule are "read" like

the words of a book. Each DNA segment, controlling the assembly of one

protein, is a word; each nucleotide within a segment is a letter; the order

of the letters provides the meaning of the word, that is, the protein to be

assembled. The full set of DNA molecules contained within a cell is the

library of genetic information for the organism. The DNA molecules in

the cells of a human being direct the assembly of the amino acids in the

human body into human proteins; the different DNA molecules in the

cells of a mouse direct the assembly of its amino acids into mouse

proteins.

The Mechanism of Inheritance of DNA

How is the plan for the assembly of the right kind of proteins passed

from one generation to the next? How do progeny inherit their charac-

458 teristics from their parents. The answer lies in a most extraordinary prop-

erty of the DNA molecule— the ability to make a copy of itself. The



mechanism by which DNA copies itself was discovered in 1953 by an

Anglo-American team, James D. Watson of Harvard University and
Francis Crick of Cambridge University (Figure 20.2). This discovery is

one of the most important single scientific events of the twentieth

century to date. We have described the DNA molecule as a chain of

nucleotides; but Watson and Crick found it is not a single chain of nu-

cleotides; it consists, rather, of two chains, joined at regular intervals

by molecules between them like rungs of a ladder (Figure 20.3). In

each rung of the ladder there is a weak spot, which is easily broken.

During the early history of a cell the two strands remain connected,

but when the cell has attained its full growth, and the division into

two daughter cells is about to commence, the weak connections run-

ning down the middle of the ladder break, and the double strand sep-

arates into two single strands. Each of the single strands then collects

unto itself new nucleotides out of the pool of nucleotides floating in the

cell, and assembles them into a new double-stranded molecule. There

now exists two identical DNA molecules, where formerly there was one.

The two DNA molecules separate, and move to opposite corners of the

cell; the cell then divides into two daughter cells, each containing one

complete set of DNA molecules. Thus, each of the daughter cells con-

tains a copy of the volumes of genetic information that has been in the

parent cell. This is the way in which the shape and the character of a

plant or an animal are transmitted from generation to generation.

In summary, the DNA molecule controls the assembly of proteins,

and the proteins determine the nature of the organism. Each living or-

ganism has its own special set of DNA molecules; no two organism*
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have the same set unless they are identical twins. However, the basic

nucleotides and amino acids are the same in every living creature on
the face of the earth, whether bacterium, mollusc, or man.

Formation of the Building Blocks Out of Atmospheric Gases

With this fundamental property of living creatures in mind, one can

appreciate the importance of a critical experiment performed in 1952

by Stanley Miller, at that time a graduate student working on his Ph.D.

thesis under Harold Urey. At the suggestion of Urey, Miller mixed to-

gether the gases— ammonia, methane, water vapor, and hydrogen —
which were abundant in the parent cloud of the earth, and which were

probably abundant in the atmosphere of the young earth. He circulated

the mixture through an electric discharge. At the end of a week, Miller

found that the water contained several types of amino acids. Figure 20.4

is a schematic diagram of Miller's apparatus.

Subsequently, nucleotides were created in the laboratory under simi-

lar conditions. In some experiments, amino acids and nucleotides have

been manufactured out of a variety of gas mixtures, using various sources

of energy— bombardment by alpha particles, irradiation with ultraviolet

light, and simple heating of the ingredients. The results of all these ex-

periments, taken together, demonstrate that the molecular building

blocks of life could have been created in any one of many different ways

during the early history of the earth.
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variety and sophistication, can be traced back to simple chemicals. Is

there any direct evidence for the development of life out of nonliving

molecules?

The answer is: Yes, there is an entity, very common in the world today,

that possesses, at the same time, the attributes of a nonliving molecule

and the attributes of a living organism. This entity is the virus— the small-

est and simplest object that can be said to be alive.

The existence of viruses first came to light at the end of the nineteenth

century, in the course of a series of experiments designed to reveal the

cause of a disease affecting tobacco plants. It was found that the juice

pressed from the leaves of infected plants could transmit the infection to

other plants. Apparently, the infection was transmitted by bacteria con-

tained in the fluid. But when pressed through a fine filter, which screened

out all visible bacteria, the fluid still retained its power of infection. In

1898 a Dutch botanist, Beijerinck, suggested that the disease was not

caused by a germ, but by a poisonous chemical. Beijerinck called the

chemical a "virus," which is the Latin name for poison.

Further research revealed that viruses are the cause of many diseases,

and medical interest in viruses intensified during the first decades of

the twentieth century. Gradually, the suspicion developed that the virus

was no ordinary chemical. A variety of experiments suggested that the

virus, although too small to be seen under the microscope, possessed

the basic attribute of living organisms— the ability to reproduce itself.

Still, the evidence for the living virus was indirect; no one had yet seen

one in the act of reproduction. But in the years after World War II a new
instrument was perfected, which provided the biologists with a powerful

tool for the study of small organisms. This instrument was the electron

microscope. Ordinary microscopes, in which the object under study is

illuminated by rays of light, are limited to a magnifying power of ap-

proximately 2000. The smallest bacteria, which are a hundred-thou-

sandth of an inch in size, can just barely be seen in these microscopes.

But the electron microscope, which directs a beam of electrons at the

object instead of a beam of light, can produce magnifications as high

as several hundred thousand diameters.

Under the electron microscope the virus finally became visible, and

all the important details of its structure were revealed. It was found that

viruses come in many shapes— round, cylindrical, polyhedral, and with

tails (Figure 20.5). They also come in many sizes. The largest is as large as

a small bacterium; the smallest, which is a millionth of an inch in

diameter, is smaller than many nonliving molecules. Viruses bridge the

gap in size between the inanimate and animate worlds.

Yet, these tiny particles are indisputably alive. Chemical studies show

that they contain DNA— the molecular blueprint of life and the means

by which every living creature reproduces itself. They also contain a

substantial amount of protein, in the form of a protective coat wrapped

around the precious, delicate strands of DNA. But they contain very

462 little else. In particular, they have none of the sugar and fat molecules

the solar system that provide energy for the chemical reactions in other living creatures.



They also lack the free nucleotides and amino acids out of which .ill

other organisms make proteins and assemble copies of themselves.

How can viruses live if they lack an energy source and the raw ma-

terials needed for growth and reproduction?

The answer is clearly revealed by the electron microscope. A \

by itself, is not alive. If a collection of virus partic les is < arefull -

the viruses will stick together in a symmetric pattern to form a

geometric— and as lifeless— as a crystal of salt or a diamond if ij

left undisturbed, the crystal remains inert for years. But, dissolved

in water, and placed in contact with living cells, the rru

crystal spring to life; they fasten to the walls of the cell, d -mall

opening in the cell wall, and, through the opening, iniec t their D\ *

the cell. Once inside the cell, the virus DNA seizes control

original DNA of the cell and establishing itself as the .ill lurther

chemical activity. The virus gathers the free nucleo n the

cell fluid and assembles them, not into copies of the DNA or th<

cell but into copies of itself. In a final step, the vil

tional enzyme that dissolves the cell walls. An army of virus



Figure 20.6 V iru* Cn-ul-

marches forth, each seeking new cells to conquer, leaving behind the

empty husk of the invaded cell (Figure 20.7). The operation has been

executed by an organism that is, in the smallest viruses, only 200 atoms

in diameter. In simplicity as well as size, the virus is the link between life

and nonlife.
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THE CHANCE OF LIFE ELSEWHERE

The mind of the scientist has seized on these items of evidence and has

fashioned out of them a picture of the origin of life on the earth. No liv-

ing form existed on our planet in its infancy; the atmosphere was filled

with a noxious mixture of ammonia, methane, water, and hydrogen;

peals of thunder rumbled across the sky; flashes of lightning occasion-

ally illuminated the surface, but no eye perceived them; minute amounts

of amino acids and nucleotides were formed in each flash, and gradually

these critical molecules accumulated in the earth's oceans; collisions

occurred between them now and then, linking small molecules into
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larger ones. During the course of a billion years the concentration oi

complex molecules increased; eventually a complete DNA chain af>

peared. Thus, the threshold was crossed from inorganic matter to tin'

living organism.

According to this story, life can appear spontaneously in an) fa

able planetary environment, and evolve into complex beings

vast amounts of time are available.

How much time is needed? Studies of the fossil record suggest that

life appeared sometime during the first two billion yeai

history. Apparently one or two billion years or so is the length ol

required.

Our knowledge of the life cycle of a star indicates thai

period of several billion years will be available foi

tion of life on any planets that circle around a star similai to

Stars larger than the sun burn out too quickly to pn

Stars smaller than the sun are suitable, provided that tl i

close enough to them to raise their temperatui

All stars the size of the sun, surrounded by one or more plarM



approximately the same distance from them as the earth is from its star,

should certainly provide very favorable circumstances for the develop-

ment of living organisms.

There are 1 00 billion stars belonging to the cluster we call our Galaxy.

Ten billion other galaxies, each with 100 billion stars— and probably a

like number of planets— are within the range of the largest telescopes.

Perhaps only a small fraction of them are earthlike planets, but that would

mean millions of earthlike planets in our Galaxy alone.

Can we maintain our belief in the uniqueness of life on the planet

earth in the face of these numbers? We can on the astronomical evidence

alone, because all planets except ours could be dead bodies of rock; but

the biological discoveries described in this chapter suggest that this is

not the case. Fir^t, all life on earth depends on a few basic molecules,

and these molecules have been created out of simple atoms in the lab-

oratory; sec ond, the atoms that compose the basic molecules of life are

the same as the atoms that exist on every other star and planet in the

Universe 1

; third, there is reason to believe that the same laws of physics

apply in every corner of the Cosmos. If a chain of physical and chemical

reactions led to the appearance of life on the earth, a similar chain could

also have occurred on other planets.

This reasoning leads to the following conclusion: if sufficient time is

available, a kind of life resembling ours can develop on many planets in

our Galaxy, and on planets in other galaxies as well. What is the prob-

ability of this happening?

Neither theoretical calculations nor laboratory experiments have

yielded an answer to that question, but we may find the answer on Mars.

Mars is one of the only two earthlike planets in the solar system that

could conceivably support life. We know that on one of them — the

earth — life has, in fact, developed. That may be an improbable accident,

but it seems unlikely that two such accidents would occur in one solar

system. If life is discovered on Mars, we will be forced to conclude that

on any earthlike planet the development of life out of nonlife is not a

rare accident, but a relatively probable event. We will know that millions

of inhabited planets surround us. No scientific discovery more significant

for mankind can be imagined.

THE HISTORY OF LIFE ON THE EARTH

Throughout the present discussion of stars, galaxies, and planets, our

viewpoint has been that of the physical scientist, seeking to understand

1 The existence of the atoms is a hard fact, based on observations of their charac-

teristic spectra in the light from other galaxies. Until recently, the existence of

essential molecules such as water in other galaxies was only an inference, based

on the assumption that the electrical forces of attraction between atoms are the

same everywhere as on the earth. In 1977 this inference was confirmed for the

first time by direct evidence, when water was detected outside the Milky Way in

the solar system the galaxy IC 133, at a distance of 2.2 million light years.



the essence of the world around him in terms of a few simple princi-

ples—the laws of physics and chemistry- which are the distillation of

man's knowledge of the physical world acquired during thousands of

years of observation. These laws have carried us from the origin of the

Universe through the formation of stars and planets to the birth of the sun

and the earth, and — with speculation and uncertainty — across the

threshold of life on the earth.

Now we come to the explanation of the subsequent course of events

in the history of life, leading from the first simple organisms of man. Here,

for the first time, the principles of physics are no longer helpful. The

stars and planets have yielded the secrets of their history to the physi-

cist; the molecular foundations of living organisms are beginning to be

understood; but the complete organism — even of the simplest and most

primitive kind— is incalculably more complicated than any star, or

planet, or giant molecule. New insights are needed for the understanding

of its structure and evolution. A new law must be found.

The Theory of Natural Selection

The new law was discovered by Charles Darwin more than a century

ago (Figure 20.8). Darwin showed that evolution is controlled by a "force"

that acts on plants and animals slowly, over the course of many genera-

tions, to produce changes in their forms. This force has no mathemaiK.il

description; it is not to be found in any textbook of physics, listed along-

side the basic forces that control the world of nonliving matter; but, none-

theless, it guides the course of evolution from simple cells to advanced

creatures-on this planet and on all planets on which life has arisen-

as firmly and as surely as gravity controls the motions of the stars and

the planets.

Darwin began with an almost self-evident set of observations on the

nature of life: All living things reproduce themselves; reproduction is

the essence of life; but the process of reproduction is never f*

offspring in each generation are not perfect copies of their parents; broth-

ers and sisters differ from one another; no two individuals in the world

are exactly alike.

Usually the variations are small; brothers and sisters resembli

other, all human beings look more or less alike, and all elephants

more or less like other elephants.

Yet Darwin asserted, these small variations are critically import

for in the struggle for existence, the creature that is distingu

its brethren by a special trait, giving it an advantag

for food, or in the struggle against the rigors ol the , I
n the

fight against the natural enemies of its species-. h.

most likely to survive, to reach maturity, and to reprod

offspring of the favored individual will inherit the character,** that has

given it its advantage. Some among them will P°^ ****"**

characteristic to a greater degree than others. These .ndrv.dua

IMI



favored, have a still greater chance to survive to maturity and to produce

offspring of their own.

Thus, through successive generations, the advantageous trait appears

with ever- increasing strength in the descendants of the individual who
first possessed it.

Not only does the strength of the trait increase with the passage of

time, but the number of individual animals possessing it also increases.

For these individuals have slightly larger families than the average for

the species; in each generation they leave behind a greater number of

offspring than their less-favored neighbors; their descendants multiply

more rapidly than the rest of the population, and in the course of many

generations, their progeny replace the progeny of the animals that lack

the desirable trait.

In The Origin of Species, Darwin gave this process the name by which

it is known today:

"This principle of preservation or the survival of the fittest, I have

called Natural Selection."

Through the action of Natural Selection, a trait, which first appeared

as an accidental variation in a single individual will, with the passage

of sufficient time, become a pronounced characteristic of the entire

species. So the deer became fleet of foot, for the deer that ran fastest in

each generation escaped their predators and lived to produce the great-

est number of progeny for the next generation. So did man become more

intelligent, for superior intelligence was of premium value: the intelligent

and resourceful hunter was the one most likely to secure food. Thus

developed the brain of man; thus, too, in response to other pressures

and opportunities in their environments, developed the trunk of the

elephant and the neck of the giraffe.

Of course, the incorporation of one new trait does not create an en-

tirely new animal. But if we count all the births that occur to a single

species over the face of the globe in one year, an enormous number of

variations will appear in this multitude of young creatures. On all these

variations the same process of selection works steadily, preserving for

future generations the new traits that give strength to the species, and

eliminating those that lend weakness. The changes are imperceptible

from one generation to the next, but over the course of many genera-

tions the accumulation of these many favorable variations, each slight

in itself, completely transforms the animal. According to Darwin,

"Natural selection is daily and hourly scrutinising, throughout the

world, the slightest variations, rejecting those that are bad, preserving

and adding up all that are good; silently and insensibly working at the

improvement of each organic being in relation to its . . . conditions

of life."

468 Natural selection is the force that molds the forms of living creatures.

the solar system Under the continuing action of the law of natural selection the qualities



and shapes of animals change with time; old species disappear in re-

sponse to changing conditions, and new ones arise. Few of the species

of animals that roamed the face of the earth 100 million years ago still

exist today, and few of those existing today will exist 100 million years

hence. From The Origin of Species:

"...Not one living species will transmit its unaltered likeness to a

distant futurity."

But natural selection works its effects slowly. Its influence is not felt

in one individual or in his immediate descendants. Ten thousand gen-

erations may elapse before a change becomes noticeable; in man that

amounts to a quarter of a million years.

Darwin knew that this concept of infinitesimally slow change was

bewildering when first encountered. He wrote in the Origin:

"The mind cannot grasp the full meaning of the term of even a mil-

lion years; it cannot add up and perceive the full effects of many slight

variations accumulated during an almost infinite number of genera-

tions . . . We see nothing of these slow changes in progress, until the

hand of time has marked the lapse of ages, and then ... we see only

that the forms of life are now different from what they formerly were."

