


The l�test information about such ex
citing -developments' in ·modern -ast� 

. physi�,s as the energy dynamo power
ing the s.un; the x-ray skY.; th� ·nature 

. of qua�a.rs, _pulsars,. and cosmic b_urs.,; 
ters;�.the evolution· of the solar sys
tem.; ·.and the age and. structure of the 
universe is presented within a broader 
cC>nt�xt that demonstrates how the_ · 
process of scientific discove�y works:. 

�· ... �: 

•�This book is an important· contiibu
. tioii to the discussion of pre�di�_ti�n 
·a:qd proof or theory and observation,. 

: based on cf series of .case 'historie& · 

-drawn from astronomy� Each chapter 
.is written by a ·master of the subject. · 

. .  :'()g� of the &pecial· fe�tures of the_ �-
·. 'bbok is th&t'·each._t�pic in astronomy · 

�is addressed both.by a_theoreticiaµ 
·and hy. an expenmeritalist or ob-·· · 

. :··serve·r. The result is.,..that the ·re.ader 
gains a dual insiglit into major aspects 

. of astronomy as. weii as an under- '. .. 
standing of the nature ·of the two ap- · 

proaches to science-.-the theoretical · · 

·and the empirical.'' ---1. Bernard · 

Cohen, H�rvard University 
.· :.·· ·• 

"The _book conveys the flavor of cur
rent e�citing observational_ discoveries 

.
· in the context of many o( the theoreti
. �al studies that have painstakingly ._ · 

and ·unglamorou�ly laid· the necessary 
foundations. �'-Joseph Silk, Univer- ·

· 

sity of California, Berkeley 
· 

· The eminent· contributors to this 
book, in the process of describing for 

. the general reader the most recent ad-
· vances in man's understanding of the 
cosmos, at the same time clarify one 
·of the oldest questions in scientific 
thought: the nature of the mutual in-· 
teraction between theory and· obs·e-r
vation, concept and experiment, pre-
diction and proof. · : 

In astronomy, as in the other sci
e_nces, theories isolated from confirm

. ing observation are intellectual' dead 
ends that �annot reveal the nature of 
the actual u·niverse, the acknowledged 

·goal of even the most abstract theore
tic�ans .. And observations lacking. a .. 

. theoretical framework are only 

'· 
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masses of unorganized 'data that pro
vide no insight into the inner work
ings of the world. Theory and obser
vation progress in tandem, though not 
always in a smooth and simple way
observations inspiring, confirming, 
sometimes demolishing theories, theo
ries directing the aim of observers and 
giving meaning to their measure
ments, with serendipity anc;I accidental 
conjunctions of discovery and inter
pretation moving the .process along. 
In Revealing the Universe, this pro
cess is illustrated over a wid� range of 
topics in modern ·astronomy. 

· 

The book is based on a series of 
public lectures sponsore4 by the Har
vard-Smithsonian Center for Astro
physics and the Boston Museum of 
Science. 
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PREFACE 

We all have some experience with theory and observation in 
science.  The weather forecaster predicts a sunny day, so we plan 

a picnic. Early that morning we take a look outside and find it 

raining. To make his prediction,  the forecaster and his research 
team had to take into account, among other things , the location 

of high- and low-pressure zones and the dynamics of air masses 

at various temperatures.  His announcement was largely theo

retical ; your skeptical glance out of the window is observational . 

The relationship between theory and observation in science 

is both complex and symbiotic , and it is one little understood or 
appreciated by laymen or in some cases even scientists . In a 

fundan1ental way observation is the more vital partner in the 

relationship .  Without observations,  theory can have nothing to 

say about what actually does exist ; it can only suggest the mul

titudinous possibilities for what might exist. Interestingly 

enough,  observations,  too , require theories .  Theory builds the 

conceptual framework that gives meaning to observational pro

grams.  I ndeed for all but the most rudimentary experiment� 

this framework is a prerequisite for conceiving a significant and 

logical observing plan . I n  the most extreme case, if there were 

no theory, then all observational data would be just a jumble of 
facts with no understanding. For example, ancient astronomers 

gave names to the stars and constellations , but it is the theoret

ical astrophysicist \vho can associate the incoming radiation from 

these objects with their corresponding properties of density , 
temperature , and composition.  

To be sure , then, there are intrinsic differences in the theo

retical and observational approaches to a given problem.  But in 

the actual practice of science these distinctions often become 

blurred , and the two approaches are combined in varying de
grees .  Biology,  for example, deals with relatively complicated 

and interrelated systems-living organisms-so that it is almost 

impossible to isolate individual processes sufficiently for a the
oretical discussion in the abstract. I nstead most biologists must 

be both theorists and experimentalists . Physics , on the other 
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hand , is a much si1npler and more basic science , whose very 

essence is the study of single, elemental processes , l ike the swing 

of a pend ulun1 . Al rriost all physicists are clearly either theorists 

or experimental ists. 

Finally we must reme1nber that science is a human activity. 

'The persuasive force of theoretical or of observational argu-

1nents at any given time is partly a function of our biases. 

Einstein's 1915 theory of gravity, when applied to cosmology, 

predicted that the universe could not be static; it must be in  a 

state of either expansion or contraction . But this theoretical 

pred iction disturbed Einstein ,  and he d id not believe the result 

until observational evidence for expansion was d iscovered 

nearly a decade later. Ptolemy's elaborate theory of  orbits within 
orbits to explain the observed motion of each planet was far 

more complicated than required by the observations.  Prejudiced 

by his philosophical insistence on an Earth-centered solar sys

tem, Ptolemy refused to take the observations at face value.  

Centuries later, Copernicus conceived of the Sun-centered hy

pothesis, and the observed planetary motions suddenly ap

peared as simple, single orbits about the Sun. 
In this book we explore the relationship between theory and 

observation within the context of  several topics of  current in
terest in astrono1ny and astrophysics . Chapter I gives a historical 

discussion and chapter 8 a discussion of astrophysical problems 
for the future. In each of the remaining chapters , with the 

exception of chapter 6,  the same topic is addressed by two 
scientists, one predominantly a theorist and the other predon1-

inantly an experin1entalist. Each contributor is an expert in the 

particular subject, and each views the historical developn1ent of  

the topic and the co1nplen1enting (and confound ing) roles of  

theory and observation in his own way. 
The sometin1es divergent, sometimes overlapping viewpoints 

n1ay be surprising to son1e readers . Science emerges here not as 

a neat, systematic progression from theory to observation to 

testing to solution but rather as a complex and complicated 

process in which theories and assun1ptions may lead into bl ind 

alleys , observational evidence n1ay challenge theoretical biases, 
and new discoveries of unimagined phenomena 1n ay require 

entirely new theoretical approaches . I n  a real sense , then , this 
is a n1ost honest look at how science and scientists really work. 

Since science is a hurnan enterprise, it is subject to hu1nan 
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failings ,  prejudices, and mistakes .  Yet despite its shortcomings ,  

science demonstrates the power of the human mind to perceive , 

sort, and select from a wealth of data and a variety of expla

nations the precise information needed to understand the prin

ciples underlying the nature of the physical universe . 

Xl 





ACKNOWLEDGMENTS 

Since 1976 the Harvard-Smithsonian Center for Astrophysics 

and the Charles Hayden Planetarium of the Boston Museum of 

Science have sponsored a series of  free lectures in astrono1ny 
for the general public , usually given annually in the fall at the 

museum .  The concept of exploring the interrelated and com
plementing roles that theory and observation play in modern 

astrophysics grew out of conversations between the two editors 

of this volume during their search for a novel approach to the 
1 980 series .  The result was Revealing the Universe . 

The series was designed with an unusual format in which, 

with the exception of the introductory and summary talks,  each 

night's presentation would be shared by two speakers, one a 

theorist, the other an experimentalist . Early in the planning we 

also realized that the subject and its unique approach might 

make an interesting book for general readers, and the lecturers 

were asked to prepare two versions of their talks: the first for 

the lecture hall and the second for possible inclusion in such a 

book.  The chapters thus correspond to the lectures, roughly in 

the order they were presented but modified and expanded 

slightly .  The one exception is the chapter by Walter Lewin , 

which incorporates material presented both by him and by his 

lecture partner,  Paul C. Joss .  

The editors wish to thank host John Carr, director of the 

Hayden Planetarium, who coordinated the lecture series and 

was most supportive of our ambitious break with tradition .  The 

members of his staff, Matt Stein, Ray Crane , Nancy DiCiaccio , 

and Valerie Wilcox, were also extremely helpful to our speakers 

throughout the series. The public lectures themselves were 

made possible through the generous support of the Lowell 

I nstitute . 

Assistance was provided by many people at the Smithsonian 

Astrophysical Observatory, including Earle Hopkins and John 

Hamwey, who helped in the production and distribution of the 
original lecture materials .  Joseph Singarella and Charles Han

son later provided illustration and photographic services during 



xiv ACKNOWLE D G MENTS 

the preparaliun of the written chapters . Mary Juliano and Gerda 

Schrauwen retyped rr1ost of the individual chapters, and Anne 
Omundsen did the final copyediting be fore the manuscript left 

the observatory. John Harris of the observatory's Contracts and 

Grants Office provided valuable advice and counsel at all stages 

of the project. 



CHAPTER 1 





OWEN GINGERICH 

THE HISTORICAL TENSION BETWEEN 
ASTRONOMICAL THEORY AND 
OBSERVATION 

Science, one of my wise natural-phi losopher friends is wont to 

say , is not a noun at all ; i t  is a verb . Not grammatically true , 

perhaps, but the bald claim does say something about the nature 

of  the complex enterprise we call science . Science is not a col

lection of facts , nor is it a block of specific subjects dealing with 

the natural world .  I nstead it is a way of discovering what the 

natural world is about by conjecturing theories and by subjecting 
these theories to the test of experiment and observation . 