A vast amount of time was needed for natural selection to produce the

highest forms of life out of these simple beginnings. Yet, ever since

Rutherford measured the age of the earth, we have known that enough

time is available. Our planet has existed for billions of years; that is the

secret strength of Darwin's theory.

The Origin of Intelligence on the Earth

Certain highlights in the history of life- revealed by the fossil record-

supply clues to the origin of intelligence on the earth. Innumerable skele-

tons and fossil remains mark the path by which life climbed upward from

its crude beginnings. The first steps along the path are not known, for

those early forms were very fragile and no trace of them remains. The

earliest signs of life appearing in the record, already far adv.

the molecule lying on the threshold between life and nonlr

deposits of simple one-celled plants called algae, and the shel

shaped organisms resembling bacteria. These are found in ro

fied 3 billion years ago, when the earth was approximat.

years old.

Little else appears in the fossil record during the

years. One of the mysteries in the study of life is the tact that

in rocks 600 million years old, the record explodes in a prol

living forms. A great variety of animals appears in the re,

Perhaps the forms of life were nearly as numerous and populous

**•>



prior to this critical date, but left no trace of their existence because

they lacked the body armor that is most easily preserved.

Somewhat more than 400 million years ago an event occurred that is of

great consequence for the development of man. There appeared, for the

first time, a new kind of creature— one with an internal skeleton and a

backbone. This animal — the vertebrate— evolved out of a wormlike

ancestor resembling the modern lancelot, a small, translucent creature,

lacking fins and jaws, but possessing gills and, most important, a primi-

tive version of the backbone.

Among the descendants of the first vertebrates were the fishes. Some
of the early fishes contained crude lungs for gulping air at the surface

of the water, as well as gills. These lungs were lost or converted to other

uses in most instances, but in some forms of fish, perhaps those living in

small bodies of water such as ponds and tidepools, the lungs came into

frequent use. Whenever a drought developed and the water level in the

ponds dropped, the fish with the best lung capacity survived where

others perished. They lived to produce progeny that inherited their su-

perior capacity for breathing air. In this way, an efficient lung evolved

gradually among the fish that inhabited shallow bodies of water.

Some of the air-breathing fish were doubly favored in possessing strong

fins that enabled them to waddle over the land from one pond to an-

other in search of water. By a slow accumulation of favorable mutations,

the muscle and bone of the fin gradually changed into a form suitable

for walking on land. In this way, the fin evolved into the leg. The meta-

morphosis took place over a period of perhaps 50 million years, and a

like number of generations. The result was a four legged, air-breathing

animal, known as the amphibian.

The amphibians were born in water, lived most of their adult lives near

water, and almost always returned to the water to lay their eggs. For 50

million years they flourished on shores and river banks. Some became

large, aggressive carnivores as much as 10 feet in length, fearing no

other animals of their time. The amphibians attained the peak of their

size 250 million years ago, and thereafter they declined. Today their

common descendants are the diminutive frog, toad, and salamander.

In the course of time, some of the ancient amphibians, again by the

chance occurrence of a succession of favorable mutations, developed

the ability to lay their eggs on land. These eggs were encased in a firm,

leathery shell, which retained moisture and provided the embryo with

its own private pool of fluid. Other mutations led to a tough, leathery

hide, which preserved the water in their bodies without the need for

continual immersion. Such creatures were completely emancipated

from the water. They were the first reptiles.

The reptiles marked a very successful step in evolution, for they had

access to rich resources of food previously denied to the fishes and the

amphibians. The reptiles flourished and developed into a great variety

of forms, including the ancestors of every land animal with a backbone
470 now on this earth. They reached their evolutionary zenith in the dino-

the solar system saurs. These animals ruled the earth for 100 million years. They dis-



played an extraordinary vigor, evolving into such extreme forms as the

giant vegetarian swamp-dweller, Brontosaurus, 70 feet long and weighing

30 tons; and the meat-eating Tyrannosaurus rex, 40 feet high, with a

4-foot skull filled with daggerlike teeth- unquestionably the fiercest land-

living predator the world had ever seen.

Two hundred million years ago, somewhat before the appearance of

the first dinosaurs, another branch of the reptile class veered off on an

entirely different course. This particular group may have lived in places

on the edge of the temperate zone where the weather was relatively

severe. Through the action of natural selection on chance variations,

the new branch of the reptiles acquired a set of traits that fitted them

uniquely for survival in a rigorous climate. They developed the rudi-

mentary characteristics of a warm-blooded animal. The naked scaly

skin of the reptile was replaced in these animals by insulating coats of

hair and fur that kept them warm in low temperatures, while sweat glands

under the skin, controlled by an internal thermostat, cooled the body

by evaporation when the temperature rose too high.

In spite of this and other advantages, the mammals remained sub-

ordinate to the dinosaurs for more than 100 million years-small, furry

animals, inconspicuous, keeping out of sight of the rapacious reptiles

by living in the trees or in the grasses.

But 70 million years ago, the dinosaurs died out. The reasons for their

disappearance are still obscure. It is likely that their downfall was the

consequence of a worldwide change in climate, which they were ill-

equipped to survive. Dinosaurs, like all reptiles, were cold-blooded

animals; that is, they lacked the internal heat controls that could main-

tain the temperature of the body at a constant level regardless of the

rigors of the climate. We know that the period during which they dis-

appeared was marked by repeated upheavals of the earth's crust in which

many new mountain ranges were formed. The Rocky Mountains were

among the ranges created in these upheavals. Most probably, the up-

ward thrust of huge masses of rock disrupted the flow of currents ot air

around the globe; perhaps the climate of the temperate zone was

changed in this manner from one of uniform warmth and humidity, agree-

able to a coldblooded animal, to a climate marked by major chanp

temperature from season to season.

As the population of dinosaurs dwindled, the mammals came down

from the trees and up from their burrows in the ground, and they inher-

ited the earth. Quickly they spread out across all the continents

20 million years, the basic mammalian stock evolved into the

of most of the mammals with which we are familiar today

phants, horses, whales, and many others.

But one group of mammals remained in the trees. These mammals-

the primates- were singled out, by the circumstances of then

ing existence, to be the ancestors of man. They were small, msec t-e.tmg

animals, the size of a squirrel, and similar in appearance to Je
modern

tree shrew of Borneo. Man owes his remarkable bra.n to tr,

these animals required two physical attributes for survival m their



boreal habitat: first, they needed hands and <\n opposable thumb for

securing a tight hold on branches; and second, they needed sharp binoc-

ular vision to judge the distance to nearby branches. In the competi-

tion for survival among primitive tree-dwelling mammals, 100 million

years ago, those who possessed these characteristics in the highest de-

gree were favored. They were the individuals most likely to survive and

to produce offspring. Through successive generations the desirable

traits of a well-developed hand and keen vision, passed on from parents

to offspring, were steadily refined and strengthened. Fifty million years

ago they existed in advanced form in the animals from which the

modern tree shrew, lemur, and tarsier are descended. They became

even better developed in some of the immediate descendants of these

animals, under the continued pressure of the struggle for survival in the

trees. Gradually, the evolutionary trends established by the requirements

of life in the trees transformed some of these early primates into animals

resembling the monkey.

Animals with hands also had the potential capacity to exercise rudi-

mentary manual skills; when this potential was combined with the

development of the associated brain centers, such animals had, almost

by accident, the ability to use tools. For those who had this ability, great

value became attached to the mental capacity for the remembrance of

the usage of tools in the past, and for the planning of their use in the

future; thus, by the action of natural selection on a succession of chance

mutations, those centers of the brain developed and expanded in which

past experiences were stored and future actions were contemplated.

These mental qualities proved to be of great value in meeting the gen-

eral problems of survival. As a result, the brain evolved and expanded

under the continued pressure of the struggle for existence. It doubled in

size in 10 million years, and nearly doubled again in the next two million.

These circumstances established the line of ascent leading to intel-

ligent life.

COSMIC EVOLUTION
*

In Chapter 1 of this book we suggested that the study of astronomy

can illuminate basic problems of interest to every person, regardless

of his professional interest in science. What am I? How did I get here?

What is my relationship to the rest of the Universe? These questions

acquire a new meaning when viewed in the 10-billion year perspective of

stellar lifetimes. The human life span seems so short in comparison with

astronomical time scales that the student of these questions cannot help

but feel a new humility as he contemplates the 4V2 billion years that

have elapsed in the history of our solar system and the 6 billion years

472 that lie ahead before the sun becomes a red giant.

the solar system The evidence provided by astrophysics and cosmology suggests that



we owe our physical existence to events that took place billions of years

ago in stars that lived and died long before our solar system was formed,

^cording to the results of astrophysical investigations, the atoms in our

oodies— and the atoms that make up the body of the earth — are drawn

;'rom the interiors of countless stars that have ended their own lives in

supernova explosions earlier in the history of the Galaxy. The substance

of each of those stars in turn was condensed out of an interstellar medium

that had been enriched by innumerable supernova explosions that oc-

curred still earlier in the history of the Universe. Step by step, astronomy

traces the origin of our material substances back through time and into

the parent cloud of hydrogen. The philosophical implication in this union

of astronomical, geological, and biological concepts is that man has

appeared on the scene as the product of an unbroken sequence of events,

extending over more than 10 billion years, in which the Universe expands

and cools, stars are born and die, the sun and earth are formed, and life

arises on the earth.

"We are brothers of the boulders, cousins of the clouds." Harlow Shapley

Main Ideas

1. Theories of the origin of life: three items of evidence.

2. Basic molecules of living matter: amino acid and nucleotide.

3. Structure and functions of proteins.

4. Structure and function of DNA; molecular mechanism of inherit-

ance.

5. The Miller experiment.

6. The virus; living and nonliving properties.

7. Chance of life elsewhere; number of planets in the galaxy; evidence

for the universality of physical laws.

8. History of life on the earth; theory of natural selection.

9. Origin of intelligence.

10. Cosmic evolution.

Important Terms

amino acid evolution protein

Darwin nucleic acid virus

enzyme nucleotide

Questions

Descriue

verse to the threshold of life on the earth. Include the ma,
1. Describe the chain of events leading from the begirtnir



relevance in cosmology and stellar evolution. Limit your answer to

not more than six critically important steps in this chain of events.

Briefly describe the conditions that existed at the time of each critical

event.

2. What role do proteins play in living organisms? What is the structure

of a protein?

3. What role does DNA play in living organisms? What is its structure?

4. How have the building blocks of life been produced in the labora-

tory? What gases were used? Why?

5. Give your own definition of a living organism. For each property that

you consider essential to the property of "life" try to think of a non-

living object which shares this property with living organisms. Is it

possible to isolate one characteristic that is unique to living or-

ganisms? Explain your answer.

6. Is a virus in crystal form "alive"?

7. Briefly describe the scientific picture of the origin of life on earth.

8. Do you think that there is life elsewhere in the Universe? Why?

9. Summarize in 5 or 10 sentences the reasoning that led Darwin to

his theory of evolution by natural selection.

10. Describe how environmental pressures produced a number of critical

evolutionary advances in the chain of events leading from the

threshold of life to man. Pick one of these important advances, and

invent a different set of circumstances in the environment that might

have deflected terrestrial life into a different line of evolution. Apply

the Darwinian reasoning on natural selection to predict the alterna-

tive path along which life would have evolved on the earth in these

alternate circumstances. Will your answer lead to the evolution of

intelligent life? Why?

11. Do you think that there are many intelligent societies in the Uni-

verse? What is the likelihood that contact will be made with these

societies either by radio communication or by space travel? Cite the

scientific basis for your answer.
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Appendix
Methods of Measurement

In numerous places in the text, references have been made to stellar

distances and masses without an indication of the way in which I

important properties are measured. The determination of the dista

and masses of astronomical objects presents a formidable problem that

has taxed the ingenuity of astronomers for centuries. The solution

a triumph of observational astronomy, and provide the empirical founda-

tion for the description of stellar evolution in Chapters 7 and 8.

MEASUREMENT OF ASTRONOMICAL DISTANCES

The determination of stellar and galactic distances depends c

distinct methods, beginning with the method of trigone >: lllax



and the moving-cluster method for nearby stars, and extending outward

to greater distances by a succession of other methods.

Each method is calibrated by applying it to objects whose distances

have already been measured by a previous method. Ultimately, the

entire system of distance determinations rests on a set of known distances

to nearby stars, which have been measured with the aid of the trigono-

metric parallax and moving-cliMer methods. This scheme of distance

determination may be compared to an inverted pyramid, with the paral-

lax method and the moving-cluster method at the bottom of the pyramid,

bearing the weight of the entire structure.

The Method of Trigonometric Parallax

The trigonometric parallax method is often called simply the method

of parallax. It consists in observing the position of a nearby star against

the background formed by the distant stars in the sky, and then measuring

the position again six months later, when the earth is on the other side

of its orbit. Because the star being studied is close to the solar system, its

position seems to shift against the background of the distant stars when

the position of the earth changes (Figure A.1).

The observer can demonstrate the parallax effect by holding up a

pencil one foot away and closing first one eye and then the other as

he views the pencil against a background of more distant objects, such as

the edge of the blackboard or a tree across the street. This is the parallax

effect. If the sighting is repeated with the pencil held farther away from

him at arm's length, the shift in apparent position is not as great as before.

In other words, the amount of parallax depends on the distance to

the pencil.

Figure A. 2 illustrates the change in parallax when the pencil is held

close (a) and at arm's length (o).

The shift in apparent position of a star, as observed from the earth on

opposite sides of its orbit, is called stellar parallax. The stellar parallax

is defined as one-half of the apparent shift in angular position observed

Figure A. 1 Shift in the apparent position

oi a nearby star against the background

of distant stars.

476

APPENDIX

Earth six

months later

Sun

Nearby
star

Earth

Background of

distant stars



ht' pjrdlUx

when the earth moves across its orbit (Figure A. 3). It is measured in

seconds of arc.

The largest stellar parallax is 0.763", determined for Proxim.i I

tauri (the companion of Alpha Centauri), the closest -.tar to the sun.

The best parallax measurements are uncertain by £0.005". B«
of this uncertainty, the method is limited to a useful range of rot

100 light-years. A star at that distance has a parallax of 0.0?', and a

probable error of 15 percent or 15 light-years in the dist,m<

from its parallax.

Because the observation of parallax is the basis of all

measuring techniques, astronomers often use the term "parallai

Earth's orbit



Figure A.4 The arrow labeled V is the

velocity of the star relative to the sun. The
arrows VK and VT are the components of v

along (radial) and across (tangential to)

the line of sight. respectnel\

a synonym tor distance to an astronomical object, regardless of how that

distance has been measured.

Another unit of stellar distance, frequently used in place of the li^ht-

year, is derived from the parallax method. This unit, called the parsec

(abbreviated pc) is the distance at which a star has a parallax of one

second of arc. One parsec = 3.26 light-years. The distance of Proxima

Centauri, for example, is 1.3 pc.

For very large distances, units of the kiloparsec (103 pc, written kpc)

and the megaparsec (10* pc, written Mpc) are employed.

Beyond the Parallax: The Moving-Cluster Method

As noted, a star more distant than about 100 light-years has a trigono-

metric parallax too small to be accurately measured. However, if the

star is a member of a cluster, another method of direct distance deter-

mination can be employed to determine the mean distance to the stars

in the cluster. This technique, called the moving cluster method, is more

complicated than the parallax method and involves a series of steps.

The first step is to determine the direction in which the star is moving

through space relative to the sun. In Figure A.4, the direction of motion

of the star is shown by a dashed line. The method for determining the

direction of the star's motion through space is explained below. The

second step is to measure the Doppler shift in the spectrum of the star.

From the Doppler shift and the formula on page 35, the speed with which

the star is approaching or receding from the sun can be calculated. This

means the speed along the line of sight to the observer. In Figure A.4,

the speed along the line of sight is indicated by the arrow labeled VR
(for radial velocity).

It is important to note that V„ is not the velocity with which the star

is traveling through space relative to the sun. It is only the component

of that velocity along the line of sight to the observer.

The third step is to calculate the velocity of the star across the line of

sight. In Figure A.4, this is labeled V> (for tangential velocity). If 6 is the

angle between the line of sight to the observer and the direction of

the star's motion, VT is obtained from the formula (Figure A.4).

VT = VR tan 6
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The fourth step is to measure the shift in the apparent position of the

star against the background of the fixed stars during the course of an

extended period of time. Usually a number of years is needed for an accu-

rate measurement of the shift in a star's position. This measurement

yields the rate at which the position of the star is changing. The rate

of change of a star's position is called its proper motion, usually de-

noted by fi.

Finally, the distance of d to the star follows from the relation
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The most difficult observational part of the procedure occurs in the

first step. How do we determine the direction in which the star is moving
through space relative to the sun? The answer can be clarified with the

aid of an example.

If you have driven along a straight road at night with telephone poles

on either side, you may have noticed how the pairs of poles on either

side of the road ahead of you appear to move apart as the car approaches

them. The apparent motions of the telephone poles are such that they

appear to diverge from a point in the distance. This point represents the

direction on the horizon toward which the car is traveling.

A second example is the flight of a flock of birds coming toward the

observer. As they approach the observer and fly overhead, their flight

paths also appear to diverge from a point in the distance, because of the

same perspective effect. The line drawn from the observer to that point

is the direction of travel of the flock.

To apply these ideas to the direction of motion of stars, consider a

cluster of stars, such as the galactic cluster discussed in Chapter 9. All

the stars in the cluster move with about the same speed relative to the

sun, as a part of the general motion of the entire cluster through space.

In this respect, they resemble the flock of birds. When the proper motions

for the members of the cluster are plotted, they will be seen to converge

toward or diverge from a single point, for the same reason that the flight

paths of the birds appear to originate in a single point.

The chart on page 480 (Figure A.5), showing the proper motions of

stars in the Hyades Cluster, provides an example of the convergence

to a point.

The proper motions converge in this example because the relative

motion of the Hyades is away from the sun. If the relative motion is

toward the sun, the proper motions diverge from a point in the sky.

Why is a cluster of stars necessary for this method? In principle, one

star is sufficient if its direction of motion relative to the sun is known In

general, however, the direction is not known. The proper motions for

the entire cluster are needed to give the direction of relative motion,

as explained.

The moving-cluster method breaks down at great distances because

the proper motions become too small to be measured accurately in a

reasonable interval of years. The effective limit on accurate d.st..

determinations using this method is about 500 light-years.

Actually, the moving-cluster method is used primarily foi

stellar groups- the Hyades cluster and the Scorpio-Cent.iuru-

tion, at distances of 120 light-years and 500 light-yea.

These are the only groups of stars that are close enough to permit an

accurate measurement of the proper motions of their members and at

the same time, contain a sufficiently large number of stars so that the

directions of motion can be located with high precision.



Figure A. 5 The mo\ing-c luster method
applied to the H\nde^ Cluster.

The Method of Spectroscopic Parallax

The method of spectroscopic parallax depends on using the spectrum

of a star to locate its place on the H-R diagram. When the star has been

located on the H-R diagram, its absolute luminosity or magnitude can

be read off the diagram. At the same time, the apparent magnitude of

the star is measured by photometry. Knowing the star's absolute magni-

tude and apparent magnitude, the distance to it can be calculated from

the formula on page 125. Solving for distance:
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d (parsecs) = 10 s

where m and M are the apparent and absolute magnitudes, respectively.

The critical step in the spectroscopic parallax method is the location

of the star on the H-R diagram. Once that is done, the absolute magni-

tude is known, and the distance follows. The key question is: How is a

star's spectrum used to locate its place on the H-R diagram?

If the star is on the Main Sequence, the measurement of its spectral

type or temperature is sufficient for this purpose, since the observed

Main Sequence "line" (although really a band of finite width) provides

a fairly well-defined relationship between spectral type and absolute

magnitude.

If the star is not on the Main Sequence, the same remarks apply, but



the precision of the method is not as great as for Main Sequence stars.

Suppose, for example, that the star is known to be a giant. The gi.ints

also lie in a definite region of the H-R diagram-a broad band with lumi-

nosities ranging from 10 2L©to 104
Lo . If a star is classified as a giant and

its spectral type is also known, we have a rough knowledge of its position

on the diagram and its absolute luminosity.

But how do we know whether or not a star is on the Main Sequence?

The star's spectrum provides the answer. The absorption lines in the

spectrum of a giant are much narrower than the same lines in the

spectrum of a Main Sequence star, because giants are distended stars

with tenuous atmospheres, in which collisions are relatively infrequent.

Therefore, collisional broadening (see page 11 0) is much less pronounced

in the spectral lines of giants than it is in Main Sequence spectra. In

Figure 4.34, which compares the spectra of a giant and a Main Sequence

star of the same spectral type, the difference in the widths of the lines

is clearly evident to the eye.

The classification of stars according to the widths of their spectral lines

has been refined into a system of luminosity classes. All stars can be

assigned to one of these classes on the basis of spectral line widths

and related properties of their spectra. The luminosity class is de-

noted by a Roman numeral between I and VI. Stars in luminosity class I

have the highest absolute luminosities, in the range from 10* to 106

solar luminosities. These are the supergiants. The most luminous super-

giants, such as Deneb and Rigel (l~2X 10 5
L o), are called la, and the

less luminous supergiants, like Antares (L - 4 x 10 4
U), are designated

lb. Bright giants like Epsilon Canis Majoris are placed in luminosity

class II, which includes luminosities between 103 and 104
.
Normal

giants such as Arcturus (L ~ 100U) are in class III. Stars lying betv

the giants and the Main Sequence are placed in class IV, with luminoi

ranging from 10U to 10 2
Lo . Main Sequence stars comprise lumin

class V. Stars less luminous than Main Sequence stars- the subdu

sometimes are placed in a luminosity class VI. The white dwarfs- the

least luminous stars in a given spectral class-are given a special 1 1..

cation wd or D.

Figure A.6 shows luminosity classes superimposed on an H-R

of the form used in Chapters 5 and 7. Normally a star is labe

spectral type and luminosity class in that order, for exampl.

Deneb or G2 V for the sun. This specification in terms ,

type and luminosity class is a two-dimensional

stellar spectra, known as the Morgan-Keenan or MK S)

of a star's spectrum in the MK system permits the position

be located approximately on the H-R diagram, fixing its

nosity, and, therefore, its absolute magnitude. When I

tude is measured, the distance follows from th<

The distance to a star determined in this way is c ailed tl,

scopic parallax.

Distances determined by the method al

accurate to about! 5 percent. This. [hly .ndepe.

4M1



of the distance of the star. In the method of trigonometric parallax, on the

other hand, the error has a fixed absolute value, and, expressed as a

fraction, is much smaller than 15 percent for nearby stars, but larger for

distant stars. The two methods yield the same error for stars at a distance

of about 100 light-years. If a star is closer than 100 light-years, the

method of trigonometric parallax yields more accurate results, while

Figure A.b Location of luminosity classes

on the H-R diagram. W
Spectral type

A F G K M

V=:
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for stars more distant than 100 light-years, the method of spectroscopic

parallax is superior.

Main Sequence Fitting. In principle, the method of spectroscopic

parallax is applicable to single stars. In practice, the method achieves

its greatest accuracy when applied to a cluster of stars, rather than to a

single star, because it is nearly always possible to identify the Main

Sequence stars in a cluster unambiguously. As noted, Main Sequence

stars are the most suitable candidates for accurate distance determina-

tions with this method. The application of the method of spectroscopic

parallax to clusters is known as Main Sequence fitting.

As an illustration of the use of the method of Main Sequence fitting

consider first one of the relatively young clusters, such as the Praesaepe

or Pleiades clusters, which are discussed in Chapter 9. In a young cluster,

many of the stars are still on the Main Sequence; few have yet evolved

off the Main Sequence into the red giant or red supergiant regions.

The first step in the method is to plot the directly observed H-R dia-

gram for the stars in the cluster, giving their apparent magnitudes versus

spectral types. The stars will be strung out along a line on the diagram,

which is clearly the Main Sequence line.

The next step is to compare this H-R diagram, plotted in terms of

apparent magnitude, with a calibrated H-R diagram plotted in terms

of absolute magnitude. This diagram is made up by using stars whose

distances and, therefore, absolute luminosities have been determined

previously by the trigonometric parallax or the moving cluster method.

This is the first instance of the procedure described in the introductory

paragraph, whereby each successive method of distance measurement

is based on a previous one.

Since all the stars in the cluster are at approximately the same dis-

tance, the difference between the two H-R diagrams, one in terms of

absolute magnitudes and the other in terms of apparent magnitudes,

will only be a shift in the vertical scale. This can be seen from the formula,

/vf = m + 5-5logd

in which M and m are the absolute and apparent magnitudes, respec-

tively, and d is the distance in parsecs (Chapter 5).

The determination of the distance is equivalent to laying one dun.

over the other and sliding it vertically until the two Main Sequence

The distance is calculated from the difference in the two magn.tude

scales, using the formula above.

An example of Main Sequence fitting is shown in Figure A.7.

All the Main Sequence lines for the clusters in Figure A.7 are anchored

to the Main Sequence line for the Hyades Cluster. The absolu-

tudes for the Hyades Cluster are known with great accur

cluster happens to be particularly suitable for the app.

moving-cluster method of distance determination. There!

'Adapted from Basic Astronomical Data, edited by Strand, Volun
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as the anchor line for the other clusters. The sol id line in the diagram gives

a calibrated "Zero-Age Main Sequence" line determined by overlapping

the Main Sequence lines for the six clusters listed in the diagram.

If the Hyades' distances are known so well, why use the other clusters

in addition? The reason is that while the Hyades Cluster calibrates the

lower Main Sequence, it does not provide all the needed information

for the upper Main Sequence, because its more massive stars have

evolved away from that region. The upper Main Sequence line is estab-

lished by fitting the five other overlapping clusters to the Hyades Main

Sequence line. These clusters, which are younger than the Hyades,

extend the "Zero-Age Main Sequence" line successively upward from

the K, G, and F stars into the region ofO and B stars.



The precision of the Main Sequence fitting method is typically t15%.

As in the case of the method of spectroscopic parallax, Main Sequence

fitting is more accurate than the trigonometric parallax method for

distances greater than 100 light-years.

It will be seen below that most of the methods for measuring extra-

galactic distances rest on the spectroscopic parallax or Main Sequence

fitting methods. These, in turn, rest on the moving-cluster method applied

to one particular cluster— the Hyades. Thus, the moving-cluster method

carries a greater weight than any other single method in the scheme of

cosmic distance determinations. The other independent methods-

trigonometric parallax and statistical parallax (described below) — also

play important roles as primary yardsticks, but neither is quite as impor-

tant as the moving-cluster method.

Globular Clusters as Standard Candles

The methods discussed thus far are not usable for measuring distances

to objects outside the Galaxy. 2 Globular clusters provide the first method

of determining extragalactic distances.

Globular clusters are plentiful in our Galaxy, approximately 1 50 having

been observed thus far. They are also plentiful in some other galaxies.

If we assume that the extragalactic globular clusters have the same

absolute magnitudes as those in our Galaxy, and also assume that the

absolute magnitudes of the brightest globular clusters in our Galax

known, the distances to these extragalactic clusters can be determined

by comparing their apparent and absolute magnitudes.

The first step in translating this idea into practice is the determination

of the distances to globular clusters in our Galaxy. The method ol

Sequence fitting is one way of measuring these distances. Howev

complication arises through the fact that globular clusters are com:

of stars that were formed early in the history of the Galaxy, when rela-

tively little conversion of hydrogen and helium to heavier element

occurred. When the absolute magnitudes of these stars are pl< >-

spectral type, they form a Main Sequence that is somewhal

from the Main Sequence line of clusters of stars formed

such as the Hyades Cluster. The stars formed early in H

Galaxy are called population II stars, and St

are described as belonging to population I

brated Main Sequence line described in

on population I stars, and therefore cann.

However, a separate Main Sequence li

be constructed by observing the stars ... this ty|

the sun. These stars are identifier!

* Except the Magellanic clouds, whose brighte

method of spectroscopic parallax.



by their large velocities or by direct spectroscopic evidence for a low

abundance of heavier elements. Some of the population II stars are close

enough to permit a determination of distances by trigonometric parallax

and thus can be used to calibrate the Main Sequence line for popula-

tion II stars. The calibration is not very accurate because only a few

population II stars exist in the neighborhood of the sun.

When the calibrated Main Sequence line for population II stars has

been constructed, distances and therefore absolute magnitudes can be

determined for globular clusters in our Galaxy. Assuming the same range

of absolute magnitudes for globular clusters in other galaxies, the dis-

tance d to these galaxies can be calculated from the formula on page 480.

Globular clusters provide a method for measuring distances up to 30

million light-years. Beyond that distance they are too faint to be useful.

RR Lyrae Stars as Distance Indicators (The Method of Statistical Parallax)

One method for distance determination that is independent of Main

Sequence fitting involves the use of the RR Lyrae variable stars as

standard candles. As will be seen, the method based on the RR Lyrae

stars also leads to a determination of the distances to the globular clus-

ters in our Galaxy and, thus, to an independent calibration of these

globular clusters as standard candles for determining distances to

other galaxies.

The RR Lyrae method depends on a comparison between the true

velocity of a star through space, called its peculiar motion, and its rate

of change of angular position, or proper motion. It is clear that the

peculiar motion, proper motion, and distance of a star are related. If two

stars are moving through space with the same speed, but one star is

much farther away than the other, the more distant star will change its

apparent position more slowly than the nearer one; that is, its proper

motion will be less. If both the peculiar motion and the proper motion

of a star can be measured, its distance can be determined through this

relationship, and its absolute magnitude can be deduced again from the

formula on page 483. The determination of the peculiar motion involves

(1) measuring the radial velocity by the star's Doppler shift and (2)

assuming that in a statistical average over space velocities, the radial

component is one-third of the total space velocity. Because of this

dependence on a statistical average over space velocities, the method

is called the statistical parallax.

When the absolute magnitudes of a number of RR Lyrae stars are

measured in this way, they turn out to be close to 0.6. Apparently, all

the members of this particular class of variables have approximately

the same absolute magnitude. This fact permits the RR Lyrae stars to be

used as standard candles.
486 The RR Lyrae stars are not bright enough to be visible in external

galaxies other than the Magellanic clouds and a few small galaxies in the



Local Group (page 1 7) and therefore cannot be used as standard candles
for measuring extragalactic distances in general. However, they can be
used extensively within the Milky Way Galaxy. In particular, since RR
Lyrae stars exist in the globular clusters of the Milky Way Galaxy, they

can be used to determine the distances to the globular clusters, and
therefore the absolute magnitudes of these clusters. As discussed above,
a knowledge of the absolute magnitude of the globular clusters provides

an important means for measuring extragalactic distances. Thus, the

RR Lyrae stars help indirectly to expand the range of distance measure-

ments beyond the boundary of the Galaxy.

Cepheid Variables as Distance Indicators

A relationship between period of pulsation and absolute luminosity

is one of the characteristic properties of the Cepheid Variables. This rela-

tionship permits the absolute magnitude of a Cepheid Variable, and there-

fore its distance, to be determined from its observed pulsation period.

Since the Cepheids are considerably brighter than RR Lyrae stars,

with absolute luminosities exceeding those of the RR Lyrae stars by more

than a factor of a thousand in the case of the brightest Cepheids, they

are visible in many external galaxies. Thus, the Cepheids, unlike the RR

Lyrae stars, provide a direct method for crossing the void between the

Milky Way Galaxy and neighboring galaxies, in the scheme of distance

measurements.

Two factors complicate the use of Cepheids as distance indicators.