Between the abstract world of theory and the real world of 

observation there exists a continuous tension and sometimes 

outright conflict. Why? Because the nexus between theory and 
observation can be con fused by error, and judging whether any 

disagreement is due to the data or the theory is one of the most 

difficult tasks confronting a scientist. It is all too easy for the 

theorist to discount the observations , but there have been glo

rious moments in the history of  science when the theorist's 
skepticism has been vindicated . 

One of Einstein 's students has recounted an incident that took 

place in 1 9 1 9, just after the British expeditions had returned 

from viewing the May 29 eclipse and attempting to confirm 
the relativistic prediction of the bending of starlight around the 

sun : "Once when I was with Einstein in order to read with him 

a work that contained many objections against his theory . . .  he 

suddenly interrupted the discussion of the book, reached for a 
telegram [figure l] that was lying on the windowsill , and handed 

it to me with the words,  'Here,  perhaps this will interest you . '  
I t  was Eddington's cable with the results of measurement of  the 

eclipse expedition .  When I was giving expression to my  joy that 

the results co incided with his calculations , he said quite unre

moved , 'But I knew that the theory was correct . '  And when I 

asked,  'What if  there had been no confirmation of  prediction, '  

he countered , 'Then I would have been sorry for the dear 
Lord-the theory is correct . ' " 1 
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Figure I 
The original telegran1 to Einstein concerning Eddington's s uccessful 
observation of the bending of starlight near the Sun in the ecl ipse of 
May 29, 1 9 1 9. The telegra 1n was actually sent by the Dutch physicist 
H. A. Lorentz and states that " Eddington has found a stellar deflection 
at the solar limb provisionally between 0. 9 seconds of arc a nd twice 
that." Einstein's prediction was l ':74. ( Copyright Museu m Boerhaave , 
Leiden;  used with permission) 

All great scientists, both theorists and experimentalists ,  have 
had a powerful feeling for the underlying harmony and beauty 

of the universe . From prehistoric times men and women have 

learned about our world empirically by doing th ings : planting 

and harvesting, spinning and weaving, mining and smelting. 

But when it came time to build an idealized view of what the 
universe was ulti1nately like, the great natural philosophers of 

antiquity often built their world views on aesthetic principles ,  

relegating observational constraints to second place . Witness 

Aristotle's arguments in De coelo concerning the shape of the 

Earth. Ordinary sense experience taught that the world was flat, 

but, 1noving to a higher level of abstraction , Aristotle argued 

that "its shape must be spherical . For every one of its parts has 
weight until it reaches the cen ter, and thus when a smaller part 

is pressed on,  it is packed close to and co 1nbines with the others 
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until they reach the center . . . .  I f  the Earth has co1ne into being, 

this must have been the manner of its generation,  and it must 

have grown into a sphere ; if, on the other hand , it is ungener

ated and everlasting, it must be the same as if it had so devel

oped . Either then it is spherical or at least it  is natural to be 
"2 so. 

Having given his theoretical argument, Aristotle adds almost 

as an afterthought that both the Earth's shadow during lunar 
eclipses and the tales of travelers who saw the northern circum

polar stars drop closer to the horizon as they journeyed south
ward give evidence for the spherical shape of the Earth.  Even 

today the theoretical argu1nent carries the inost power: astron
omers believe that no nonrotating body larger than several kil

ometers in diameter can withstand the gravitational forces that 

would pull it  (roughly) into a sphere . 

The case of Claudius Ptolemy (figure 2) , the great Alexan

drian astronomer who lived six centuries after Aristotle ,  pro

vides a particularly instructive example about the interaction of 

theory and observation. Since the easy availability of high-speed 

computers , i t  has been possible to calculate planetary positions 

for early times and hence to check the accuracy of the obser

vations reported in Ptolemy's major treatise , the so-called Al
magest (in Arabic "the greatest") . I began to do this in the mid-

Figure 2 
Claudius Ptolemy, woodcarving in the Ulm Cathedral by Jorg Syrlin 
the Elder, 1469-1474. 

3 
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1 960s . Quite independently the geophysicist R. R. Newton also 

began to exa1nine these observations ,  and we have both noticed 

so1nething very curious. Ptolemy's observations of the planets 

are rather erra tic , but nevertheless they agree almost perfectly 

with the positions predicted by his theory. Newton considers 

this an outrageous state of affairs , and he has concluded that 

Ptole 1ny cheated , rnaking up the reported observations to veri fy 

a theory that he stole from somewhere else . 

I arn quite uncomfortable with these accusations . Ptolemy's 

treatise shows us, for the first time in history, how a numerical 

theory can be constructed fro1n specific d ata, and as such it 

provided the foundation for mathematical astronomy to and 
through the work of Copernicus . Furthermore Ptolemy's pa

rameters (especially for the d ifficult cases of the Moon and 
Mars) are astonishingly accurate , much better than the individ

ual observations reported in the Almagest. I am convinced that 
Ptolen1y could not have obtained such a com parative ly accurate 

representation of planetary n1otion with only the data presented 

in his book, and therefore it appears that the Almagest is written 
as a paradigmatic text and not as a contemporary research 

paper with a full explanation of the basic data . Like a modern 

textbook writer, whose numerical problems often come out even 

for pedagogical simpl icity , Ptolemy probably wished to show 
readers how it could in principle be done , not how it was actually 

done . 
By the time Ptolemy was ready to present his material ,  he 

probably had a good deal more fai th in the overall efficacy of 
his theory than in the individual error-marred observations of 

his day .  Since he did not want to perpetrate any erroneous 

observations on his unsuspecting students ,  he may have used 

his trustworthy theory to remove the observational error from 

each of his data points . Then each observation would agree with 
the positions calculated from his table, as indeed they do.  Unlike 

R .  R. Newton,  I an1 unwilling to condemn Ptolemy as a criminal 

i f, in  fact, he has quietly deleted the observational error .  For 

n1e ,  the episode gives some insight into the nature and expec

tations of ancient science rather than into the fraudulent char
acter of Claudius Ptolen1y .3 

Son1 e  con1mentators seen1 to have completely misunderstood 

Ptolen1y's role in the progress of science , somehow believing 

that his treatn1ent of data and his success prevented an earlier 

acceptance of a heliocentric astronomy. Such a staternent ap-
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peared in the third episode of the "Cos1nos" television series , 

where Carl Sagan declared that the church and the Ptolemaic 

system held back the progress of astronomy for over a millen

nium.  The clear counterexample is Chinese astronomy:  for bet

ter or worse , China had neither Christianity nor the Ptolemaic 

system, yet its astronomy remained far more primitive than in 
the West .  

In  fact, when Copernicus finally appeared , he founded his 
heliocentric astronomy on precisely the observations of Pto

lemy-and poor as those were , they were considerably better 

than some that Copernicus incorporated from his own day. 

Ironically Copernicus was quite aware of shortcomings of Pto

lemy's planetary predictions , but he never capitalized on this 

knowledge. Shortly after he had returned to his native Poland 

from graduate studies in Italy , Copernicus observed the rare 

multiple conjunctions of Mars ,  Jupiter, and Saturn that took 
place in 1 503 and 1 504 .  I t  did not require sophisticated instru

ments to find the moments when the closest approaches took 

place , and with these observations Copernicus promptly found 

that both Mars and Saturn were more than a degree from the 

places Ptolemy had predicted . The Polish astronomer recorded 

the fact in his notebook, but he never mentioned it in print. 

The reason? The move to the heliocentric cosmology took place 

not on account of observational evidence but on theoretical 

grounds that can perhaps best be called aesthetic . Because the 
underlying observations were so similar for both Ptolemy and 

Copernicus, the predictions of planetary positions were only 
slightly improved by the tables in Copernicus's treatise.  

As Galileo later remarked, he could not admire enough those 

who had adopted the heliocentric viewpoint despite the evi

dence of their senses. The simple fact was that Copernicus had 

no proof that the Earth went around the Sun. His theory had 
advanced a world view one level of abstraction higher than 

before,  a view that was in some respects powerfully more beau

tiful and coherent but one that lacked any decisive observational 

underpinnings .  Even Galileo, who achieved enviable polemical 

gains for hel iocentrism through his telescopic discoveries , could 

do no more than argue for the probability of the new doctrine 

(figure 3 ) .  Cardinal Bellarmine was on solid logical grounds 

when he wrote to Foscarini ,  " I t  appears to me that you and 

Signor Galileo did prudently to content yourselves with speak

ing hypothetically . . . .  I f  there were a true demonstration that 

5 
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The Copernican syste m ,  shown in Galileo's copy of his second edition 
of De revolutionibus ( Basel ,  1 566) . The censorship required by the In
quisition has been carried out by Gal ileo in his  own hand on the right
hand side: the chapter heading "On the explication of the three-fold 
rnotion of the earth" has been changed to read "On the hypothesis of 
the three-fold motion of the earth and its explication ." ( Pennission of 
the Biblioteca Nazionale Centrale, Florence) 

the sun was in the center of the universe and the earth in the 

third sphere,  then it would be necessary to use careful consid
eration in explaining the Scriptures that seemed contrary. But 

I do not think there i s  any such demonstration,  as none has 

been shown to me . To demonstrate that the appearances are 

saved by assuming the sun at the center and the earth in the 
heavens is not the same thing as to demonstrate that in fact the 

sun is in the center and the earth in the heavens." 4 
What, then, were the aesthetic reasons that led Copernicus to 

his radical , Sun-centered cosmology?  The challenging pecul iar
ity of the planets' apparent motions among the fixed stars is 

their occasional retrograde or westward movement. Ptolemy 
accounted for these observations by suppos ing that the direct 

n1otions in two circles combined to produce the retrogression. 

Indeed this is  what the Copernican system also requires : the 
direct motion of the Earth in its orbit and of each planet in its 

orbit. l�he difference between the systems is that for Ptolemy 
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the two-circle combination is independent and arbitrary for each 

planet ,  whereas for Copernicus the Earth's orbit invariably takes 

the place of one of the two circles. For Ptolemy,  the ratio of the 

sizes of the two circles was fixed by observational constraints ,  
but there was no required connection between one planet and 

another. For Copernicus,  once the size of the Earth's orbit is 

fixed,  the ratio of each planetary orbit is locked with respect to 

it, and thus the whole system was linked together, "as if by a 

golden chain" in the picturesque words of Copernicus's only 

disciple, Rheticus .  This , then,  is the essence of Copernicus's 

aesthetic achievement as we admire i t  today . 

But in Copernicus's century there was more . Copernicus was 

not only overwhelmingly convinced about this heliocentric cos

mology-so much that he was willing to abandon the time-hon

ored Aristotelian physics with no replacement in sight-but he 

also felt strongly about the ancient Pythagorean precept that 
the eternal celestial motions must be composed of pure circles . 

Hence Copernicus went to great lengths to purge Ptolemaic 
astronomy of devices that, in his opinion ,  violated the uniform 

circular motion rule . And in the sixteenth century Copernicus 

was admired more for this accomplishment than for stopping 

the Sun and moving the Earth . 

Thus Copernicus's research program had two goals :  to dem

onstrate a heliocentric cosmology and to reestablish a system 

with u niform circular motions. I mention this to show not only 
how right theoretical intuition can be but also how wrong it can 

be . I t  remained for Kepler, several generations later,  to put the 

kibosh on circular orbits by establishing their elliptical form. 

Some astronomical data from an entirely d ifferent century 

are instructive here . 5 Figure 4 shows the relative positions of  

the bright s tar Vega as  measured in 1 836-1 837 by Friedrich 
Georg Wilhelm Struve at the Dorpat Observatory in Russia . 

These data show the first tenuously correct measurements of 

stellar parallax , that is ,  the annual shift of a s tar's position arising 

from the yearly revolution of the Earth in its orbit. We might 

say that it is the first physical proof of the Copernican system,  

but in  1 83 7 no one took these data very seriously. One of  my 

students once looked at this graph and asked , "Why is there so 

much error? " If  you notice the units , you will see that Struve 

was measuring to a few hundredths of a second of arc-and a 
second of arc, one part in thirty-six hundred of a degree , is  the 

angular size of a dime seen at the distance of a kilometer. The 

7 
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Figure 4 
Friedrich Georg vVi lhelm Struve n1easured the position o f  Vega w i th 
respect to a star lying nearby (but which was actual ly so far away that 
its ann ual parallax was not measurable) .  The se parations are in seconds 
of arc .  The upper se ries shows the controversial observations from 
November 1 835 to the e nd of  1 836; the lower se ries ,  published after 

Bessel had announced his own 1neasure1ne nts of 6 1  Cygni ,  clearly 
shows the cycl ic annual shi ft in position .  In the lowe r series, the 1nea
surements for February 1 83 7 through Ja nuary 1 83 8 have been re
peated i n  order to show the sinusoidal variation 1no re clearly. Can such 
variation be co nvincingly detected fro1n the upper series? 

average angu lar size of Vega was probably three seconds of arc . 

Perhaps the proper question is ,  How could Struve have done it 
so well? 

Now let 1ne return to Kepler, because his problem was so 1ne

thing like Struve's, that is , how to sort out the shape of the orbit 

fro1n noisy data. The standard story is that Tycho Brahe's ob

servations ,  inherited by Kepler, were just good enough so that 
find ing the elliptical shape of Mars's path was inevi table . The 

truth is that Kepler was looking for a 1nost subtle effect, and he 
stu 1nbled onto the ellipse only because i t  was a relatively easy 

curve to handle. B ut Kepler remained skeptical un ti l  he was 

finally able to jinn up a theoretical-physical explanation as to 
why the planet should go in an elliptical orbit .  Part of his ex

planation was that 1nagnetic emanations from the Sun pushed 

the planets around, as well as alternatively attracting and re-
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pelling the1n into the elliptical paths . And this in turn presup

posed that the Sun itself was rotating, and rotating faster than 

the orbital period of Mercury . Although Kepler's magnetical 

explanation was en tirely wrong, it contained the essential idea 

that some physical property of the Sun governed the planets in 
a fashion that could be ex pressed mathematically .  Part of Kep

ler's greatness was his insis tence that such explanations must 

exist . 
Not long thereafter Galileo, with the newly invented tele

scope , discovered sunspots and , from this , the rotation of the 

Sun. Kepler was understandably miffed when Galileo gave him 
no credit for a theoretical prediction of the solar rotation .  But 

should he have this credit when the theoretical foundation for 
his prediction was false? 

I ndeed Isaac Newton was very stingy with credit to Kepler 
even for the elliptical planetary orbits, barely mentioning his 

name and saying elsewhere that Kepler had "guessed" the shape 

but that he, I saac Newton, had shown with his theory of uni

versal gravitation why the orbits had to be elliptical . Newton's 

contemporaries were more generous to Kepler, and , when Ed

mond Halley came to review Newton's Principia, he wrote that 

the opening propositions were "found to agree with the Phe

nomena of the Celestial Motions, as discovered by the great 

Sagacity and Diligence of Kepler." 

Newton,  l ike many other great theorists, had immense con
fidence in the efficacy of his theory. It is almost amusing to see 

him writing to the Astronomer Royal , John Flamsteed , to thank 

him for a set of lunar observations : "I am of opinion that for 
your Observations to come abroad with [my] Theory . . .  would 

be much more for their advantage and your reputation then 

[sic] to keep them private till you dye or publish them without 

such a Theory to recommend them.  For such a Theory will be 

a demonstration of their exactness and make you readily ac

knowledged the Exactest Observer that has hitherto appeared 

in the world . ' �  (j 

One of the fundamental causes of the tension between theory 
and observation is the ambiguous borderline between the two ; 

that is, observations are perceived through a particular theoret
ical framework, and they are rarely if ever theory free .  Let us 

look at two mental inventions of the seventeenth century, the 

satellites of Jupiter and the rings of Saturn. "Wait a minute ! " 

you might exclaim.  "How can pure observations be inventions?" 

9 



l 0 OWEN GINGERICH 

Galileo did not observe the satellites of Jupiter. What he 

observed were small ooints of light accompanying the planet 

and changing their relative positions from night to night. I t  was 

his interpretation that those brill iant specks oscillated continu

ously from one side of the planet to the other and that this 

osci llation could be understood theoretically as the consequence 

of circular motion . 'The interpretation ,  of course , assumed that 

there was also an unobserved component of motion toward and 

away from the observer. Merely observing the tiny points of 

light did not guarantee an instant interpretation .  Only recently 

have astronomers noticed that on two occasions in 1 6 1 3  Galileo 

actually observed the planet Neptune among the satellites  and 

that he even suspected its motion.  Nevertheless his perceptive 

framework was not sharp enough for him to have followed up 

on what could have been a truly staggering discovery . 

The case of Christiaan Huygens and the rings of Saturn is 

even clearer. Galileo first observed that Saturn appeared to have 

"handles," and he was mystified when these appendages later 

disappeared . Forty years later telescopes were much im proved,  

but when Huygens hit upon the correct interpretation of the 

"handles" as rings ,  they were edge-on and invis ible . Huygens 

achieved his solution by theoretical considerations of symmetry 
and of geometry. Perhaps not entirely convinced by his mental 

model , Huygens coded his results into a Latin anagram and 
waited a year until the rings became visible again before an

nouncing their nature publicly (figure 5) . 

Another facet of the historical tension between theory and 

observation is the difficulty of recognizing and interpreting am

biguous data . T'he discovery of stellar parallax provides a par

ticularly clear example . For many years textbooks were almost 
unanimous in ascribing the priority to the results achieved by 

the German astronomer Friedrich Wilhelm Bessel in 1 838 .  

However, in  the wave of nationalism that swept the Soviet Union 

in the days of the Cold War, the Soviets laid claim to a nu mber 

of innovations previously associated with Western scientists and 

inventors . Among these contentions was the priority for the 
detection of stellar parallax, by F.  G. W. Struve at the Dorpat 
Observatory in 1 83 7 .  Subsequently Struve's great-grandson,  

Otto Struve , examined the printed record . 7 

Otto Struve's analysis of the situation may be characterized as 

one involving a confidence quotient .  Astronomers had long 

been searching for this tiny displacement of a star' s position 
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Figure 5 

, I 

On this page of his Systema Saturn um H uygens deciphers his anagram 
(given at the beginning of the paragraph) to reveal that Saturn is 
"girdled by a thin, flat ring, nowhere touching it, and inclined to the 
ecliptic . "  (Permission of  Houghton Library, Harvard U niversity) 

l l 
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with respeci. to much more distant stars that was pred icted as a 

result of the Earth's :notion in the accepted Copernican system.  

Bradley, for example, had discovered in 1 725  a corollary proof 

of the Copernican system, the aberration of starlight, while 

searching in vain for stellar parallax. (The aberration of starlight 
is the change in angle of rays arising from the velocity of the 

Earth, similar to the apparent change in the direction of falling 

raindrops when we run through the rain . This differs from the 

parallax effect, which arises from the changing position of the 

Earth . )  By  the early 1 800s several announced detections of this 

subtle phenomenon had been proved false. Hence when F. G. 