First, two distinct types of Cepheids exist with a separate period-lumi-

nosity curve for each. One type is called the Classical Cepheids be*

they resemble the prototype Cepheid, Delta Cephei. The classk al

Cepheids are mostly yellow supergiants of population I and are rel.r

rare. The other type, called the Type-Two Cepheids, are found in globular

clusters in the galactic halo and in the center of the Galaxy, and arc

relatively rare. The Type-Two Cepheids are population II stars.

The separate period-luminosity lines for the two groups ot Cepl

are shown in Figure A.8. Either type of Cepheid can be used tor .

galactic distance determinations; but it is important to know whit h

is being used in each case.

When the Cepheids were first used for dist.r

astronomers were not aware of the existence of I

luminosity curves and misapplied the Type-Tw.

Cepheids in their basic calibration of extragalac tic distal

which amounted to 1.5 on the absolute magnltud

covered by Baade in 1952. The resultant correction &

of the Universe.

The second complication is a dependence of the

on the spectral type, or temperature, of the star. As a result ot tl

pendence, the line representing the period-luminositv relat.onsh.p oi

for



the graph should be broadened to a finite band, with a vertical extent

01 about one magnitude.

Distance determinations based on Cepheids have both advantages

and disadvantages, relative to the use ot globular clusters as standard

candles, tor extragalactic distance measurements. An important advan-

tage is their greater accuracy; a disadvantage is the lower luminosity of

the Cepheids, which limits the range of the method to smaller distances

than the globular-cluster method. Whereas the globular-cluster method

extends to about 30 million light-years, the range oi the Cepheids for this

purpose is only about 10 million light-years.

Bright Blue Stars as Standard Candles3

A third technique for estimating extragalactic distances depends on

the assumption that the brightest, hottest blue stars in any one galaxy

such as our own have the same luminosities as the brightest stars in any

other galaxy.

The brightest blue stars are the blue supergiants. The assumption of

a known luminosity for all blue supergiants is a reasonable one, since

these are believed to be the most massive stars that can be formed in a

galaxy, and the upper limit of masses in star formation is probably nearly

the same in all galaxies.

It the distances and, therefore, the absolute magnitudes can be deter-

mined for a number of blue supergiants in galaxies of known distance,

the blue supergiants can serve as standard candles for determination

of distances to other galaxies.

Since the absolute luminosities of the blue supergiants range up to

106L©, or approximately the same as the luminosities of the brightest

globular clusters, the range of effectiveness in distance determinations

is about the same for the two methods.

The absolute magnitudes of the blue supergiants are determined by

applying the Main Sequence fitting method to a few relative young clus-

ters in our Galaxy. The clusters must be young because the blue super-

giants are massive stars that only live about 3 million years, and will

have completely evolved in any cluster whose age is greater than this.

The Size of H II Regions as a Distance Indicator

Bright blue stars, especially of O type, are intense sources of ultra-

violet radiation. The radiation ionizes nearby interstellar hydrogen, pro-

ducing a sphere of ionized matter around the star with a radius of
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150 light-years or more in the case of the hottest O stars. The sphere

of ionized hydrogen is known as an H II Region.

Some of the ionized hydrogen atoms in the H II Region recapture elec-

trons, and the electrons cascade down to the ground state in several Steps,

emitting a part of their recombination energy in the form of photons

with energies in the visible part of the spectrum. This radiation creates a

luminous sphere around the star, which makes the H II Region detectable.

The sizes of H II Regions in our Galaxy have been measured by deter-

mining the distances to O-type stars in clusters, using the method of

spectroscopic parallax. H II Regions are seen in some other galaxies

also, and their angular dimensions can be measured. Assuming that the

correlation between the size of an H II Region and the hot star at its

center is the same for H II Regions in all galaxies, the measurement of

the angular diameter of an H II Region in another galaxy permits the

distance to this Galaxy to be calculated. If O is the angular diameter,

measured in radians, of an extragalactic H II Region and L is the linear

diameter of a standard H II Region in galaxy of known distance, the

distance to the external galaxy is d = L/G. This method can be used out

to roughly 50 million light-years.

Supernovas as Standard Candles

None of the methods described thus far is useful for distances greater

than 50 million light-years. In general, the methods are limited by the

luminosities of the astronomical objects involved. All these objects have

been stars or clusters with luminosities no greater than roughly 108U.

To extend the range of distance measurements beyond 50 million

light-years, it is necessary to find considerably brighter objects thai

be calibrated and used as standard candles.

Only two objects are known that have the necessary bright™

are supernovas and entire galaxies. The calibration of galaxii

standard candles is discussed below. The use ol sup. this

purpose depends on the fact that the peak lumino

about equal to that of a bright galaxy. If we assume that the 5

in our Galaxy have the same peak brightness as supernovas

galaxies, an observation of the peak brightne

in another galaxy immediately supplies a measun

the galaxy.

Galaxies as Standard Candles

Following the familiar reasoning, this m
est galaxies in our neighborhood are typ
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anywhere in the Universe. That is, a maximum brightness is assumed

for galaxies, just as a maximum brightness was assumed for stars. This

assumption is supported by observational evidence. Measurements of

the absolute luminosities of galaxies, in the various clusters of galaxies

around us for which distances have been determined, show that within

each cluster of galaxies there is approximately the same cutoff in maxi-

mum luminosity. The most luminous galaxy in each cluster is almost

invariably a giant elliptical galaxy (page 228) and luminosities of the

largest giant elliptical galaxies are roughly the same (without a factor of

two or so) from one cluster to another. These luminosities of the largest

giant elliptical galaxies are roughly 1045 ergs/second, which is about

10 times higher than the luminosity of the Milky Way Galaxy and other

large spirals.

The observation of a uniform maximum luminosity for giant elliptical

galaxies makes these objects useful standard candles for distance deter-

mination. The method is effective out to the range of visibility of the

giant elliptical galaxies, which is two billion light-years. A major cause

of uncertainty is the possibility that the evolution of the distant ellipticals

has produced large changes in their intrinsic luminosities over the course

of the one or two billion years required for their light to reach us. This

effect would invalidate the calibration of the distant galaxies in terms

of the close ones.

The Red Shift

How can distances greater than two billion light-years be determined?

The only method available at the present time is based on the red shifts

of galaxies. As discussed in Chapter 12, distant galaxies show a shift to

the red in their spectra, which has been found to be proportional to dis-

tance for all galaxies whose distances have been determined with reason-

able precision. The limit on such distance determinations for galaxies

is about three billion light-years. If it is assumed that the same relation-

ship between red shift and distance holds for distances greater than three

billion light-years, a measurement of the red shift for a galaxy may be

used to determine its distance.

^Quasars (See Chapter 11) are the only visible objects detected thus

far— with a few exceptions such as 3C295-that have red shifts suggest-

ing a distance in excess of three billion light-years. The red shifts measured

for these peculiar objects have been interpreted as an indication that the

radius of the observable universe is roughly 20 billion light-years.

However, the use of the red shift in determining quasar distances

rests on two assumptions. The first is the validity of the Hubble Law

beyond three billion light-years. The second is that quasars are similar

to galaxies.



The Hierarchy of Astronomical Yardsticks

The relationships among the methods of distance determination are

shown schematically in Figure A. 9. Spectroscopic parallax and Main

Sequence fitting, both resting on the moving-cluster method, provide

the most important base for measuring distances beyond our Galaxy.

These methods involve population I stars, which are the most common

stars in galaxies like ours. Trigonometric parallax and the RR Lyrae

stars provide useful independent checks on the measurement of extra-

galactic distances because they permit Main Sequence fitting to be

carried out for the population II stars that make up the globular clusters.

In this way, these latter two methods lead to the calibration of the globu-
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lar clusters in the Galaxy as standard candles. All the methods for dis-

tance determination outside the Galaxy, extending from neighboring

galaxies to the boundary of the observable Universe, depend on the three

fundamental methods — the moving-duster method, trigonometric paral-

lax and the RR Lyrae stars— used for relatively close stars. Thus, the

observed dimensions of the Universe are determined by measurements

of the distances to a handful of stars in the neighborhood of the sun.

MEASUREMENT OF APPARENT MAGNITUDES4

In the discussion of methods for determining distance or absolute

magnitude, we assumed a knowledge of the apparent magnitude.

Measuring the apparent magnitudes that provide the basis for this dis-

cussion would seem to present no difficulties. One need only observe

the brightness of a star with the eye, or record it on a photographic plate,

to secure a value for m. However, the measurement of m actually

involves serious problems, because this quantity means the energy

reaching earth summed over all wavelengths. The eye cannot make

this measurement because it is sensitive only to a limited band of wave-

lengths. Also, the earth's atmosphere does not transmit fully in the

infrared and the ultraviolet. In the case of very cool or very hot stars,

radiating most of their energy in the infrared or ultraviolet, the atmo-

spheric effect is large. Thus, the visual apparent magnitude, that is, the

apparent magnitude as perceived by the eye, may be very different from

the true apparent magnitude.

If a photographic plate is used to record the apparent magnitudes in

place of the eye, the situation is improved for hot stars because photo-

graphic emulsions are sensitive to ultraviolet radiation. However, plates

are less sensitive to red and infrared light. Also, the photographic mea-

surement of apparent magnitudes is equally affected by absorption in

the earth's atmosphere.

It is not possible to obtain the missing information about the energy

radiated from stars in the ultraviolet and infrared regions unless detec-

tors sensitive to all wavelengths are sent up above the atmosphere in

rockets or satellites. Measurements of this kind have been carried out,

but they are still too few in number and too recent to have had a major

impact on astronomy, although they will undoubtedly make enormous

contributions to future work.

As far as ground-based astronomy is concerned, no purely observa-

tional solution exists to the problem of determining apparent magnitudes,

and it is necessary to rely on theoretical estimates of the energy radiated

from stars in the missing bands of wavelengths. These estimates are

described and tabulated below under the heading of Bolometric

Corrections.

Adapted from A Survey of the Universe, by D. H. Menzel, F. Whipple and
appe\dix c. deVaucouleurs, pages 438-441. By permission of Prentice-Hall, Inc



Visual and Photographic Magnitudes

Before the advent of photography, the eye was the only practical

instrument for measuring the brightness of stars. But we know that the

brightness of an object depends on the color, or color range, we use to

observe it. A red-hot poker, for example, may appear bright to the eye

and extremely bright to an infrared detector. However, it is a very weak

emitter in the ultraviolet. The human eye is most sensitive to yellow-

green light, and thus is best suited for observation in this range of radia-

tion. We employ the term visual magnitude to denote the brightness

of a star as estimated by the human eye in the yellow-green, or the

region around A. = 5500 A.

The early photographic emulsions, although sensitive to violet and

ultraviolet light, did not respond to radiation in the visible region with

wavelengths greater than about 5000 A. Some of the sensitivity in the

ultraviolet was wasted, because most glass lenses absorb light of wave-

lengths shorter than about 3700 A, and silvered mirrors lose reflectivity

at about 3400 A. Hence, the early photographic plates recorded the

brightness of the stars in the blue-violet region, and the adopted term,

photographic magnitude, defined a system of magnitudes for wavelengths

between roughly 4000 A and 5000 A.

Photographic and visual magnitudes differ by an amount that depends

on the color of the star. Astronomers have arbitrarily set the zero points

of the two magnitude scales to be equal for white stars of spectral « lass

A, such as Sirius. Since the eye is relatively more sensitive to red light

than the photographic emulsion, a red star, which radiates relatively

more energy in the red than in the blue-violet, appears brighter visually

than it does photographically. Stars bluer than Sirius, on the other hand,

are brighter photographically than visually.

Photovisual Magnitudes. Ordinary photographic plates are ....

sensitive in the blue and ultraviolet regions. They can also be mad

sitive to other wavelengths by treatment with dyes that absorb certain

colors. Thus, it is now possible to take photographs in yellow and red

light, and even in the infrared beyond the range of the <••• >rtno-

chro'matic" emulsion, sensitive to green and yellow light

blue, violet, and ultraviolet), is combined with a yellow filter (that b

the violet and ultraviolet) the combination closely simulates

sensitivity of the eye. Magnitudes measured with this arrang<

known as photovisual magnitudes.

Color Index

The color index of a star is defined as the photographic n

minus the visual or photovisual magnitude. The color .nd.

titative measure of the color of a star. For greater accu.

graphic magnitude is replaced by measurement with a PhoU"*" and

filter constructed to transmit radiation with wavelengths -
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Figure A. 10 U, B, and V bands compared
with the response of the eye (from Clayton,

Principles of Stellar Evolution and Nucleo-

synthesis, McGraw-Hill, 1968.
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region between 3800 and 4800 angstroms. The intensity in this spectral

band is known as the blue magnitude, B, as well as the photographic

magnitude. The visual magnitude, V, is precisely defined as the intensity

of radiation in the spectral band between 4900 and 5900 angstroms. The

color index is the quantity, B — V. Because the magnitude scale is such

that smaller numbers denote brighter stars, the color index is positive

for all stars redder than Sirius and negative for stars bluer than Sirius.

The blue supergiant Rigel has a visual magnitude 0.14, a photographic

magnitude —0.03 and, therefore, a color index of —0.17; the red super-

giant Betelgeuse has visual magnitude 0.70, photographic magnitude

2.14, and color index +1.44.

A star's color index depends on the temperature of its surface. The

index provides a useful measure of temperature as long as passage

through interstellar dust has not reddened the starlight.

The photographic magnitudes of large numbers of stars can be mea-

sured on one photograph. In practice, the stellar images are compared

with those of a few stars on the same photograph whose magnitudes have

been carefully measured beforehand. The comparison can be made most

simply through visual estimates of the relative sizes of the star images

(the brighter the star, the larger the blackened area on the plate); with a

little training a good observer can easily intercompare stars to within

0.1 mag., or about 10 percent in relative luminosity.

Precise measurements require a more objective device than the eye,

such as a photoelectric photometer, to measure the blackness or density

of the photographic images. Here again the magnitudes must be referred

to a series of stars of known magnitudes on the photographs, which have

been carefully determined beforehand. Photoelectric photometers today

provide the most precise measurements of individual stellar magnitudes,

but the photographic plate is still unsurpassed for the rapid, efficient

measurement of the magnitudes of large numbers of stars.

The U, B, V System Photographic magnitudes are accurate to within a

few hundredths of magnitude at best, but photoelectric photometry is

capable, in principle, of a precision of about a thousandth of a magnitude.

The most commonly used photometric magnitudes have been established

in three colors: near-ultraviolet (U); blue (B); and yellow or visible (V).

This U, B, V system of standard magnitudes, as it is called, and the rela-

tions between the color indices B — Vand U — B, have provided precise

apparent magnitudes of stars and valuable data on stellar evolution. Ap-

proximate shapes of the U, B, and V bands are shown in Figure A. 10.

Relation Between Color Index and Spectral Type or Temperature.

Table A.1 on page 496 shows the relation between color index and spectral

type for stars of various spectral and luminosity classes. It is not surprising

that such a relationship exists, since the spectral type of a star depends

on its temperature, and the temperature has a strong influence on the

star's color.

However, conditions other than surface temperature can also affect

the color. If, for example, the starlight has passed through a region of



space that contains considerable interstellar dust, scattering of the stellar

photons by the dust may reduce their energy and redden the light

appreciably.

Recently, observations of the colors of stars have been greatly refined

by the precise techniques of photoelectric photometry. If, instead of

determining a simple color index by comparing the star's light at two
wavelengths only, we use the three-color U, B, V system or similar sys-

tems, the effect of interstellar reddening often can be detected.

Bolometric Magnitude

Some detectors of electromagnetic radiation respond to all wave-

lengths. These detectors measure the total rate of energy radiated by a

star, that is, its absolute luminosity. Expressed in magnitudes, the total

rate of energy radiated by a star at all wavelengths, including wavelengths

shorter and longer than those in the visible region, is called the bolo-

metric magnitude. Instruments that detect radiation over a large range

of wavelengths are frequently called bolometers, from the Greek word

bole, meaning ray.

The bolometric magnitude is substantially different from the visual

absolute magnitude for stars that radiate most of their energy in the blue

or red, outside the visible band of wavelengths. However, it is close to

the visual magnitude for stars like the sun, whose peak radiation is in the

middle of the visible region. The difference between the visual mag-

nitude and the bolometric magnitude is called the bolometric correction

(B.C.). It is large and negative for stars distinctly more blue or red than

the sun, and negligible for stars with temperatures in the neighborhood

of the sun's temperature (Table A.1, page 496).