\iV. Struve found a marginal effect nearly buried in the scatter 

of his observations of the star Vega (shown in figure 4) , astron

omers could not be sure whether he had measured the elusive 

displacement. Only in retrospect, after the far more convincing 

demonstration of the annual paral lactic displacement of 6 1  

Cygni by Bessel, could astronomers be sure what Struve had 

found . Such are the ambiguities of the data at the cutting edge 

of research and the a1nbiguities of assigning priorities . 
Indeed the tension between theory and observation would 

entirely disappear if the observations were sufficiently complete 
and unambiguous , but then we would not be considering the 

frontiers of knowledge . Precisely because the research reported 
in this book is frequently at the cutting edges , such ambiguities 

repeatedly appear. For example, how seriously can we take the 
observation of the ultraviolet emission from deuterium ,  which 

seems to tell us about the density of the universe in i ts ini tial 

stages ? Are the preliminary observations of the mass of neutri

nos persuasive? If so , do they give us a way out concerning the 

missing neutrinos in the "underground astronomy" experiment 

in the Homestake Gold Mine? (See chapter 8, George Field .) 
Are the radial velocity observations of  Cygnus X- 1 convincing 

enough to bel ieve that a black hole has been found in a binary 

star system? (See chapter 5 ,  Alan Lightman .) And will these 

queries lead us to contradictory answers about whether the 

universe will eventually coilapse back in upon i tself? (See chap
ter 7, John Huchra.) 

One of the most amazing aspects of science is that questions 
are often answered in remarkably unexpected ways, and these 

are generally associated with fresh data . To a certain extent 

these new data come to hand through advances in technology, 

and often the technological innovators become the foremost 
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observers . Photography, spectroscopy, and the building of large 

reflectors each brought floods of new data that have trans

formed the face of astronomy. Radio telescopes ,  infrared de

tectors, and x-ray cameras currently are the tools broadening 

our astronornical horizons.  But it is not only a qualitatively but 

a quantitatively wider access to data that is important for the 

advance of science . One might well argue that Ptolemy's achieve

ment was at least in part owing to the resources provided by 

the great l ibrary at Alexandria and that Copernicus reached his 

conclusions when he did because the increasingly widespread 

use of printing had given him an easier access to sources than 

his predecessors enjoyed . Kepler could go much further than 

Copernicus because of the feast of observations provided by 
Tycho, and Galileo could defend the heliocentric viewpoint 

more convincingly than Copernicus because of the astonishing 

new data from his telescope . Today, the computer and elec

tronic multichannel observing devices give both theorists and 

observers incredibly richer resources than the astronomers of 

the previous generation.  
Whenever science is on the frontier of knowledge, an essential 

tension will exist between theory and observation .  And when

ever this essential tension decays , science as a creative human 

enterprise also wanes . The forward march of science has not 

always been uniform , as its progress during the Middle Ages 

has shown all too clearly . When the structure of science and 

society is finely tuned and working optimally ,  there is a constant 

interaction between theory and observation, but this interaction 

is mediated by the efficiency of our data-gathering facilities .  

Humanity's ability to glean and preserve new data precipi
tously declined with the decay of the Alexandrian library.  In 

the energy-rich and technologically sophisticated society in six

teenth-century Tuscany, fertile conditions arose on which was 

built a flourishing culture and science, but these conditions 

rapidly decl ined with warfare and with the censorship of books . 

The torch of science quickly passed to northern Europe and 

England . Late in the last century, preeminence in astronomy 

moved to the United States .  The reason is not hard to find : 

through its wealth and philanthropy, and thereby through its 

ever-larger telescopes,  America became the largest supplier of 
astronomical observations . It is true that brill iant theoretical 
work and observations continued in Europe , but by any reason

able criterion (such as the indexes in histories of astronomy not 

1 3  
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published in the United States or the gold 1nedals awarded by 

the Royal Astronomical Society) the centrum had clearly moved 

to America. 8 Throughout the twentieth century patterns of 

funding have evolved-government grants have replaced the 

largesse of industrial magnates-but there has continued an 

unabated flow of data from strange and previously unexplored 

worlds: Mercury and Io, the molecular complexes of Orion, the 

nucleus of the Milky Way, quasars, and the primeval fireball. 

1�o main tain the forward march of science and to advance 

our unders tanding of the material universe in which we live 

require the ongoing engagement of theorists, observers, and 
theorist-observers. But the foundation of all their endeavors is 

the data base, and as we move toward the twenty -first century, 

we risk intellectual stagnation if we fail to maintain not only 

healthy houses of wisdom for preserving the data already in 

hand but also the invaluable tools of exploration for gathering 

new data about our universe . And if science continues to cut 

new paths into the unknown, creative tension between theory 

and observation will remain at the frontier. 
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EINSTEIN'S PERCEPTIONS OF SP ACE 
AND TIME 





KENNET H BRECHER 

NEWTON, EINSTEIN, AND GRAVITY 

I want to know how God created this world . I am not interested 

in this or that phenomenon,  in the spectrum of this or that 

element. I want to know his thoughts , the rest are details . 

-A. Einstein 1 

Newtonian gravitation. For nearly three centuries ,  these words  

s tood for the epitome of human intel lectual achievement. More 

than a theory of gravitation ,  a physical picture ,  or a mathemat

ical structure, the idea conveyed by these words represented the 

very model of human understanding of nature. I t  pointed the 
way for a later understanding of fluids ,  optics , electromagne

tism-in fact, all of classical physics . And it was wrong. 

By the turn of the twentieth century Newtonian gravitation 

had become the most accurate representation of any process in 

nature, for it could accurately predict and elegantly describe 
the motions of the planets (with one small exception), comets, 

and even distant stars . Yet at its deepest roots , in its very essence 

(not its predictions) and in its philosophical underpinning, the 

concept bore only slightly more connection with nature's reality 

than d id Ptolemy's awkward epicyclic views of the heavens.  

Indeed until Einstein began to think about gravitation, no 

one even suspected that an entirely new world view was neces

sary to deal with this very central part of physics .  Why had no 
one suspected the faults in Newtonian thinking? And what 

failed predictions,  what obvious inconsistencies  and confusions, 

could be found within Newtonian gravitation that might lead 

directly to a new Weltbild ? The answer is that there were precious 

few clues to a failure of the classical view ; rather it was primarily 

Einstein's philosophical perceptions of space and time that 

pointed the way to the new, and ultimately more successful, 
theory of gravitation ,  the General Theory of Relativity . 

This story has no real beginning, so I will arbitrarily choose 

1 905 as the start ,  when Albert Einstein , at the age of twenty-six, 

proposed his Special Theory of Relativity . (One could equally 

well begin a decade earl ier  when Einste in began to ponder what 
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it would be like to t ravel along at  the speed of l ight and view a 

1noving be arn of l ight ,  or even hal f a century earlier, w hen 
Georg F .  B .  Riernann began to wonder whether space itself 

n1ight be a by-product of gravitation . ) 

Einste in's theory was constructed in response to the difficulty 

in reconciling J�unes Clerk Maxwell's triumphal formulation of 
electro1nagnetic theory with Newton's mechanics and its asso

ciated concept of absolute space and time . After a ten-year 

search Einstein had found that these two pictures could be 

reconciled only if ti1ne-previously viewed as uniform and 

evenly flowing for all observers-were a relative concept, de

pendent on the motion of the observer. 

In a sense , another by-product (although it could as well be 

taken as a basis) of the Special Theory of Relativity (which I will 

refer to as Special Rf'lativity) is that the speed of light must be 

constant and independent of the 1notion of its source or of any 

observer. In addition,  it appeared that this meant that nothing 
could move faster than the speed of l ight. Newtonian gravitation 

is an action-at-a-distance theory , where the effects of a gravita

tional field are felt instantaneously at arbitrarily great distances 

from a moving source . Therefore the force of gravity , according 

to Newton, propagates at an infinite speed. It was clear to Ein
stein that some revision in Newtonian gravitation was in order. 

If such a revision was to take place , what guidelines for its 

development were there?  And what signposts pointed to errors 

in the previous theory that might guide one to the truth? After 

all the predictions of Newtonian gravitation were highly accu

rate . In fact ,  in all applications of the theory ,  the only discrep

ancy between prediction and proof had been the small 

movement in the perihelion of the orbit of the planet Mercury. 

Planetary orbits are not perfect circles but ellipses , and the 

perihelion of an orbit is the position of an object's closest ap

proach to the Sun. The movement of Mercury's perihelion was 
well established by the French astronomer Urbain Jean Joseph 

Leverrier in 1 845 and could be explained within Newtonian 

gravitation only if the Suri were sufficiently nonspherical or if 

there existed , for example, a small (until then unseen) planet 

lying within the orbit of Mercury and perturbing Mercury' s 

orbit .  This d ifficulty was rather little to pro1npt de velopment of 

a whole new theory and , to iny knowledge ,  never resulted in 

the construction of one. 

One other small proble1n re1nained in Newton's  theory , how-
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ever;  and again it was the genius of Einstein not only to rec

ognize it , but also to perceive its importance . Early in the 

seven tee.nth century , so the story goes ,  Galileo leaned over the 

edge of the Tower of Pisa, dropped two objects made of differ
ent materials ,  and noted , to no one's surprise , that they hit the 

ground at essentially the same moment. This experiment, im

plying that all objects fall in a gravitational field in the same way 
independent of their composition , was subsequently taught for 

the succeeding three centuries to school children and future 

physics professors alike , without making much of a ripple. Even 

in the late n ineteenth century ,  when the Hungarian physicist 
Baron von Eotvos repeated Galileo's experiment with a preci

sion of about one part in a billion,  little seems to have been 

made of the point. This result, formulated in a statement called 

the equivalence principle , troubled Einste in , however. Why, he 

asked , should gravitation act on all objects in the same way? 
Even more significantly, he began to ponder what this experi

mental result implied about the fundamental nature of gravi

tation.  Further, the equivalence principle was not an intrinsic 

property of Newtonian gravitation ; rather it had to be added to 

the theory. 