A reference to the bolometric magnitude of a star implies that the

observations of the radiation from the star have been corrected for the

part of the energy curve cut out by absorption in the earth's atmospl

Most of the radiation of hot stars is in the ultraviolet part of the spot trum,

which the earth's atmosphere does not transmit. For these stars we cannot

measure the bolometric magnitude directly, except from space veh

The earth's atmosphere introduces many inaccuracies into the

surement of stellar magnitudes by any method. Haze, dust, c louds molec-

ular absorption, and scattering in the atmosphere all contribute

share of the uncertainty. An observatory, to be useful for p»

work, must possess both a uniform atmosphere and high atn

transparency. An apparently clear sky can sometimes be aim.

photometrically because of variable haze too faint to be

ally. The best photometric sites are generally on top of mountain,

arid, dry regions, as in the southwest of the United States or in the A



Table -\ /

the \isual and bolometric magnitudes, bolometric correction (B.C.), and color

index (B-V) for Main Sequence stars, giants, supergiants and for a range of

spectral types.
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5(e/J The analysis of the line intensities in a stellar spectrum

yields the star's temperature, and an analysis of the spectral line widths

yields the surface acceleration of gravity. From this information an

observational value for MIL can be obtained. We use the expressions

for the acceleration of gravity at the surface of a star, g = MG/R2
, and

its luminosity, L = 47rK2 <r7"\ where M and R are the star's mass and

radius, G is the gravitational constant, and <r is the Stefan-Boltzmann

constant. Dividing the first relation by the second, we obtain

MIL = g/4irC<rTA

For stars of known distance and, therefore, known L, the value of M
follows:

pu/j The period P of a pulsating star depends on the mean
density of the star, just as the period of vibration of a spring depends on

the mass per unit length of the spring. The observed relationship is

P = 0.06 Vp©//7 days

where J>o and J> are the mean densities of the sun and the pulsating star,

respectively. The mean density, p, is defined by the formula,

M = (4tt/3)/<3p.

R is determined from the luminosity and temperature of the star, using

the relation

L = 4nR 2<rT* or R =-VL/4tt(tTa

T is known from the spectral type. If the variable is a cepheid, L is known

from the period-luminosity law. If not, L must be determined by an inde-

pendent measurement of the distance. Assuming that L has been deter-

mined, the mass is finally computed from these relationships after R

has been eliminated.

Gravitational Red Shift. Relativity theory predicts a red shift in the

wavelength of the radiation emitted by a massive body. The amount of

the shift depends on the mass of the star and its radius. If the gravitational

red shift can be measured, and the radius is known, the mass of the star

can be determined.

The relation between the gravitational red shift and the mass can be

derived heuristically as follows. Suppose that a photon of energy E is

emitted from an atom at the surface of a star. An amount of mass, mph ,

can be assigned to the photon according to Einstein's relation,

_E_mph — 2

In escaping to space against the pull of the star's gravity, the photon

does work against the gravitational pull of the star and loses energy.

The photon's energy is related to its wavelength by an inverse propor-

tion: the smaller the energy, the longer the wavelength. Thus, when the

photon is pulled back by the star's gravity and loses energy, its wave-

length increases. That is, it is shifted toward the red. From Newton's law



of gravity it can be shown that the formula for the fractional red shift is

AX = MG
X Re2

where M is the mass of the star, C is the universal constant of gravity,

R is the star's radius, and c is the velocity of light.

For a star of solar mass and radius, the fractional red shift is

AX = MoC = 2 x 1Q33 x 6.7 x 10~ B

X Roc2 7 x 10 10 x (3 x 10 10
)

2 *

Which amounts to 1
-2 A for a line in the middle of the visible spectrum

at 5000 A. A red shift of roughly the predicted magnitude has been

measured in the sun's spectrum, and it is also barely detectable in other

Main Sequence stellar spectra. In white dwarfs, however, the gravita-

tional red shift is much larger, because R is smaller. For a white dwarf

of solar mass, with a typical radius of 20,000 km,

^ = 7xip-
A

which corresponds to a shift of 0.35 A for a 5000 A line. A shift of this

magnitude can be measured with good accuracy in white dwarf spectra.

Thus, the gravitational red shift method of mass determination is useful

for white dwarfs, but not for most other stars.

In applying the method to white dwarfs, an obvious question arises:

How can the gravitational red shift be separated from the Doppler shift

caused by the motion of the white dwarf relative to the sun? The two

effects cannot be separated for a single white dwarf, but if measurements

are made on several white dwarfs, a statistical analysis can be performed

to eliminate the effect of the Doppler shift. The idea of the statistical

analysis is that if many stars are considered, on the average half will be

moving toward the sun, and half away from it. The two groups of stars

produce Doppler shifts of opposite signs. Therefore, if the wavelength

shifts are averaged for several white dwarfs, the Doppler effect should

cancel out, leaving only the gravitational shift.

On this basis the average mass of white dwarfs has been determined

to be about 0.7M©. Most white dwarf masses are believed to be do

this value, although some, determined by independent methods, have

turned out to be as low as 0.4M©.





Glossary

absolute luminosity This indicates the amount of energy flowing out ot an

object per unit time.

absolute magnitude The absolute magnitude of an object is defined to t>

apparent magnitude of the object if it were moved to a distant

from the observer. Larger numerical values for the magnitude represent smaller

amounts of radiation (light) emitted by the objet t.

absorption spectrum A spectrum in which dark absorption lines partially I

the light of an otherwise continuous spectrum.

amino acids Molecule that serves as the building bloc ks of ptoti

Angstrom A distant e that is 10" 10 of a meter. For example, th<

blue light is 4000 A (angstroms).

annular eclipse A solar eclipse for which the moon does not app-

pletely cover the bright surface of the sun. Thus the sun's surface |*>eks around

the moon's edge and produces a compl.

antielectron Same as positron.

antimatter The complement to ordinary matter. The < I

particle is the opposite of its matter complement Waiter and anttn

on collision, annihilate each other, le<"



antiproton The negatively charged antimatter complement to a proton.

apparent magnitude A value that indicates the amount of radiation (light)

received by an observer from an object. It is a logarithmic measure of the

apparent luminosity. An increase by one in the value of the magnitude cor-

responds to a decrease by about 2.5 in the apparent luminosity. Thus, the largei

the value of the magnitude the less radiation received. The value of the appar-

ent magnitude is determined both by the intrinsic radiation energy output of

the object and its distance.

apparent luminosity A measure of the amount of radiation (light) received by

an observer from an object. Its value depends both on the object's intrinsic

radiation energy output and its distance from the observer.

asteroids Small solid bodies whose orbits about the sun are typically between

Mars and lupiter.

astronomical unit The distance between the earth and the sun. 1.5 x 10 11 meters

or 93 million miles. Abbreviated as A. U.

atmosphere (stellar) Caseous outer layer of a star from which light escapes

into space. This layer is the origin of the typical absorption spectrum of the

stars.

atmospheric blurring Blurring of the images of astronomical objects caused

by refraction in the earth's turbulent atmosphere.

atom A tiny object that has a central nucleus and one or more orbiting elec-

trons. The number of protons in the nucleus of the atom determines which

element that particular atom represents.

atomic spectral line An absorption or an emission line caused by the absorp-

tion or emission of a photon by an atom.

atomic spectrum The spectrum arising from a particular element. (The spectrum

from a particular molecule is usually termed a molecular spectrum.) The

wavelength locations of the atomic spectral lines indicate which element

produced that spectrum.

aurora Glowing nighttime displays that are produced by the interaction of the

solar wind with the particles of the earth's atmosphere.

Balmer line A hydrogen spectral line for which the first excited state is the

lower level of the transition of the electron. The wavelengths of these lines are

in the visible region of the spectrum.

Balmer series The collection of all Balmer spectral lines.

band spectrum A collection of spectral lines that are closely clustered at

neighboring wavelengths. They arise from transitions in molecules.

barred spiral galaxy A galaxy with an apparent bar running through the center

(the nucleus). Each end of the bar serves as the origin of a curved spiral arm.

basalt A dark fine-grained volcanic rock. Solidified lava.

Big-Bang cosmology A theory of the origin of the Universe in which the entire

Universe originated in one hot, explosive instant— termed the Big Bang.

billion 1 ,000,000,000.

binary stars Two stars in orbit about each other due to their mutual gravitation-

al attraction.

black body A hypothetical object that perfectly absorbs and emits photons at

all wave/engths. The characteristics of the spectrum of the emitted photons

(called black-body radiation) depend only on the temperature of the object.

All liquids, solids, and high-density gases behave as almost perfect black-body

objects.

502 black hole An object whose surface gravity is so high that nothing, not even

glossary light, can escape.



Bohr atom A model of an atom developed by Niels Bohr in which electrons

are constrained to orbit the nucleus at specified distances.

blue giant A large, hot star whose position is plotted in the upper left-hand

coroer of the H-R diagram.

bolometric correction The numerical difference between the visual and the

bolometric magnitudes of an object.

bolometric magnitude The term "bolometric" indicates that this magnitude

is a measure of the radiation at all wave/engms. The magnitude may be either

an absolute or an apparent magnitude.

carbon cycle The conversion of hydrogen into helium, using carbon and

nitrogen in intermediate steps in the series of nuclear reactions.

carbonates Rocks formed from carbon and oxygen (C03
"), combined with a

metal ion, usually calcium or magnesium. Typical examples are limestone

and dolomites.

Cassegrain reflector A reflecting telescope in which the image is brought to

focus behind the primary mirror of the telescope. This is accomplished with

a second (secondary) mirror in front of the primary mirror and a hole in the

center of the primary mirror.

celestial equator The outward projection of the earth's equator onto the celes-

tial sphere.

celestial sphere The apparent distant sphere of the sky centered at the earth.

The Greeks thought that the stars were placed on it.

centrifugal force A fictitious force that appears to push an object away from

the center of a circular motion. The effect is real, but is not due to a force. An

object, unless constantly deflected into a curved path by a force, will move in a

straight line, and hence away from the center of the circular motion.

cepheid variable A pulsating star with a regular period of pulsation. Thecepheici

variables serve as useful cosmic yardsticks because their pulsational periods

specify their average luminosities.

chemical reaction Chemical reactions alter the pairings of atoms through

modifications of the electron's orbits while leaving the nuclei of the atoms

unchanged.

chondrite A stony meteorite whose texture includes small rounded bo

known as chondrules.

chromosphere A layer of the sun's atmosphere that is just above the />

sphere. Atoms in this low-density layer produce many of the observed i

absorption lines.

chromosphere network An irregular pattern of dark linear markmu

the depth of the chromosphere in the sun. The network is believed to be cai

by the subsurface solar convection zone.

cluster of galaxies A physical clumping of galaxies that may contain .1 k

a few thousand galaxies.

collisional broadening Broadening of spectral lines di

lisions between atoms in the gas. The greater the dens.ty ot the gas, the gn

the number of collisions, and hence the broader the lines.

color A sensation due to the eye's and mind's discrimination of I

of photons.
,

color index A number defined as the numerical difference between the

graphic and visual magnitudes of an object. The color inde « <*

the redness (or blueness) of an object.

comet A small, icy, dusty object that becomes visible

nucleus with a long tail during its near approaches to the sun.



comparison spectrum An emission line spectrum ot .1 ^,is that is exposed

adjacent to the astronomical spectrum. It server as ,1 standard to assist the

astronomer in his determination of the wavelengths of the lines in the as-

tronomk al spectrum.

composition l he spet ifk ation ot the relative amounts ot the different elements

or. sometimes, mole* ales In a substance.

concave mirror The reflecting surface of a concave mirror is curved inward.

constellation An apparent pattern ot stars in the sky.

continental drift The theory that the continents move across the face of the

earth. The modem version 01 this theory is known as plate te< tonh s.

continuous spectrum A smooth spectrum ot light without absorption or emis

•ion /int'v

convection \ tUm 01 mass that moves hot material into cooler regions and

vice \ersa This tlow transports heat from one location to another.

convection zone A region or a layer in which convection is occurring. In the

case ot the sun, the convection zone is a shell of material just beneath the

surface (photosphere) of the sun.

convex mirror The reflecting surface of a convex mirror is curved outward.

core (earth's) The central nickel-iron region of the earth.

core (stellar) The central region of a star. The term often denotes that central

region in which nuclear burning is occurring.

corona The outermost gaseous layer of the sun that starts at the top of the

chromosphere and extends through the so/ar Sy-tem.

coronagraph A telescope that produces artificial solar eclipses for use in the

investigation of the corona and other phenomena occurring above the surface

of the sun.

cosmic abundance Relative abundances of the elements as determined as an

average for the Universe as a whole.

cosmic rays High energy (high speed) atomic nuclei that strike the earth's

atmosphere.

cosmological red shift A red shiit due to the expansion of the Um\
cosmology The study of the Universe as a whole— its past, present, and future.

creep The slow movement of a solid body such as the creep of the rock in the

earth's mantle.

crescent moon A phase of the moon for which the observer can see less than

one half of the illuminated hemisphere of the moon.

crust (earth's) The outermost solid layer of the earth.

cyclotron A device used by physicists to accelerate small particles such as

electrons to speeds just under the speed of light. Collisions of these high veloc-

ity particles on special targets yield information about the structure of the

atoms and their constituent particles.

declination The celestial sphere analogue of latitude. Measurements are made

in degrees from the equator.

densitometer An astronomical instrument that produces a graph of the informa-

tion contained on a photographic plate (or a spectrum, for example) by measur-

ing the density (blackness) of the plate.

deuterium An atom with a nucleus that contains one proton and one neutron.

deuteron The nucleus of a deuterium atom; a paired proton and neutron.

differential rotation A body rotating at different angular rates at different dis-

tances from the equator is said to exhibit differential rotation. Solid bodies

504 rotate uniformly, not differentially.

glossary differentiation A separation of materials at differing depths in a body, usually



caused by prolonged internal melting. The earth is a differentiated planet

diffraction The bending of light as it passes the edge of an objec t.

diffraction disc The broad central image of a point of light (such .is .1 star)

the image of the point of light is broadened by diffraction in the telescope
itself.

diffraction grating An optical surface with many fine parallel scratches that

produces a spectrum by reflection or transmission.

dish (radio) The large surface of a radio telescope that reflects radio w

and focuses them at the point of the radio wave detector.

dispersion The bending of light to a degree depending on wavelength. For

example, a prism is said to disperse light in the production of a spectrum.

dispersive power The degree to which a grating or a pn'sm spreads out the

spectrum.

DNA (deoxyribonucleic acid) The long-chained molecule, residing in cells,

which contains the genetic code and has the ability to reproduce itself

Doppler broadening A broadening of spectral lines due to the superposition of

the random (temperature induced) thermal velocities of each of the absorbing

or emitting atoms.

Doppler shift The change in the wavelength of radiation due to the relative

velocities of the source and the observer: Only the velocity along the line of

sight between the observer and the source contributes to the displacement of

the wavelength.

dust clouds Clouds of small dust-sized particles in interstellar spa< e that ab

visible light. The composition of these dust-sized particles is poorK known

dwarf (star) A Main Sequence star of average or small diameter and luminosity

dwarf galaxy A smaller-than-average galaxy.

eclipse season A semiannual period during which so/jr or lunar e< \ipses may

occur.

earthlike planets See terrestrial planets.

eclipsing binary stars A binary system whose orbital plane is sufficiently

close to our line of sight that one star periodically partially, or totally, l>

(eclipses) the light from the other star.

ecliptic The apparent yearly path of the sun on the C eleslial sph

effective temperature The effective temperature is defined to be th

ature that a perfect black body of the same size must have to prodw 1

total luminosity as the object in question.

electrical field A region of space in which the electru a/ fori e may I n

electrical force A force between two electrically charged ob|-

electromagnetic force A force originating from electrical charge,

(electrical charge in motion), or a magnetized body.

electromagnetic spectrum The distribution of e/i

all possible wavelengths.

electromagnetic radiation Waves produced by vibrati

through a vacuum at the speed of light.

electron A small negatively charged particle that may normally be to

orbit around the nucleus of an atom,

electron shell In the Bohr atom the el

certain specified distances from the n,,

element The specification of the type <
nthenumbe

in the nucleus.



ellipse A precisely defined geometrical figure that appears as a squashed circle.

It has many variations. Two extreme examples of ellipses are circles and

straight lines.

elliptical galaxy A galaw whose outline forms the shape of an ellipse.

emission line A single bright spectral line. Its wavelength corresponds to a

unique downward transition in a particular ionized state of a particular element.

emission nebula \ gaseous nebula that is visible through the emission lines

that it produces. The excited-State atom's that produce the emission lines are

usually excited by the ultraviolet photons from a nearby star.

emission spectrum A spectrum containing emission lines.

envelope (stellar) That portion of a star between the core and the atmosphere.

equator A line circling a spherical body that is always at an equal distance

from the rotation poles of the body.

equatorial bulge A bulge around the equator of a rotating planet or other

spinning object.

equatorial plane A plane containing the equator of the body. The equatorial

plane is perpendicular to the axis of rotation of the body.

eruptive prominence A solar prominence that seems to eject a cloud of glowing

matter.

excited state In the Bohr atom model, an electron is said to be in an excited

state (orbit) if there is at least one lower orbit that it may descend to by releas-

ing a photon; also, an atom with one or more of its electrons in an excited

state is itself termed an excited state atom.

filament (solar) Dark streaks visible in the sun's chromosphere associated

with regions of a strong magnetic field.

fireball An impressive meteor that is often bright enough to be visible in the

daytime.

first-quarter moon A phase of the moon in which one half of the visible hem-

isphere, or one quarter of the complete surface, is illuminated. This phase

occurs approximately one week after the phase of new moon.

fission (atomic) The splitting of a nucleus.

flare An explosive brightening visible on the solar surface.

flash spectrum An emission line spectrum obtained from the sun's chromo-

sphere. It may be obtained for a few seconds before and after the time of

totality of a solar eclipse.

fluorescence The absorption of light at one wavelength and the subsequent

reemission of that energy at other wave/engths. A common example is the

absorption of invisible ultraviolet photons and the reemission of that energy

as visible photons.

focus The point to which an optical device converges light from a distant source.

Fraunhofer line The name given to the prominent solar absorption lines. Named

after an early solar spectroscopist.

frequency The number of vibrations in a certain time interval; the number of

vibrations per second.

full moon The phase of the moon in which the observer on the earth sees the

moon's entire illuminated hemisphere.

fusion The joining of two nuclei.

galactic cluster Between 10 and 10,000 stars found in a loose clumping. The

galactic clusters are found in the disc of the Galaxy.

galactic disc The highly flattened spherical distribution of stars in a galaxy.

galaxy A collection of stars (and often gas and dust) held together by mutual

506 gravitation. While the actual number of stars may vary over a wide range, 100

glossary billion is a typical number.



Galaxy The Milky Way Galaxy.

gamma rays The most energetic photons. Their wavelengths are shorter than

those of X-ray photons.

gauss A measure of a magnetic field's strength. On the earth's surface the

magnetic field is approximately one-half gauss.

giant A star whose location is plotted above the Main Sequence on the H-R

diagram. Blue Main Sequence stars are also often termed giants.

giant planets Jupiter, Saturn, Uranus, and Neptune; planets composed mainly

of hydrogen and helium, in contrast to the smaller terrestrial planets

gibbous moon A phase of the moon between first and third quarters. During

the gibbous phase more than half the moon's illuminated surface is visible,

globular cluster Approximately one million stars found in a compact clumping.

The stars are old. These clusters are found in the halo of our Galaxy and other

galaxies.

globule A dark spot seen against a bright nebula. Believed to be a fragment

of an interstellar cloud that is in the process of collapsing prior to star formation.

granite A coarse-grained intrusive igneous rock composed of quartz, orthocLw

feldspar, plagioclase feldspar, and mica.

granules "Specks" across the surface of the sun that give it an oatmeal appear-

ance. Each "speck" is approximately 1000 miles in diameter. They are be-

lieved to be caused by upward- and downward-moving columns of gas in the

convection zone.

gravitational redshift An increase of the wavelength of photons caused by a

high gravitational field.

gravity The attraction of one mass to another; one of the basic forces in the

physical Universe.

greenhouse effect A planetary atmosphere that transmits incoming visible

solar radiation and blocks outgoing inirared radiation is said to exhibit the

greenhouse effect. By sealing in the infrared radiation, the atmosphere acts .is

a blanket to increase the surface temperature of the planet.

Greenwich meridian The meridian that passes through Greenwich, England.

It is defined to be zero degrees longitude.

ground state The lowest energy orbit that an electron may occupy in an atom

Also, an atom that has all its electrons in their respective lowest-energy orbits

is said to be a ground-state atom.

HI region An interstellar gas cloud composed of neutral hydrogen

HII region An interstellar gas cloud composed of ionized hydrogen.

halo The outer region of a galaxy, roughly spherical in shape, mainly contain-

ing old stars and a small amount of gas.

heavy elements In astronomical usage heavy elements are all elements other

than hydrogen and helium.

helium An element having two protons in its nucleus.

helium flash An explosive ignition of a helium-burning i

helium burning The fusion process that converts helium into

with the attendant release of energy.

Hertzsprung-Russell diagram A plot of the lumin

against the spectra/ type (or surface temperature or color ,nde

of stars. The plot is named after the two independent i

highlands Refers to those regions on the moon that are not flood,

H-R diagram Same as the Hertzsprung-Russell diagram

Hubble Constant The proportionality constant in Hubbk

Hubble's law The (linear) relation between the I

object and its red shift due to the expansion ot the Ui



hydrogen An atom with only one proton in the inn leus.

hydrogen burning The fusion of hydrogen to produce helium with the release

of energ\

igneous rock A rock lormed by the cooling of molten silicate minerals, usually

from volcank pnx esses,

image Optical duplication of the appearance of an object, by light focused

through the use of lenses or mirrors.

image intensifier Same as image lube.

image tube A device similar to a television earner,) li intensifies the images

obtained through a telescope.

infrared radiation Electromagneth radiation of a wavelength just longer than

visible radiation.

interstellar (dust, medium, molecules) Materials found in the spa< e between

the stars

inverse square law Something is said to follow the inverse square law if its

strength decreases inversely with the square of the distance (1/d2) from its

source. If the distance is increased by a factor of 3, then its strength would

decrease by a factor of 9.

ion An atom whose number ol <•/(>< irons is not equal to its number of protons.

lit is not neutral.)

ionization The act of removing one or more electrons from an atom.

irregular galaxy A galaxy whose appearance does not satisfy the criteria for a

spiral, barred spiral, or elliptical galaxy. A galaxy without symmetry.

isotope Elements with the same number of protons but differing numbers of

neutrons

jovian planets The giant planets. They are )upiter, Saturn, Uranus, and Neptune.

land tide A tide induced in the body of the earth,

latitude The north-south coordinate on the earth.

law of gravity A statement of the dependence of gravity on the masses and

separation of two objects.

light Same as electromagnetic radiation. Usually light means the visible portion

of the electromagnetic spectrum.

light curve A graphical record of the variation of the luminosity or magnitude

of an object with time.

light-week The distance that light travels in one week. Approximately 1.5 x 10 11

miles.

light-year The distance that light travels in one year. Approximately 6 x 10 12

miles.

line of nodes This term usually refers to the line drawn through the two points

where the moon's orbit crosses the plane of the ecliptic.

lithosphere The outer, rigid shell of the earth, 60 miles thick, containing the

crust, continents, and upper mantle. The lithosphere is broken up into several

slabs or plates.

Local Group The cluster of galaxies that contains the Milky Way Galaxy.

logarithmic scale Used for the axes of graphs. Equal distances on graphs using

logarithmic scales do not represent equal increments in the plotted variable.

Instead, equal intervals on these graphs represent constant ratios of the values.

If logarithmic scales are used on graphs, it is important to note carefully the

actual numerical values recorded along the edge of the graphs.

longitude The longitude of a point on the earth's surface is the angle between

508 the meridian passing through that point and the prime meridian passing through

glossary Greenwich, England.



luminosity The total amount of energy emitted by an astronomical objecl in

one second.

lunar eclipse An eclipse of the moon by the earth. The moon is in the shadow

of the earth.

lunar tide The periodic cresting and subsiding of the oceans due to the moon's

gravity.

Lyman line Hydrogen spectral line for which the ground sf.ifc is the lower

level of the transition of the electron. Lyman lines have their wavelengths in

the ultraviolet region of the spectrum.

magnetic broadening Broadening of the spectral lines due to the Zeeman

effect. The stronger the magnetic field at the location of the emitting or ab-

sorbing atoms, the broader the lines.

magnetic field A magnetic force pervading a region of space.

magnetosphere The region around the earth (or another planet) in which the

magnetic field of the earth (or other planet) is strong enough to have a measur-

able effect on the interplanetary gases.

magnetic polarity A specification of the orientation of the north and south poles

of the magnetic field.

magnitude A numerical value that indicates the intensity oi an object The

larger the numerical value of the magnitude, the less the intensity. See absolute

and apparent magnitude.

Main Sequence A line on the H-R diagram that represents the location oi the

Main Sequence stars.

Main Sequence star A star that is burning hydrogen in its < ore in a stable fashion.

mantle That portion of the earth's interior that lies between the crust and

the core.

mare (pi. maria) The dark, relatively smooth lava fields first seen on the moon.

mascon Concentration of mass (high-density material) on the moon.

meridian A line circling a spherical body that passes through its two

meteor The luminous streak of light caused by the rapid entry and atmos(

frictional heating of a piece of interplanetary material. Also termed "shooting

star."

meteor shower Meteors that, in the course of an evening, appeal

out of a certain point in the sky. Caused by the collision of the earth with a

swarm of interplanetary particles.

meteorite A meteor particle that has fallen to the earths surfa< e.

microdensitometer A densitometer that can record very detailed infbm

from photographic plates.

micrometeorite A meteorite so small that the earth's atmosphere

slow it down, enabling it to float down to the surface without b-

evaporated.

microwaves Electromagnetic waves with wavelengths near 1 < entimetei

Milky Way This is the name of our own Gal

molecule Two or more atoms that are bound together.

natural width The width of a spec tral line that is dete.

internal structure. In particular, the natural w.dt

the velocity of the atoms, an external mag

nea

h

p

e

t

a

ide

mS
The smallest tide. Occurs when the m ** *"

and its effect is partly canceled by the solar tide.

near-ultraviolet radiation Electn

shorter than visible radiation.
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nebula A term given to any diffuse astronomical object. Examples are planetary

nebula, extragalactic nebula (galaxy), and emission nebula (a type of inter-

stellar gas cloud).

neutrino A particle that has no mass or charge. It is believed to travel at the

speed of light. The neutrino and the photon are two different types of massless

particles. In comparison with a photon, a neutrino can pass through much
larger accumulations of matter before being absorbed.

neutron A neutral particle that is approximately 2000 times more massive

than an electron. The neutron has almost the same mass as a proton. The neutron

is lound in the nui lei ol all ltDtns except hydrogen.

neutron star A star of extremely high density that is composed primarily of

neutron*. The mass may be a few times the mass of our sun, while its radius

is approximately 1 miles.

new moon During this phase of the moon the hemisphere facing the earth is

unilluminated or nearly so. A small sliver of the illuminated portion may

be visible.

Newtonian reflector A reflecting telescope that contains a small mirror angled

at 4 5
' to direct the image out of the side of the telescope.

night glow The faint glow of the earth's atmosphere.

nodes The points of intersection of the orbit of a body with a plane.

nova The sudden brightening of a star by a factor of hundreds to thousands.

The burst of energy is believed to result from the infall of material onto a star

from its binary companion.

nuclear burning The process of fusion of nuclei with the release of energy.

nuclear energy Energy derived from fusion or fission of the nucleus.

nuclear force A very short-ranged force between neutrons and protons respon-

sible for holding the nucleus of an atom together. One of the basic physical

forces.

nuclear reaction A process of either fission or fusion in the nucleus.

nucleus (of a galaxy) The central region of a galaxy that contains an enhanced

density of stars.

nucleus (atomic) The central region of an atom, usually containing protons

and neutrons in nearly equal numbers.

nucleic acid A long chain of nucleotides, an example of which is DNA.
nucleotides Molecules that form the building blocks of nucleic acids, (e.g.,

DNA).

neutron An electrically neutral particle with the same mass as the proton.

nutation The wobble of the axis of rotation of a spinning object. This wobble

is superimposed on the precessional motion of the axis.

objective The lens or mirror in an optical instrument that forms the image. In

a refracting telescope the objective is the largest lens.

ocular lens The lens (or grouping of lenses) that the observer looks through to

see the image formed by the objective lens. The ocular lens magnifies the

image.

open cluster Same as a galactic cluster.

optical double Two stars that appear to be in close proximity on the celestial

sphere. However, because one star is actually some distance behind the other,

they are not gravitationally associated with each other; they are not a binary

star.

optical telescope A telescope that is designed to produce an image with visible

510
light.

glossary oscillating cosmology A theory that combines the Big-Bang cosmology with the



notion of a later collapse of the Universe and a subsequent Big Bang in a

repeated cycle of expansion, collapse, and rebound.

parallax The apparent displacement of an object due to the actual displace-

ment of the observer. For example, over the course of a year, nearby stars

appear to shift with respect to the more distant background stars, due to the

earth's motion around the sun. The term is also used to signify the number of

degrees by which the direction of the object appears to shift.

partial eclipse An eclipse of the moon or the sun in which one body is not com-

pletely in the shadow of the other. For a lunar eclipse, the moon is not complete-

ly in the shadow of the earth; for a solar eclipse, the moon does not completely

eclipse the entire surface of the sun but leaves one edge of the sun visible

around the edge of the moon.

parsec Approximately equal to 3.2 light-years. A star at a distance of oneparsec

has a trigonometric parallax of one second of arc.

penumbra The grey outer region of a sunspot.

periodic table An organized listing of all of the elements. The organization of

the listing is based on similarities in the chemical properties of the element*

phase (of moon) The different appearance of the moon during the course of a

month, as seen from the earth.

photocell An electronic device that converts light (photons) into an electric

current (electricity). Photocells are used in astronomy to measure the intensity

of light.

photodissociation A process using the energy of an absorbed photon to break

apart a molecule.

photographic magnitude The magnitude of an object as measured on photo-

graphic p/ates.

photometer An astronomical instrument that attaches to a telescop.

measuring the apparent luminosity of astronomical objects, usually through

the use of a photocell.

photon Electromagnetic energy in its particle form. A quantum of efectro-

magnetic radiation.

photosphere The thin surface layer of the sun from which the majority <>t the

sun's photons escape into space. The visible surface of the sun.

photovisual magnitude A magnitude obtained with photographic

through particular filters so that the final sensitivity of the plate is similar i.

sensitivity of the eye.

plage A bright region on the surface of the sun.

planetarium An instrument that projects correctly positioned im..-.

stars onto the inside of a darkened room. The building that houses the p

tarium instrument is also termed a planetarium.

planetary nebula A shell of glowing gas surrounding a hot central star. That

shell of gas was previously ejected by the star itself.

planetesimal A small object circling the sun like a miniature pi,

plate In the field of astronomy, a plate refers to a piec e <». ph. i

that may serve as a permanent photographic record. In

plate is a single segment or slab of the earth's < rust and i

plate tectonics Very slow motion of plate, or rial

Also, accompanying effects on the earth's surface

Population I Stars with a wide range of ages and a relal

of heavy elements. In our Galaxy they are found in th.

ticularly in the spiral arms.