It would be n ice for this story if, as  in the case of Special 
Relativity , Einstein was led directly to a triumphal new theory, 

this time of gravitation.  This did not come about quite so simply ,  

and the development of General Relativity was a rather unusual 

example of the connection between prediction and proof in the 

search for knowledge of the physical world . 

Shortly after the formulation of Special Relativity , Einstein 

demonstrated the equivalence of mass and energy. Each amount 
of mass has s tored within it an amount of energy equal to the 

mass m ultiplied by the speed of l ight squared : E = mc2 • E instein 

reasoned that if mass is affected by a gravitational field and 

mass and energy are equivalent, any type of energy (for ex

ample, a light wave) also should be affected by the presence of 

gravitation. And in 1 907 he showed that if l ight moves radially 
out of a massive object ,  the gravitational field of that object will 

pull on the l ight waves ,  so that the l ight will lose some of its 

energy and become redder in color. In short gravitation not 

only slows down projectiles leaving a body such as the Earth , it 
also does work on light, changing its energy and frequency 

while leaving the speed of the light constant. 

By 1 9 1 1 Einstein had developed additional ideas on gravita-
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tion that he thought might incorpor<!te the main requirements 

of Special Relativity, as well as the results of the Eotvos exper

irnent .  Although not yet a real theory, E instein's 1 9 1 1 paper 

nevertheless made another novel prediction. Light, like any 
other kind of ponderable matter, must have its motion affected 

as it passes by a massive object. A light ray from a distant star 

that grazes the edge of the Sun should be pulled toward the 

Sun, thus making the apparent angular position of that star 
n1ovc away from the Sun (figure 1 ) .  Einstein wrote in 1 9 1 1 ,  "A 

ray of light going past the Sun would accordingly undergo 

reflexion to the amount of 4 x 1 o-6 = 0 .86 seconds  of arc ( two 

ten-thousandths of a degree) . The angular distance of the star 

from the centre of the Sun appears to increase by this amount.  

As the fixed stars in the parts of the sky near the Sun are visible 

during the total eclipses of the Sun, this consequence of the 

theory may be compared with experience . . . .  It would be a 

most desirable thing if astronomers would take up the question 

here raised . For apart from any theory there is the question 

whether it is possible with the equipment at present available to 

detect an influence of gravitational fields on the propagation of 
light." 2 
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The last sentence, in addition to d isplaying Einstein's mod

esty , indicates his interest in the value of experimental confir

mation of  his theoretically motivated ideas . As to the 
astronomers' response to his challenge , one astronomer, Erwin 

Freundlich of the Royal Observatory in Berlin,  was sufficiently 

impressed by the young man's s peculations to plan an expedi

tion to a region of  total eclipse of  the Sun.  Unfortunately for 

him, but fortunately for Einstein,  the next satisfactory location 
to observe an eclipse was in the Russian Crimea in 1 9 1 4 . A few 

weeks after Freundlich arrived in Russia for his expedition, 

World War I broke out, he was arrested by the Russians, and 

the measurement was not 1nade. (Later Freundlich was ex

changed for Russian officers captured by the Germans .) 

What was so fortunate about this set of circumstances? As it 

turns out ,  Einstein had made a quantitative (although not qual

itative) error. As he had not yet worked out the full theory of  

gravitation ,  his preliminary calculation gave half the correct 

value of  the deflection of light by the Sun.  Of course, that there 

should be some such observed effect was correct; and after all 

Einstein had felt this was the main point "apart from any the

ory ." (Somewhat similarly and for not unrelated reasons,  the 

physicist J .  von Soldner in 1 80 1  had predicted an angular de

flection of 0. 86 seconds of arc for starlight by the Sun .) 
The year following Freundlich's  abortive expedition, Einstein 

finally completed his theory of gravitation,  the General Theory 

�f Relativity (General Relativity) . One of  the first applications 
of the new theory was to his previous problem , the deflection 

of starlight by the Sun .  To his surprise he found that the true 

deflection should be approximately 1 .  73 seconds of arc, or twice 

the previously calculated result .  

World War I drew to a close and , in the postwar shambles , a 

few farsighted scientists saw the immense importance of Ein
stein's work . Among these was the British theoretical physicist 

and mathematician Arthur Stanley Eddington . Although not an 

experimentalist by training or vocation, he believed that Ein

stein's revolutionary views of space and time, and their embod

iment in General Relativity , should be tested if at all possible. 

So in 1 9 1 9  he set out for the island of Principe off the coast of 
A frica to observe a very favorable total eclipse of the Sun . The 

day arrived , as luck would have it rather cloudy , but clear 

enough to allow Eddington to get one good photograph of stars 

in the neighborhood of the Sun during the eclipse . Within a 
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few weeks,  Eddington had ineasured the star positions and 

coinpared the1n with a photo of the same star field taken six 

1nonths earl ier. 'The deflection was there ,  within an accuracy of 

l O percent just as Einstein had predicted it in  1 9 1 5 . 

'The news swept the globe : Albert Einstein had replaced Sir 

I saac Newton as the premier physicist of all time .  A war-"Neary 

world was treated to the i 1nage of a German theoretical physi

cist' s overthrowing the British giant, with the help of another 

1nen1ber of the Co1nn1onwealth .  Viewed more positively , this 

see1ned the triu1nph of scientific collaboration between the re

cently opposing nationalities in  an otherwise irrational world . 

Headlines in the New York Times) Le Monde, and the Times of 

London all blared forth the news,  and the shy ,  retiring, and 

previously obscure scientist became the darl ing of both the sci

entific and general publics . I n  an age w hen mass communica

tions syste tn s  were suddenly burgeoning worldwide, Einstein 

was the first true media personality . (To make a paral lel to our 

own time, Einstein was about as popular as the Beatles,  and h is 

popularity and renown were due in no small  part to the suc

cessful corroboration of his prediction . ) 
Imagine now that there had been no World War I and that 

Freundlich had succeeded in making the original measurement.  

He 1night well have found that the observed result was twice 

Einstein's predicted value of 0':86 .  How then would people have 

viewed the theory? Would they have said ,  Wel l ,  the effect is 
there, but one must now go back and modify the theory to 

acco1nmodate the result? Or would Freundlich have gone out 

to another eclipse to discover w hat had gone wrong with his 

first measurement? It  is difficult to say for sure . But it  is almost 

certain that given human nature , Einstein would not have been  
instantaneously l ifted to world renown .  Ul ti1nately he  probably 

would have completed his theory (although one never knows 

how the first wrong prediction 1night have affected him) ,  gotten 

the correct result, and then moved ahead . 

At least two other applications of General Relativity shed l ight 
on the peculiar way in which theory and observations affect one 

another in the progress of science and the general acceptance 

of new ideas by professional scientists and the public alike . 

As a work of physics , as an application of 1nathematics, and 

as a philosophical approach to geometry, gravitation ,  space , and 
ti1ne,  General Relativity was an absolute triumph of the hu1nan 

in ind ,  but it  sti l l  had to agree with reality .  A nother early appli-
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cation of the new theory was to the motion of the planets.  When 

gravity is weak and motions are slow , General Relativity is well 
approximated by the Newtonian theory of gravity . As the 

strength of the gravitational field is increased,  small deviations 

between the t\vo theories grow larger.  One of the resulting 

effects is that orbits that have fixed perihelia in Newtonian 

gravitation should have slowly rotating perihelia in General Rel
ativity (figure 2) . The amount of this rotation for the planet 

Mercury is a mere one-hundredth of a degree per century ,  an 

almost infinitesimal effect but one well within the capabil ity of 
observational planetary orbit stud ies to discern. Leverrier had 

first found this discrepancy in 1 845,  and the problem was still 

there in 1 9 1 5 . Thus, in retrospect Einstein had solved the only 

major error in celestial mechanics as a by-product of his theory . 
Within the observational accuracy of the time, the observation 

and theory agreed perfectly . This , then ,  was the second (albeit 

after the fact) triumph of General Relativity .  Still even this 

success was not one that might catapult General Relativity to a 

dominant position over the old Newtonian theory . But the final 
nail in the Newtonian coffin was yet to be put in . 



24 KEN N ET H  B RE C H E R  

Einstein 's first pred iction of an observable phenomenon re

sulting fro1n the inerging of Special Relativity with gravity was 

that of the sh ift of spectral colors toward the red end of the 

spectru 1n (through co1nparison of solar with terrestrial sources 

of radiation) by about two parts in a in illion .  (This effect is 

described in a footnote to h is 1 9 1 1 paper . )  Of course, even in 

th e 1 980s , the 1neasure1n ent of such a small effect against the 

turbulent background of the Sun's photosphere is spectacularly 
difficult .  Luck ily , however, th ere are stars in which the effect 

should be much larger than on the Sun, so a non-solar-system 

test was suggested after 1 9 1 9  when confidence in General Rel
ativity was high . 

Walter Adams,  an astronomer in California , had been inter

ested in the properties of what were then some poorly under

stood and rather dim stars , a1nong them th e binary companion 

of the brightest star in the sky, Sirius . This star, ten thousand 
ti1n es dimmer than its companion , noneth eless was shown (by 

application of Newtonian gravitation) to have a mass about the 

same as that of the Sun (figure 3) . Yet Adams had found its 

temperature to be quite high , perhaps 8000 K. This meant that 

the star had a small radius , a l ittle larger than that of the Earth . 

Based on the suspected mass and radius of the star, i t  should 

have had a surface gravity field strong enough to give rise to a 

Figure 3 
Siri�s and wh

.
i t� �warf coin panion at extrc n1e right ; three bri ght points 

arc images of Sinus  caused by lens reflections .  (Photo fron1 U . S .  Naval 
Observatory) 
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shift in spectral wavelength of s ix parts in a hundred thousand . 

At the request of Eddington , Adams set out to make the enor

mously difficult measurement:  to try to measure the colors of 

a star ten thousand times dimmer than a companion star only 
three-thousandths of a degree away . Adams reported his results 

in a series of papers in 1 925 . 3  Einstein's theory predicted a red 

shift of six parts in a hundred thousand , and Adams had found 

just such an effect. 

General Relativity had triumphed once more, and again Ein

stein was front-page news . The publicity was not so world

sweeping as before ,  for by now it was already accepted that 

Einstein had replaced Newton.  More important , the Theory of 
General Relativity was considered true , and its predictions, like 

those of Newton before, were now si1nply numbers to be 

checked in the normal routine operation of science . By 1 925 ,  

with the confirmation of Newtonian gravitation behind it ,  plus 

the revelation of a small but important set of new facts , General 

Relativity clearly seemed to be the superior theory and the new 
standard for describing gravity. 

In fact ,  the belief in the absolute validity of General Relativity 

was so widespread that Adams's stunning confirmation of the 
theory may have been little more than wishful thinking. N ot 

that the red shift produced by Sirius disagrees with theory ; 

rather both the theoretical prediction (which  depends on the 

assumed mass and radius of Sirius) and the observations by 

Adams were wrong, but in just the right sense so that they 
would agree . This was not a result of malicious intent but prob

ably because Adams already knew what he was looking for and 

found it. Only in 1 97 1 , through the work of Jesse Greenstein 

and his colleagues, was the situation finally resolved . 4 The mass 

of Sirius had been slightly underestimated and its radius over
estimated,  so that the predicted red shift should have been 

about twenty-eight parts in a hundred thousand . This value was 

indeed measured in the later work , thereby confirming General 

Relativity with an accuracy of better than 1 0  percent.  

From the mid- l 920s until the n1id- l 960s, General Relativity 

remained a fixed but somewhat peripheral part of physics . Most 

physicists had shifted their interests from space-time studies to 

quantum theory ,  atomic physics , and nuclear physics , and then 

after World War II  to elementary particle physics .  Yet al l  this 

time General Relativity remained the accepted theory of gravi

tation .  A few new ideas were added to it, a few new predictions 



26 KE N '.\J ETH B REC H E R  

1nade, includ i n g  the expansion of the Unive rse as a whole (see 

cha pter 7, J ohn H uchra and William Press) ; but as a branch of 

physics , the study of General Relativity was by and large some

thing of a scien tific backwater.  

The last twenty years , however,  have brought with them a 

renewed in terest in General B.elativity , for two somewhat inter

con nected reasons . rfhe fi rs t  is tech nological . More elaborate 

and accurate instrume nts now enable us to improve old expe r

iments and conduct new tes ts of E instein's theories with eve r

greater precision.  T he second reason has been the application 

of these new technologies to astro nomy . The development of 

radio, in frared, ultraviolet, x- ray, and gam ma-ray astronomy 

and the creation of larger telescopes both on the ground and in 

s pace have led to exciting and profound discove ries about the 

nature of the universe . And the d iscove ry of powe rful astro

n omical obj ects such as pulsars and quasars suggests that Ge n

eral Relativity plays a vastly more important role in the cosmos 

than s imply introd ucing small corrections to Newtonian 

gravitation . 

I n  the modern era ,  the n ,  the story o f  General Relativity di

vides itself naturally into two parts . First are the more precise 

tests of General Relativity within the solar syste m ,  w here gravity 

is  relatively weak.  And second are the tests involving strong 

gravitational fields (or at least regions thought to contain stro ng 

fields) in deep space,  w here indirect observations can provide 

clues to the val idity of the theory u nder cond itions wildly dif

ferent from any know n on or near Eart h .  (Of course, we m u st 

distinguish between experiments that test the fu ndamental basis 

on which Einstein's  theory is  constructed-for example ,  the 

Special Theory of Relativity-and those that test  consequences 

of the theory itsel f, such as the advance of the perihelion of 

Mercury . )  To d iscuss all  these tests is  beyond the scope of the 

present d iscussion . ( For a valuable review of the experimental 

tests, see the article writte n  by Clifford Wil l . ) 5  For now , let me 

note that the classical tests , such as the deflection of starlight,  

support General Rel ativity at about the 1 0  perce nt level ,  w hereas 

other tests , such as the perihelion advance of Mercury (and 

other planets) , the gravitational red s hift (discussed by Robert 

Vessot) , and the rnore recent rneasurements of propagation of 

rad ar past the Sun,  all s u p port General Relativity at the I per

cent level . However,  all of these tests are done in an extremely 

weak gravitational fi el d ,  our own solar syste m .  
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Progress in testing Einste in's ideas outside the solar system 

has been relatively more exciting and rewarding, both qualita

tively and quantitatively, during the past decade . A few exam

ples will illustrate . Special Relativity is based on two postulates :  

the principle of  relativity , which asserts that physics is  the same 

in reference frames moving at constant velocity with respect to 
one another, and the proposition that the speed of light is 

independent of the velocity of its source . This latter statement 

leads to the predictions at variance with common experience, 
such as the dependence on motion of the ticking rate of a clock . 

Until recently this theoretical prediction had received experi

mental confirmation only at a level of about one-tenth of a 
percent. However, the discovery of  pulsating binary x-ray 

sources in our own and neighboring galaxies has allowed an 

unforeseen test of this idea,  with extraordinary precision.  These 

sources are seen to emit x-rays with very regular pulse periods 

of less than a second to a few minutes .  The x-rays are emitted 
from a rapidly rotating neutron star, which itself is orbiting 

around a companion star. Now imagine that the propagation 

speed of these x-rays depended on the motion of  their source . 

I f  the velocity of  the x-rays (like light) depended on the speed 

of the source at the moment of emission , then those pulses 

emitted when the source moved toward the observer on Earth 
might get here before those x-rays emitted when the source was 

moving away from us on the previous orbit . No such peculiar 

events are seen from these sources . From this analysis , my own 

studies have found that the speed of light (in this case , x-rays) 

must indeed be a constant, with an accuracy of better than one 

part in a billion . 6 
So Special Relativity is well tested and valid beyond the solar 

system.  Other bases of General Relativity , such as the equiva

lence principle,  have been pushed to even higher precision on 

Earth by Robert Dicke,  who has demonstrated the equivalence 

of inertial and gravitational mass with a precision of better than 

one part in 1 00 bill ion . 7  
A n  even more spectacular weak-field-gravitation laboratory 

has been provided for us by nature in the guise of another 

binary star system, this one containing a radio pulsar called PSR 

1 9 1 3 + 1 6 . This system appears to consist of two collapsed stars 

moving about one another in a highly noncircular orbit, with 

an orbital period of about eight hours . This system has con
firmed the precession advance , again with a precision of about 
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I percent , Even more important, i t  has provided the first con

firmation of one of the most dramatic predictions of General 
Relativity . J ust as Newtonian gravitation had to be n1odified 

because of the finite propagation effects of the speed of l ight, 

it was clear from the outset that in General Relativity , gravity 
should propagate in a wavelike motion similar to electromag

netic radiation .  Early work by Einstein and his collaborators had 

shown that the strength of such gravitational radiation from 

terrestrial sources would be so weak as to be virtually undetect
able directly . Indeed no gravitational radiation, terrestrial or 

extraterrestrial, has been detected to date . Nonetheless the ef

fects of the existence of such radiation directly manifest then1-

selves in a binary star system by the gradual loss of energy of 
the system . (Gravitational waves , produced by the motion of two 

stars , would carry energy away . )  In the case of the binary pulsar, 

this means that the stars gradually move together, decreasing 

the orbital period, and this effect has been seen,  perhaps pro
viding the strongest confirmation of the theory to date . 

It is probably fair to say that General Relativity has become 

the successor to Newtonian gravitation as the best description 

of space and time. But is it the ultimate theory?  Is it applicable 
everywhere and in every time frame? To this question one must 

answer, as did Einstein himself, probably not . "The present 
theory of relativity ," wrote Einstein, " is based on a division of 
physical reality into a metric field [gravitation] on the one hand , 
and into an electromagnetic field and matter on the other hand . 
In  reality space will probably be of a uniform character and the 
present theory be valid only as a l imiting case . For large densities 
of field and matter, the field equations and even the field vari
ables which enter into them will have no real significance . One 
may not, therefore ,  assume the validity of the equations for very 
high density of field and matte r, and one may not conclude that 
the beginning of the expansion must mean a singularity in the 
mathematical sense . All we have to realize is that the equations 
may not be continued over such regions ."  

These were the last words that Einstein wrote on the subject 
before his death in 1 955 .  This is not the discouraged resignation 
of a man about to face the end of his search for understanding; 
years earlier he had made very similar remarks to his colleagues . 
Cornelius Lanczos, a collaborator of Einstein in the 1 930s wrote ' 

that "it was therefore qu ite a shock when he said , ' But why 
should anybody be interested in getting exact solutions of such 
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an ephemeral set of equations? ' I remember very well this word 

'ephemeral . '  It  meant that he did not consider his gravitational 

equations as the last word ." 

The basic ideas in Einstein's General Theory of Relativity no 

doubt are closer to the truth about space and time than any 
ideas that preceded them or any that have followed up until 

now . But they too must have their limitations . Perhaps Einstein's 

ideas about space and time even contain the seeds of their 

destruction . Just as Newtonian gravity is based on notions of 
absolute space and time,  perhaps the more amorphous notions 

of space and time in relativity theory will find their successor . 

In  its present formulation,  General Relativity allows for the 

existence of singularities at the centers of black holes and at the 

beginning of  the Universe , places that lie outside of the domain 
of the theory . Singularities  usually point to a breakdown in the 

theory leading to them. Unfortunately the attitude among phy

sicists and astronomers is to accept blindly these f ea tu res of 

General Relativity as one further triumph of the theory and to 

exploit them as explanations of  all puzzles in modern astro

physics . Perhaps if  we pay more attention to the spirit rather 

than the letter of Einstein's work, we may see how to make the 

next great advance in our understanding of nature . 