Population II Relatively old stars with a relatively low abu.



elements. In our c ia/axy thev are found in the halo and in the nucleus

pores Small) ci.uk spots visible on the surfa< eoi tlu> sun.

positron Similar to an electron (same mass) but positively charged. It is an

antimatte/ partii

precession A slow motion of the axis of rotation of a body causing the axis

oi rotation to trace out a (one in space,

prime meridian The mtTK.li.ui that is defined to be .it zero degrees longitude.

primordial Original; usually refers to elements appearing in the Universe at

the time ot the Big Bang.

primordial fireball radiation Radiation tilling the Universe at the time of the

Big Bang

prism A wedged-shaped piece ot glass that disperses light to produce

a spet irum.

prominence A region of glowing gas extending far above the surface of the sun.

protein A c ham ot amino at /(/•> that controls the c hem it ,1/ h\h tions of life and

pro\ ides the structure ol the c ell.

protosun The sun in its collapse phase prior to initiation of hydrogen-burning

rt\u tions

protogalaxy A galaxy in its formative stage, still undergoing collapse.

proton A t harged particle found in the nut /ens ot an atom.

proton-proton cycle A series of nucleai reactions that converts hydrogen to

helium This series uses only hydrogen as its initial ingredient.

protostar A star prior to initiation of hydrogen-burning rea< tions.

pulsar A rapidly rotating neutron -.far. Active areas on the surface of the neu-

tron star emit streams of radiation into space. Because of the rotation, a stream

sweeps across the observer's line of sight at regularly timed intervals, creating

a succession of pulses or flashes of radiation as seen from the earth.

pulsating star A star that expands and contracts, and simultaneously alters its

light intensity in a periodic or semiperiodic fashion.

quantum (of light) Electromagnetic energy in its particle form. Same as photon.

quasars Objects of stellar appearance with energy output generally exceeding

that of galaxies, and with strongly red-shifted spectra; the most luminous and

distant object known in the Universe.

Quasi-Stellar Object (QSO) A quasar that is not a strong radio source.

Quasi-Stellar Source (QSS) A quasar that is a strong radio source

radial velocity That component of the velocity that lies along the line of sight.

radio astronomy The field of astronomy concerned with the observation and

interpretation oi radio waves of astronomical origin.

radio galaxy A galaxy that is a strong source of radio waves.

radio telescope A telescope used for focusing and recording radio waves.

radio waves Electromagnetic waves of long wavelength, typically several

meters or more.

radioactive An element is said to be radioactive if its nucleus undergoes

spontaneous fission.

radioactive elements Those elements that are radioactive.

rays (lunar) A series of lighter streaks of material that extend radially away

from a lunar crater.

red giant A large, luminous star with a cool surface. Red giants are plotted in

the upper right-hand corner of the H-R diagram.

redshift The displacement of the wavelength ol electromagnetic radiation to

longer wavelengths. The redshift may result from the expansion of the Uni-

verse, large relative velocities of separation, or a high gravitational field.

reflecting telescope A telescope whose objective is a reflecting mirror.



refraction The bending of light occurring when the light passes from one ma-
terial to another; for example, from air to glass.

refracting telescope A telescope whose objective is a lens.

relativity A theory that describes the nature of matter and the property

space and time under the conditions of very large constant velocities (the

special theory of relativity) or very high accelerations and gravities (the general

theory of relativity).

resolution The degree to which fine details can be seen. A high-resolution

photograph is one that is sharp.

rift A large crack in the crust, often caused by separation of p/a«". in the earth's

lithosphere.

right ascension The celestial sphere analogue of longitude. The ( elestial sphere

is divided into 24 segments or hours. The location for zero hours of ri^ht as-

cension on the celestial sphere is determined by astronomical convention.

rille A valley or channel, especially on the moon. Some of the lunar rilles are

believed to be carved by flowing lava.

Roche limit A moon that comes too close to its parent planet will be torn apart

by the planet's tidal force. The Roche limit is the minimum distance at which

the moon can circle its planet and remain intact. Saturn's rings are inside the

Roche limit.

rotational broadening The broadening of the spectra/ linei due to the rotation

of the astronomical object. The rotation produces a radial vekx rt>

RR Lyrae variables Pulsating stars of low mass whose average absolute lumi-

nosities are closely the same from star to star. Knowledge of this and their

apparent luminosities determines their distances. RR Lyrae variables sen

a useful cosmic yardstick.

satellite An object that is in orbit around another ob|ect, usually a planet.

sedimentary rock Rock built up by an accumulation of sediments.

seeing A term that refers to the degree of blurring of a telescope image due to

movements of the image induced by the earth's atmosphere.

seismogram A graphical record of the vibrations of the earth measured at the

surface of the crust.

seismograph A device that produces a seismogram.

seismometer The detecting portion of a seismograph.

Seyfert galaxy A galaxy with an unusually bright, comp* I mn leus with

sion lines and faint spiral arms; a possible connecting link between qua

and normal galaxies.

shock wave A very strong sound-wave impulse. A sound wave ot unusually

high compression.

sidereal day The time it takes the earth to make one compteti

axis with respect to the fixed stars. Our usual d

takes the earth to make one complete rotation on its axis with res|

sun. The solar day is not equal to the sidereal da "*n

respect to the sun is constantly changing; we are in orbit aroui

sidereal time Time based on one complete rotation of the earth on

respect to the fixed stars.

solar day See sidereal day. .

solar eclipse An eclipse of the sun by the moon. Par, ,,. th<

shadow of the moon.

solar mass A unit of weight used by astro-,

mass star is twice as massive as the sun. On.

solar system The sun's family. Th,s includes all of theofa

planets, satellites asteroids, and «

i



solar tide Cresting and subsiding of the oceans due to the sun's gravity.

solar time Our "usual" time, based on the average rising and setting times of

the sun.

solar wind The outward flow of particles (electrons, protons, etc.) from the sun.

spectral type A classification of a stellar spectrum based on its overall appear-

ance and the strengths of certain spectral lines.

spectrogram A photographic record of a spectrum.

spectrograph An instrument that produces spet trograms.

spectroheliogram The image of the sun obtained with a spectroheliograph.

spectroheliograph An astronomical device for photographing the sun using

photons from the sun of only one particular selected wavelength. The resultant

photograph reveals the conditions on the sun at the depth at which those

particular photons originated.

spectral line An Absorption or emission line in a spectrum.

spectroscope An instrument for directly viewing the spectrum of an object

with the eye.

spectroscopic binary A pair of stars not separately visible, but known to be a

binary because the lines in the composite spectrum shift periodically due to

the Doppler effet t

spectroscopic parallax The determination of a star's distance using its ob-

served spectrum to locate the position of the star on the H-R diagram, and

hence its absolute luminosity

spectrum The array of colors or intensities of radiation at different wave/engths

presented in order of their wavelengths. The appearance of light after it has

been dispersed by a prism or a grating.

spicule Little jets or spikes rising above the surface of the sun. Spicules are best

seen as the edge (limb) of the sun.

spiral arm A curved luminous arm extending from the nucleus of a spiral

galaxy. The spiral arms contain an enhanced density of interstellar material

and young blue stars.

spring tide The highest tide during a month, occurring at the phase of new
or iull moon, when the moon's tidal force is reinforced by the solar tide.

standard candle A light source that is used as a standard of intensity. Astrono-

mers sometimes assume that objects of a certain type have the same lumi-

nosity. Using these "standard candles" and the knowledge of the apparent

luminosity, astronomers may determine their distances.

star A gaseous sphere held together by its own gravity; especially, one massive

enough to provide internal temperatures needed for nuclear burning. This

definition has been expanded to include objects such as neutron stars.

Steady-State cosmology A theory of the nature of the Universe that states that

the overall properties of the Universe do not change with the passage of time.

Combined with the observation of the expansion of the Universe, the Steady-

State cosmology implies a constant creation of new matter and energy.

stellar evolution A field of astronomy concerned with the description of the

changes in stars as they age, following from their properties from birth to death.

stellar parallax The shift in apparent position of a star, as observed from the

earth on opposite sides of its orbit.

stellar wind The solar wind of a star.

stratosphere A layer in the earth's atmosphere starting about 10 kilometers

(six miles) above the surface.

glossary sunspots A dark, relatively cool spot visible on the surface of the sun, typically



1000 kilometers in diameter. Sunspots are associated with strong magnetic

fields.

sunspot cycle The 1 1 -year cyclic increase and decrease in the total number of

sunspots visible on the surface of the sun.

supergranules Large (30,000 km) granules evident near the surface of the sun

arising from large subsurface convection currents

supernova A star that explodes with a hundred-billionfold increase in lumi-

nosity. The explosion is believed to be caused by detonation of the star's

or catastrophic collapse and rebound, near the end of the nuclear-burning

phase.

supernova remnant The gaseous material expelled by a supernova explosion.

Often visible as a glowing nebula.

temperature A measure of the random velocities of particles (atoms, molecules)

comprising an object.

terrestrial planets Mercury, Venus, the earth, and Mars; planets composed

mainly of rock iron, resembling the earth.

thermal broadening Broadening of a spectral line by the Doppler shiit result-

ing from random velocities of the particles comprising the source of the

spectrum.

third quarter moon A phase of the moon in which one half of the visible hemi-

sphere, or one quarter of the complete surface, is illuminated. This phase

occurs approximately one week after the phase of the full moon.

tide A bulge produced in a deformable body by the gravity of a nearby object.

In particular, the apparent raising and lowering of the level of the ocean as

witnessed at a shore.

total eclipse An ec/;pse of the moon for which the moon is entirely within the

shadow of the earth, or an eclipse of the sun for which the sun's surface is

totally covered by the moon.

triple star Three stars that remain in orbit about each other due to their mutual

gravitational attraction.

trigonometric parallax A method of determining the distance to nearby Stan

by their apparent displacement due to the earth's motion in its orbit around

the sun. Seepara//ax.

ultraviolet light Light whose wavelength is just shorter than visible light

umbra The darkest, central portion of a sunspot.

undifferentiated A planet whose composition is the same at all depths is .in

undifferentiated planet.

Universe The totality of matter, energy, and space.

variable star A star whose luminosity or spectrum appears to change with tim

vernal equinox A location on the celestial sphere where the sun

celestial equator in its motion from south to north.

visible light Electromagnetic radiation to which the eye is sensitive

visual magnitude The magnitude of an object as measured h

is more sensitive to red light than the standard astronomical pi

plates).

visual binary A binary whose component stars can be seen sepal

volatile (element) An element that readily evaporates at norr

wavelength The distance between two sue

waning moon The phases of the moon from fu« through third qua

whTtedwarf A small hot star that is near or a. the end of Its



phase. White dwarfs are plotted in the lower left hand corner of the H-R
..v.im.

white light White light is a combination ol all wavelengths ol visible fight

window In astronomical usage, a window is a wavelength region for which our

atmosphere is transparent or partially transparent.

X-rays Radiation with wavelengths shorter than those of ultrd\ inlet light.

ylem The initial material of the Universe at the time of the Big Bang.

Zeeman effect The broadening or splitting ot a spet tral line by a magnetic field.

zenith The point in the sky or on the < elestial sphere that is directly overhead.

zero-age Main Sequence A line on the H-R diagram that represents the loca-

tions of those stars that have JUS) started burning hydrogen.
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Magnetic field, 27, 509

of Earth, 327

polarity ot, 509

in radio galaxies, 249

solar, 314, 329-334

spectra ot stars and, 105

of stars, 113-114

sunspots and, 322-325

See a/so Electromagnetic force

Magnetosphere, 509

Magnitude of stars, 483, 493, 494, 509

absolute, 124, 483, 501
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Milky Way, I-34, 8-10, 17, 207-223, 339,

487, 509. See a/so Galaxy

Miller, Stanley, 460
Mirrors, 43-47, 66

Mizar, I-35

MK system, 481

Molecules, 456, 509

interstellar, 209-210

organic, 451

spectra of, 101-102

Monoceros, 165, 167



Moon, 1-1, 40, 393-411

as a calendar, 1-19, 1-21

chemistry of, 400-401
Earth and, 1-6-1-18

layers within, 404-405
lunar eclipse, 1-12-1-14, 509
phases of, I-7 — 1-9

solar eclipse, I-6, 1-9-1-11, 303,

304-307, 513
surface of, 396-400
tides, 1-15-1-18, 509
volcanism, 404, 406-407, 432

Moonquakes, 404
Moonrise, 1-8

Moons in solar systems, 3, 339, 344, 359
Moonset, 1-8

Morgan-Keenan system, 481

Motion, Newton's law of, 175

peculiar, 486
proper, 478, 486

Mountains, 379-380

on Mars, 433-436
on Venus, 414

Mount Olympus, 433-436

Mount Palomer telescope, 47, 54, 216,

251, 266, 274
Mount Semindniki telescope, 67

Mount Wilson observatory, 52, 54, 191,

228, 265
Moving-cluster method, 478-479, 491-492

Multiple stars, 5, 341

Natural selection, 467-469
Natural width of absorption lines, 109, 509
Neap tides, I- 18, 509
Near-ultraviolet photons, 71, 494, 509
Nebula, 510

emission nebula, 210

planetary, 190-193, 194, 511

solar, 339
Nebula NCC 2237, 167, 169

Negative charge, 19

Neon, 82, 195, 209, 419-420

Neptune, 4

composition of, 343

as giant planet, 356
moons of, 359
properties of, 348-349

Neutrino, 152, 153, 156, 510

solar neutrino experiment, 293-295

Neutrons, 18, 153, 156, 167, 510

Neutron stars, 187, 189, 197, 199-200,

234, 510
and quasars, 260

New moon, 1-8, 1-19, 510

Newton, Isaac, I-3, 43-44, 46, 344, 346, 349

Newtonian reflection, 43-45, 510

NCC 4038-9 galaxy, 245, 247
NCC 4565 galaxy, 6
NCC 5128 galaxy, 245-246, 248
NCC 7331 galaxy, 6-7, 196, 197
Night, glow, 510

sky, I-30-I-42

Nile River, I-20

Nitrogen, 82, 450
in amino acids and nucleotides, 456
in atmosphere of planets, 419-420, 421
in interstellar medium, 209-210
on Jupiter, 358
on Mars, 432
in planets, 343
in stars, 158

Nix Olympica, 435
Noble gases, 420
Nodes, 1-14, 508, 510
North America, 380, 388
North American Nebula, 9

North Polar Cap (of Mars), 433
North Pole, 1-22-1-23

North Star, 1-5, 1-36-1-37, 100, 135

Nova stars, 137-138, 510
Nuclear energy sources, 149-162

Nuclear force, 18, 19, 20, 150-162, 510

Nuclear reactions in stars, 151-153, 170,

174, 209, 234, 239, 290,

455-456, 510
Nucleic acid, 457, 510

Nucleotides, 401, 456-464, 510

Nucleus, atomic, 456, 510

galactic, 221-222, 228, 510

Numerical experiment, 175-176

Nutation, 1-5, 510

O stars, 98, 113, 119

Objective lens, 42, 43, 49-50, 510

Observatory, 495

Ocean of Storms, 399

Oceans, 1-16

Ocular lens, 42, 43, 4fi

Olivine, 374
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Orthoclase feldspar. 3~4

Om illating cosmology 276-281, 282, 51

1

Oxygen 82 450
in amino acids and nucleotides 45b

in atmosphere oi planets 419
in Earth s atmosphere 424

in Earths crust. 375-376

formation of, 155-156, 161

in interstellar medium. 210-211

on lupiter, 358

on Man 432, 448-4 5 2

in photodissociation, 424-42t

in planets \A \

m stars. 182. 185, 193, 194-195

Ozone. 418

Pacific plate, 384

Pallas asteroid, 361

Pangaea. 387-388

Parabolic mirror, 47

Parallax 1-4 476. 491-492, 511

spectroscopic, 480-485, 491

stellai

trigonometric, 475-478, 482. 48S 4 lH

515

Parallels of latitude, 1-24

Parkes 2251-1 1 quasar, 254

Parsec. 124. 478, 511

Partial eclipse, 1-11, 511

Paschen series, 87

Pauli. Wolfgang, 182

Peculiar galaxies, 238-240

Peculiar motion, 486

Pegasus cluster, 14, 17, 254

Pneumbra, 318, 511

Penzias, A., 275
Peridotite, 405
Periodic table of elements, 82, 337, 51

1

Permafrost, 444

Peroxide. 450-452

Phases of moon, 1-7-1-9, 511

Phosphorus, 1 57

Photocell, 511

Photodissociation, 425, 511

Photoelectric photometry, 495

Photographic magnitude, 493-494, 511

Photographic plate, 492, 494

Photometer, 123, 291, 511

Photons, 37, 55-56, 88, 108, 110, 133,

190, 511

in excited atoms, 84-85, 86

in helium, 154

in hydrogen, 87
light and, 254
solar, 300, 305, 324

in zone of convection, 295-296

Photosphere, 291, 297-301, 318,

325, 329, 511

temperature of, 300

Photosynthesis, 451

Photovisual magnitude, 493, 511

Physics, 80, 467

atomk , 81

Pioneer spacecraft, 356
Pisces, 1-26

Plages, 321, 325-326, 335, 511

Plagioclase feldspar, 374, 400

Planetarium, 51

1

Planetary nebula, 190-193, 194, 511

Planetesimals, 362, 420, 511

Planets, 1-2, 1-3, 3-5, 203, 337-366

Earth contrasted with Venus, 419-426

earthlike, 343-344

free planets, 341

giant, 343, 356-360, 507
origin of, 338-342

primitive atmospheres of, 419-420

properties of, 347-349

without stars, 341

terrestrial, 350-354

Plants, 424

tests for, on Mars, 450
Plate tectonics, 371, 380-389, 437, 51

1

on Mars, 436-437

on Venus, 414

Pleiades cluster, I-42, 219

Pluto, 4, 348-349, 360-361

Plutonium, 1 50

Polar cap, Martian, 354, 431, 441-443

Polaris, I-5, I-36-I-37, 100, 103, 135.