Figure 4 
Albert Einstein .  ( Photo from A I P  N iels Bohr Library) 
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One thing ! have learned i n  a long l ife :  that all  o u r  science , 

in easured against reali ty , is  primitive and childl ike-and yet i t  

i s  the rnost precious thing w e  have . 

-A. Einste in ( fron tispiece to Albert Einstein: Creator and Rebel by 

B .  Hoff1nan) 
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ROBERT F. C. VESSOT 

ROCKETS, CLOCKS , AND GRAVITY 

Perhaps I should begin by stating that the relationship between 

experimentalists and theorists is not necessarily an adversary 

one . Although the theorist and the experimentalist do look at 

physics in somewhat different ways , the differences lie chiefly 
in how we work rather than in our understanding of the subject. 

Probably in no area of physics is this d ifference of emphasis 

more evident than in the study of gravitation and relativity . The 

mathematical manipulation describing the behavior of space

time when massive bodies are moving with relation to each other 

is complicated and requires a high level of  computational ability . 

On the other hand , it is  not too d ifficult to understand the 
general philosophical p icture . It is certainly reasonable to accept 

Einstein's view of the physical universe as an extension of the 

Newtonian picture that has governed our thinking for over two 

hundred years . As for any theory , however, such a view is 
subject to proof-and this is the role of the experimentalist. 

In contrast to the theorist , the experimental ist often thinks of 

physics in terms of technology and hardware . This is defin itely 

not the view of the early natural philosophers schooled in the 
Aristotelian tradition , where any kind of "hands-on" practical 

approach was very much beneath their dignity . Perhaps an 

example of an early experin1ental philosopher is the person 

who first took a bucket of water and swung it over his head and 

wondered why the water did not pour out.  

Another view of  this difference may be the distinction be
tween the natural philosopher who observes nature and tries to 

understand what is happening and the experimental philoso

pher who makes something happen in a controlled way and 

then measures the relationship between cause and effect, such 

as swinging a bucket at a known speed over a given radius.  We 

should also recognize that the experimentalist must have some 
of the characteristics of the artisan in order to provide apparatus 

and machinery to aid in his measurements and observations .  

Kenneth Brecher shows that some of the principles behind 

Einstein's theory are not really so arcane and difficult to accept 
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as we inav bnce have believed . However, it is still very difficult 
I 

to prove by experiment . 

In the seventy years since Einstein announced his General 

Theory of Relativity , we have beco1ne used to his idea of an 

expanding universe still in a state of evolution . 1�oday our at

tention is focused on the way this universe is evolving: I s  it 

forever expanding or eventually contracting? How did the pri

mordial eruption of creation occur? How will it all end? 

The tests that could confirm what was a radical new theory 
seven decades ago remain very few and relatively imprecise 

when compared to those in other branches of physics . In  fact 

only recently have tests been made beyond the 1 percent level 
of accuracy . Our physical surroundings,  even when expanded 

to include the entire solar system, provide gravitational and 

relativistic effects that are extremely smal l .  Accurate measure

ment of these effects in  a controlled way ,  even by use of the 
im1nense masses (in our scale of thinking) of the Earth and Sun ,  

only recently has become possible as a result of  our evolving 

technology .  The space program has conquered gravitation to 

the extent that we can now use the entire solar system as a 

laboratory for controlled experiments . 
The magnitude of the effects of Einstein's theory for objects 

in our solar systen1 is very small . The deflection of l ight rays 

grazing the Sun is 1 .  7 5 seconds of arc ,  roughly the angle sub
tended by a handbreadth over a distance of 1 1  miles . (An arc 

second is a measure of angle . There are 3600 arc seconds in 1 

degree of angle .) The slowing of tin1e at the surface of the Sun 

is two parts in a mill ion , or about 1 second in 5 . 8  days . For the 

Earth, the effect is much smaller, about 7 parts in 1 0  billion or 

1 second in 45 years . Testing these small effects at a level of 

accuracy as modest as 1 percent requires apparatus of very high 

precision and considerable effort .  
Microwave and radar technology has made i t  possible to 

bounce signals off distant planets and communicate over inter

planetary distances . Pulsed laser energy allows us to bounce 

signals off the Moon from reflectors placed there by astronauts 

as part of the Apollo prograrn . The technology of clocks and 

frequency standards is now advanced to levels where we can 
observe time differences , in measurements made over intervals 

of about 1 hour, that are equivalent to 1 second in 50 mil lion 

years . 1�his has changed our view of measurement techniques , 

and clocks are now the basis of a new type of metrology that 
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allows us to make time measurements with an accuracy requir

ing up to fifteen places of decimals .  The new metrology , based 

on time and frequency , allows measurement of distance, veloc

ity , and angle, as well as other physical quantities .  

The notion of  expressing distance in terms of  time has long 

been familiar to astronomers . For then1 the light-year is a very 
conventional concept; for most of us it leads to mind-boggling 

concepts of distance . A light-year is the d istance traveled by a 

light pulse over a year;  light moves very fast, approximately 

1 86,000 miles per second (very nearly 300 million meters per 

second) . The velocity of l ight in a vacuum is a constant of nature 

and, as Kenneth Brecher discusses in the context of General 
Relativity , it is a highly fundamental constant that has no de

pendence on the relative velocity of source to observer.  The 

light rays from the most distant quasar, at a great distance and 

moving very fast away from us ,  travel past us at the same speed 

as the rays from the glow of a recently l ighted cigar or the A M  

radio s ignals blaring rock music. 

With today's technology we can measure d istance in terms of 

time intervals and do it very accurately over long distances . We 

do this with clocks that generate precise time intervals and 

provide highly s table frequencies of radio , microwave , and even 

light signals .  These techniques are fu ndamental to describing a 

recent test of  relativity , and will illustrate how time and distance 

are related and how this relationship is used to track spacecraft .  
( Incidentally the same basic techniques are now used in stan

dards laboratories to define distance , and we can expect that 

the concept  of a unified standard of length and time will soon 

become accepted as international law .) 

Using atomic clocks of extremely high stability to measure 

both time and distance across large regions of space allows us 

today to measure directly the phenomena of time warping and 

space warping, that is , alteration of the rate of time flow and of 

the geometry of space, which are the manifestations of Einstein's 

relativity (and also are familiar to those who watch "Star Trek" 

and other futuristic adventures on television) . 

Figure 1 shows a transmitter sending microwave signals , 

whose frequency is 1 billion cycles per second . The transmitter 

i s  controlled by an atomic clock whose ticking rate depends on 

the magnetic properties of the nucleus and outer electron of 

atoms of cesium 1 33 .  I t  is  a device that generates a s ignal at 

9, 1 92 ,63 1 ,  770 cycles per second . In other words,  the device 
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depends on a specific type of  atom,  all  of which are alike in 

nature , and therefore is universally accessible as a fundamental 

standard . (Currently the internationally accepted definition of 

a second of time is 9 ,  1 92 ,63 1 ,  770 cycles in the magnetic inter
action between the outer electron and nucleus of  cesium 1 33 . ) 

Other atoms are suitable for clocks , for instance, hydrogen,  

which is the basis of the atomic hydrogen maser clocks with 

which I have been working. The principle of operation is sim

ilar, but the stability is substantially higher. 

I n  the case of the clock in figure 1 ,  we are generating 1 billion 
cycles per second , and our transmitter is broadcasting radio 

waves at the same 1 billion cycles per second . The waves travel 

from the antenna with the velocity of light .  Because of the 

constancy of  the velocity of light, the distance from crest to crest 

( the wavelength) depends only on the rate at which the waves 

are generated .  
To use these properties of  time stability and constancy of 

propagation of signals to measure distance requires that we 

receive and count these waves as they arrive ; each complete 

wave received counts as one cycle . Figure 2 shows an arrange
ment to count waves as they are received . In our example , the 

billion cycles per second received are counted by comparing 

their numbers to those of another clock,  which is also generating 

a billion per second . I f  the receiver is moved toward the trans

mitter, we find that an extra cycle is gained for each wavelength 

of distance moved . This is the result of shortening the distance , 
which contains a fixed number of cycles . If  we move away from 

the transmitter, we must allow for the inclusion of an additional 

cycle for each wavelength of distance we move, and hence we 

will lose the cycle at the receiver. Since the number of cycles 

generated is exactly known ,  we can measure changes of distance 
very accurately over very long distances simply by counting the 

gain or loss of cycles using another atomic clock at the receiver .  

The limitation on this  technique lies only in the abili ty to detect 
the signals , for today's powerful transmitters and large antennas 

enable us to send and receive signals anywhere in the solar 

system and beyond . 

This one-way distance-measuring system requires two clocks . 
In  the last few years,  however, atomic clocks have become small , 

rugged , and reliable enough to put into spacecraft .  Thus the 

conventional tracking system today is a two-way system (shown 

in figure 3) , which requires only one clock .  Here we send signals 
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to the spac� vehicle and retransmit them back to the Earth 
station and use the sarne clock both to control the transmitter 

and to count the received cycles .  Because waves will go to and 

come fro1n the spacecraft, every time the distance changes by 

one wavelength,  we detect two cycles at  the output.  Over short 

distances it is sufficient simply to reflect the signal. This is the 

basis for Doppler radars familiar to anyone caught speeding on 
the h ighways . For longer distances ,  say , at the distance of the 

Moon, the return signal must be retransmitted , or boosted , by 

an on-board transceiver. 

The accuracy of these systems , if lim ited only by clocks , is 

extraord inarily good . If  we average our measurements for 

about fifteen minutes ,  we can see changes of d istances as small 

as seven-thousandths of an inch . The sign ificance for testing 
theories of relativity is that this same measurement can be made 

over tremendous d istances .  