See a/so North Star

Pollux, I-29

Population I and II stars, 221-223, 485,

491, 511

Pores, solar, 319-320, 512

Positive charge, 19

Positron, 152, 153, 512

Potassium, 372, 376, 378, 432

Praesepe cluster, 218
Precession, I-5, I-26, 512
Primates, 471-472

Prime meridian, I-23 — 1-24, 512

Primordial fireball, 274-275, 279, 282, 512

Prism, 40-42, 512

spectroscope, 58-59

Procyon, 1-29, 1-42

Prominences, solar, 321, 329, 330, 335, 512

Proper motion, 478, 486
Proteins, 445, 457-458, 462, 512

structural, 457
Protogalaxies, 233-234, 512

Protons, 18, 19, 152, 153, 154-155, 156,

158, 160-161, 167, 512

in Big-Bang cosmology, 268

light and, 24

solar, 318, 327, 331

Protostar, 166-167, 234, 290, 512



Protosun, 290, 512

Proxima Centauri, 477

Ptolemy, 1-3

Pulsars, 197-198, 512

in quasars, 259-260

Vela, 200

Pulsating stars, 498, 512

Pulsation, 487

Pyrex glass, 46

Pyroxene, 374, 375, 400

Quantum, 512

Quartz, 374, 375, 376, 422

Quasars, 250-260, 490, 512

Quasi-Stellar Objects, 253, 512

Quasi-Stellar Sources, 253, 512

R.A., I-29

Radar, 27, 29, 63

waves on Venus, 415

Radial velocity, 479,486, 512

Radiation, in Big-Bang cosmology, 269

cosmic, 445, 504

electromagnetic, 26-33, 39

fireball, 274-275, 282, 512

from heated object, 30-33

in neutron stars, 199

nova, 137

solar, 296
supernova, 195

in universe, 279

on Venus, 414-416

See also Infrared radiation; Ultraviolet

radiation

Radioactive dating, 364

Radioactive decay, 372, 402

Radioactive elements, 372, 378, 512

in Earth, 372, 378

in Mars, 432-433

in Moon, 402, 408

Radio astronomy, 62-69, 71, 512

Radio communications, solar interference

in, 289, 327

Radio galaxies, 243, 244-249, 255, 258, 512

Radio stars, 251-253

Radio waves, 27, 29, 62-69, 512

from carbon monoxide, 216-217

mapping Galaxy by, 210-215

from pulsars, 198

from quasars, 251

in radio galaxies, 249

on Venus, 415

Radium, 372, 378

Rays, lunar, 512

Reber, Grote, 244

Red dwarf stars, 123, 131,186

Red giant stars, 1-35, 1-38, 1 10, 122 30

133-134, 145,149,171, 177-18 .

243, 512

Red Stars, 122, 234

Red shift, 271,490, 512

cosmological, 36, 265

gravitational, 498-499, 507

quasars and, 251-253, 254, 258

Red spot of Jupiter, 357

Reflecting telescopes, 43-47, 512

Reflectors, radio wave, 62

Refraction, 40, 513

Relativity, 20, 513

Reproduction, 467

Reptiles, 470

Resolution, 513

Retina, 23, 28

Retrograde rotation, 353

Richardson, R.S., 92

Rider, I-36

Rift, 386-387, 513

Rigel, I-29, I-39, 103, 122, 131, 132

Right ascension, 1-28, 513

Rille, 403, 513

Ring nebula, 193

Rings of Saturn, 359

Rivers, 1-20

RNA, 445

Roche limit, 359-360, 513

Rocks, 370

Earth's mantle, 370, 373-374

igneous, 370, 508

sedimentary, 370, 513

of Venus, 423

Rotation, differential, 504

of Earth, I-4-I-5, 1-18,69, 44 1

of Galaxy, 213

retrograde, 353

of stars, 111-113

of sun, 329-335, 341-342

Rotational broadening, 111-112 513

RR Lyrae stars, 513

as distance indicators. 486-487, 492

Rutherford, Ernest, 37:

Sagittarius, l-3« - 44

San Andreas Faul
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Satellites, 51 *
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Galilean, 40
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moons of, 359
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Schtaparelli, Giovanni, 53

Schmidt. Maarten J si

Scorpio-Centauru- association, 479

Scorpius. I U
Seas, lunar 194 402-403 407,408.

Maria

Second ew ited state. 87

Sedimentar\ rinks. 370. 513

SI \

Seismograms, 370, 513

16,258,513
Shells, electron, 81 -82

Shock waves si i

Sidereal dav 1-26. 513

real time. 1-26-1-29. 513

422

Silica tetrahedron, 376
Silicon. 156, 157

in earth's crust, 375-376

in interstellar medium, 210-211

in planets. 343, 419
silver. 46. 197

Sinus, 1-20 1-29. 1-30, 1-39-1-41. 1-42

luminositv 1 2 V 1 24

spectrum, 103

as \isual binary, 139

Sky, color of. 119-120

night. 1-30- 1-42. 64

Skvlab. 74-76

Slipher, V.M., 36, 265-266

Sodium, 90, 92, 157, 376

Solar dav, 1-26, 513

Solar eclipse, I-6, 1-9-1-11, 513

Solar Mass, 186, 291, 317, 513

Solar system, 3-5, 51 3

other solar systems, 340-341

planets in, 337-366

Solar tide, 514

Solar time, I-27, 514

Solar wind, 312, 514
Sombrero galaxy, 226
South America, 380, 388

South American Plate, 384

South Pole, I-22-I-23

Space, Earth in, 1-1 -I-42

signals from intelligent beings in, 69

telescopes in, 70-72

Spectra, 514
absorption, 88-90, 94, 104, 501

atomic, 85-90, 502

band, 101

bright-line, 88, 90
classification of stars by, 98-104

comparison of, 504
continuous, 91

of corona, 313

determination of elements by, 104-105

emission, 88, 90, 506
molecular, 101-102

of quasars, 258
shape of lines, 105-108

solar, 91 93, 290-291, 301, 304-312

stellar, 90-114, 149, 290, 498
Spectral lines, 58, 105-108, 508, 514

Spectrograph, 58, 59, 514

Spectroscope, 39, 57-62, 79, 88, 91, 514

grating, 61

prism, 58-59

Spectroscopic binaries, 1 19, 140-141, 514
Spectroscopic parallax, 480-485, 491, 514

Sphere-, celestial, 1-21-1-29

Spherical galaxies, 228, 234, 236
Spica, 1-29

Spicules, 310-312, 514

Spin-off theory of moon formation, 409-410

Spiral galaxies, 227, 229-231, 234-237,

256, 514

Spring tides, 1-17, 514

Standard candles, 514
bright blue stars as, 488
galaxies as, 489-490

globular clusters as, 485-486

supernovas as, 489
Stars, 1-1, 1-5-1-6, 1-21, I-25, 30, 54, 473,

514
atmosphere of, 91, 289, 502

binary, 1-36, 1-39, 1-41, 137, 138-145,

202-203, 496, 502

black dwarf, 1-41, 234

blue giant, 1-39, 131, 145, 503

blue supergiant, 131, 145, 488

as calendars, I-20

classification of, 1 17-145

collision between, 238, 259-260

clusters of, 217-223

cool, 102

distance between, 238, 338

dwarf, 1-41, 123, 130, 131, 505

evolution of, 165-187, 263, 264, 455, 465

in expanding universe, 269

fusion reactions in, 154-162

in galaxies, 227, 232-234, 236, 243

giant, I-35, I-38, I-39, 110, 122, 130,

131, 481, 496, 507
magnetic field of, 113-114

in Milky Way, 207-223

multiple, 5, 341

nearest to sun, 5

neutron, 186, 189, 197, 199-200,

234, 510
in night sky, I-30-I-42

nuclear energy in, 149

orange dwarf, 131, 186

order of brightness, I-29

pulsating, 498
red, 122, 234



red dwarf, 123, 131, 186

red giant, I-35, I-38, 110, 122, 130,

133-134, 177-187, 189, 243,512
rotation of 111-113

spectra of, 90-114, 149, 290, 498
starlight, 79-114

supergiant, 131, 202, 481, 496
triple, 5, 515

variable, 134-138, 515
white dwarf, 1-41, 130, 133-134, 137,

189, 190-194, 221, 243,481,

499, 515
yellow dwarf, 131

5ee also Hertzsprung- Russell diagrams;

Luminosity;

Main-Sequence stars; Spectra; and

Supernova explosions

Steady-State cosmology, 269-270, 273,

282, 514
Stefan-Boltzmann constant, 301

Stellar parallax, 476, 514
Stellar wind, 514
Stephan's Quintet, 1 7

Stratosphere, 514

Structural proteins, 457
Subdwarf stars, 481

Sulphur, 156, 157, 210
Sun, 1-1, I-3, I-5-I-6, 40, 186, 189,

203, 473
atmosphere of, 302-314

as a calendar, 1-19

color of, 119

formation of, 290-293, 338-339

hydrogen in, 174

luminosity of, 122, 291, 317, 322

rotation of, 329-335, 341-342

sidereal time and, I-26 — 1-29

solar eclipses, I-6, 1-9-1-11, 303,

304-307, 513

spectrum of, 91-93, 95, 96, 103, 290, 291

as a star, 289-314

surface of, 317-335

weather on, 318

Sunlight, I-7, 28

in greenhouse effect, 417

Sunspots, 40, 113, 291, 318-325, 329,

335, 514

cycles of, 321-322, 515

pairs, 324-325, 334

Supergiant stars, 131, 202, 481, 496

Supergranules, 299-300, 309, 515

Supernova explosions, 134, 137, 189,

194-197,200,202,203,234,
239-240, 243, 264, 473, 515

deuterium in, 281

formation of planets and, 337

gamma rays in, 73

interstellar medium and, 209

remnants, 244, 515

as standard candles, 489
theory of quasars, 259

Tangential velocity, 479
Telescopes, 39, 79, 318
gamma ray, 73-76

infrared, 69-70

light-gathering, 54-57

limitations of, 48-54

optical, 39-42

radio, 62-69

reflecting, 43-47

in space, 70-72

x-ray, 73

Television signals, 27, 29

Temperature, 515

classification of stars by, 118, 125

effective, 301, 505
electromagnetic radiation and, 31-33

of planets, 349, 350

solar, 291, 293, 297, 307, 314, 318

stellar spectra and, 95-104

5ee a/so thermal broadening

Terrestrial planets, 350-354, 515

Tethys sea, 388

Thermal broadening, 110-11, 515

Third quarter moon, I-8, 515

Thorium, 372, 378, 432

Thuban, 1-5

Tides, 1-7, 1-15-1-18, 515

Tigris River, 1-20

Time, in formation of life, 465, 466

solar, 1-27, 514

Titanium, 100, 101-102

ionized, 100

oxide, 101-102

Total eclipse, 1-10, 1-11, 1-12, 103,

304-307, 515

Trifid Nebula, 210

Trigonometric parallax. 475-478 482. 48S

491, 492, 515

Triple star, 5, 515

Turbulence broadening. 110

Twenty-one centimeter line, 212-211

Type Two Cepheid-

UBV system of standard magnitudes,
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Uncompressed density, 351

Undifferentiated planets, 378, 515

Unicorn, 167

Universal constant of gravitation, 347

Universe 12-20, 55, 337, 472-473, 515

age of, 267

contents, 3-20

structure and evolution of, 263-282

earth as center, 1-1 -1-2

expanding, 265-267

open-closed, 281-282

origin of. 4t>~

size of, 487

Uranium, 150, 151. 153

atom, 82, 83, 197

in earth's crust, 372, 378

lunar, 402
on NUrs 4*2-433

in stars, 197

Uranus, 4

composition of, 343

as giant planet, 356

properties of, 348, 349

Urey. Harold, 460

Ursa Major, 271, 272

Valley of the Mariner, 430, 436-437

van de Kamp, Peter, 340

Variable stars, 134-138, 515

Vega, I-5. I-6, 1-29, 1-33. 9, 10, 23

luminosity, 123, 1 24

spectrum, 94-97, 103, 120

Vela, 200
Velocity

radial, 479, 486, 512

tangential, 479

Venus, I-3, 4, 413-427

atmosphere of, 416-419

composition of, 343

contrasted with Earth, 419-426

properties of, 348-349, 413-444

surface of, 414-416

temperature of, 414-415

as terrestrial planet, 350, 352-353

Vernal equinox, 1-26, 515

Vertebrates, 470
Vesta asteroid, 361

Viking expedition, 448-452

Virgo, 17, 245, 271, 272, 273

Virus, 456, 461-464

Visible magnitude, 494

Visible waves, 28, 62-63

Vision, 472

Visual binaries, 139, 140, 515

Visual magnitude, 493, 496, 515

Volatile elements, 51 5

Volcanism, 426

on Earth, 421

on Mars, 432-433, 435, 444

on moon, 404, 406-407

on Venus, 414

Waning moon, I-8, 515

Water, 426, 464

on Earth, 424-425

on Mars, 432-433, 437-440, 445

on moon, 401

plants and, 450

tides and, 1-16

vapor in planets, 343, 359, 418, 419-420,

421, 424, 425, 460

on Venus, 416, 424-425

Watson, James D., 459

Wavelengths, 29, 31-33, 495, 515

electromagnetic, 29, 39

measuring, 88

in spectroscopes, 57-62

Waves, Doppler Shift and, 33-36

light, 23-37, 48

sound, 48

See a/so Radio waves

Waxing moon, I-8

Wegener, Alfred, 384

White dwarf stars, 1-41, 130, 133-134, 137,

189, 190-194, 243, 481, 499,

515

White light, 516

Wien's law, 31

Wilson, R., 275

Wind, solar, 312, 514

stellar, 514

Windows in spectrum, 63, 69-76, 516

Wollaston, William, 91

Xenon, 419-420, 432

X-rays, 27, 29, 72, 516

astronomy using, 73, 74, 202

in black holes, 145, 202

solar, 318

Year, length of, 348-349

Yellow dwarf stars, 131

Yellow magnitude, 494

Yerkes Observatory, 50

Ylem, 268, 516

Zeeman effect, 1 13-1 14, 291, 516

in sunspots, 322-323

Zenith, I-33, 516

Zero Age Main-Sequence line, 484, 516

Zeta Ophiuchi, 108, 109, 113

Zone of convection, 295-297, 298-300,

318, 504

Zone of weakness, 380-381
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