We can also use clocks to measure astronomical angles as well 

as distances by a technique known as Very Long Baseline In

terferometry . In this technique, two receivers are spaced many 
thousands of miles apart ,  with each listening to the signal from 

a common source in the sky.  These cosmic signals (most often 

radio waves) may be thought of as long strings of waves ,  with 

a different string connecting each receiver to the source . I f  the 

receivers are not equidistant from the source,  the strings will 

include a different number of total wavelengths . Determining 

this difference by combining the record ings from each station , 

we can measure the angle between the baseline (the line sepa

rating the two receivers) and the direction to the source . ( For 

example , a 90° angle means the source is equidistant from the 

two receivers , i .e . ,  the pulse arrival times are the same .) The 

sensitivity in the angle measurement currently available is about 

1 0-4 seconds of arc , which is about the angle subtended by a 

dollar bill seen on the surface of the Moon . (The technology i s  

improving at  a fast enough rate that we can almost keep track 
of the shrinking dollar ! )  

I n  the last two decades this technique o f  angle measurement,  

wherein we listen to stars , quasars , and galaxies that emit radio 

noise , has opened a new field of  astronomy.  I t  has also provided 
son1e precise tests of relativity ; in particular, it has allowed us 

to see how radio waves are bent when they go by the Sun . Each 

Oc�ober, two quasars, 3C273 and 3C279,  both powerful radio 
noise sources ,  are seen near the direction of  the Sun . One of 
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them actually goes behind the Sun and the other is reasonably 

close , so that the angle between them can be measured as the ir 

line-of-sight approaches the Sun . This Oktoberfest of data has 
confirmed the bending predicted by Relativity Theory at a level 

of approximately one part in a thousand and the study is being 

continued by Richard Sra1nek of the National Radio Astronomy 

Observatory . 

Experiments of this type also have been done by looking at 
radio transmitters both placed on Mars and orbiting that planet 

as part of NASA's Mariner and Viking programs .  Here both 
the deflection and the time delay of radio pulses can be mea

sured as the rays pass close to the Sun,  and Irwin Shapiro of 

the Massachusetts Institute of Technology has data at better 

than one part in a thousand , again confirming the theory . 

An experiment of particular interest to me is the measure

ment of the gravitational effect on time itself. On J une 1 8 , 1 976, 

in a joint program involving NASA and the Smithsonian Insti

tution , we launched a rocket containing a very stable clock 

straight up from Earth to a distance of 1 0,000 kilometers . The 

object of the experiment was to see how time is affected by 

gravity as the clock went away from, and later fell toward, the 

Earth . According to Einstein , the ticking of a clock,  when it is  
at its farthest distance from the Earth , should be some 4 parts 

in 1 0  billion faster than when it is at the Earth's surface . 

I n  order to see the ticks of the spaceborne clock,  we used 

microwave signals ( instead of the light pulses Einstein pre

scribed some seventy years ago) . The process of counting the 

relative rate of the clocks would have been easy if the spacecraft 

had been kept at a constant distance from Earth . Our situation 
was different because we used a space vehicle that was shot 

upward and was in free-fall over most of its trajectory . The path 

distance between the Earth station and the vehicle was con

stantly changing and ,  as shown in figure 2 ,  there is the compli

cation of accounting for all the cycles or wavelengths of the 

microwave signals that lie in the path . To overcome this prob

lem ,  we used the system shown in figure 3 ,  which allowed us to 

cou nt the wavelengths in the two-way (up-down) s ignal path 

using the ground clock .  By dividing the number of these wave

lengths by two ,  we determined the number of one-way wave

lengths at any given instant .  We then subtracted this n umber of 
cycles from that emitted by a clock mounted on the spacecraft, 

using the one-way system of figure 2. The difference in cycle 
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counts n1cas1i res the difference in clock-ticking rates due to the 

effects of  General Re!::itivity .  In  fact, with this technique we can 

identify two relativistic effects : one the result of  the relative 

velocity of  the clocks, the other the resu lt of having a difference 

i n  the strength of gravity at the locations of the two clocks .  The 
latter effect is called the gravitational red shift and is predicted 

by Einstein's General Theory ; the former is predicted by Ein

stein's Special Theory. 

The hardware used in the experiment is important.  Remem
ber that technology depends on artisans-mechanics , pipefit

ters , electricians , and clock builders-to do this kind of work . 

Figure 4 shows Martin Levine , my coinvestigator,  and me hold

ing our then new , lightweight (90-pound) hydrogen maser clock 
for space u se .  This clock was placed in a space-probe vehicle 

Figure 4 
M .  W.  Levi ne (left) and R. F .  C. Vessot (right) hold ing the hyd rogen 
n1aser clock developed for their l 976 space-probe test of relativity. 
(Photograph by Charles Hanson , Smithson ian Astrophysical 
Observatory) 
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(figure 5) and attached at the top of  a four-stage solid-fuel Scout 

rocket .  The assembled rocket was then launched . 

The vehicle was tracked very accurately so that we could 

predict the relativistic effects to levels consistent with the stability 

of the clocks . This required knowing the probe's location to I 00 

meters and its velocity to within 2 . 5  centimeters per second at 

all points along its path . The track is shown in figure 6. The 

retransmitted signal from the space probe was also received at 
three other locations besides the one shown at M I LA ( Merritt 

I sland,  Florida) , where the ground-based hydrogen maser 
clocks were located . These other stations were Bermuda, Ascen

sion I sland , and Greenbelt, Maryland ; the last is shown as NTTF 

(National Test and Training Facility , Goddard Space Center) . 

The data from all four stations were used to calculate the probe's 

trajectory . 
Some of the experiment results are shown in figure 7 ,  which 

consists of sections of strip charts moving at two major divisions  

per second . Both the laboratory and the spaceborne clocks may 

be considered as emitting an oscillating signal .  The difference 

between the two oscillating signals is plotted in figure 7 .  A flat 
curve means the two clocks are ticking at almost equal rates .  

The top curve in figure 7 is taken from a time in the flight when 

the rocket had slowed to a point where the a1nount of time 

change due to the relative velocity of Earth and rocket is almost 
equal and opposite to that due to the gravitational red shift. As 

a result, the curve is quite stretched out. As the probe continued 

to ascend and reduce its speed , it reached the maximum altitude 

of approximately 1 0,000 kilometers . The bottom curve in figure 

7 refers to this moment in time.  Now the rocket is at its slowest 

point, and almost all the difference in clock rates is due to the 

gravitational red shift .  We see the full extent of the speeding 
up of the spaceborne clock in i ts weaker gravitational field .  This 

is j ust what we expected ; the clock's ticking rate has increased 

by four parts in 1 0  billion . The process reverses as the space 

probe falls . Finally the received signal is broken up as the space 

probe goes below the horizon of the main tracking station and ,  

of course , ceases when the probe plunges into the ocean . 

When we compared these results with Einstein's predictions,  
we found agreement at the seventy parts per million level .  That 

is ,  our proof agreed with prediction within 0 . 000070 of the 

magnitude of the total observed effect. While the effect was 

very small , the clocks and microwave system permitted a com-
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R E D S H IF T  PROBE GRO U N D  T RACK 

M ERCATO R PRO J EC T ION 

Figure 6 
Projection of trajectory of payload on the Earth's surface . 

parison of time over the farthest part of  the m1ss1on at a pre

cision of seven parts in a million-billion ( 7  x I 0- 15) ,  giving us 

the resolution we required . 

Our test has given us considerable confidence in Einstein's 

predictions . It improved by a factor of more than one hundred 

on the results of an elegant and beautiful experiment made at 
Harvard's Jefferson Laboratory by Professor Robert Pound in 

1 956 .  His tests used a precisely defined wavelength of emitted 

gamma rays to measure the gravitational red shift between 

source and detector over a vertical separation of about 25 me

ters . The technology in each of these experiments was totally 

different ,  yet each agreed with Einstein within its l imits of 
detection.  

Where do we go from here? The accuracy of clock tests on 

Earth may be pushed further, perhaps to one part per million,  

but the Earth's mass is  so small we must look for bigger masses ,  
like that of  the Sun.  The expected effect of the mass of the Sun, 

43 
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Figure 7 
During asce nt (upper graph) a time exists where the apparent slowing 
of  the space clock owing to the rocket velocity is com pe nsated by the 
speeding up of the s pace clock owing to the decreas ing gravitational 
potential between space and Earth. At apogee (lower graph), where the 
space vehicle's speed is min imu m, the rate of the space clock appears 
to be about 0.9 tick per second faster than the Earth c lock. (Photograph 
from Srnithson ian Astrophysical Observatory) 

even at a distance from its surf ace of three solar radii ,  is about 

five parts in l 0 million or one second in twenty-three days,  

much larger than the one second in forty-five years we have 

from the Earth . 
In the past two years there have been serious discussions at 

N ASA about a mission to the Sun,  coming within a distance of 

four solar radii of its surface . The details of  that mission,  and 

whether it will carry a clock, are still being discussed . If it could 

be used as a gravity test, however, much could be learned from 

such a solar mission.  One version of  this mission would start 
from Earth and reach Jupiter in one and a half years . Then 

using Jupiter's  gravity , it would swing around that planet, 

change direction , and start on a two-year trip to the Sun . The 

space probe would then fly over the north pole of the Sun and 

travel from north to south in less than fourteen hours . The test 
of the time warping (or gravitational red shift) could be done 

at a level of one part in l 00 million . We could then look for the 

actual shape of the warping sufficiently accurately to distinguish 
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between Einstein's theory and some newer theories that are 

similar to his in their coarser details .  And once we have accu

rately tested the theory , we can use it to learn about the interior 

of the Sun . 

In  fact ,  there are few other ways to obtain information 

regarding the Sun's interior mass distribution and motion than 

observing the gravitational effects . The behavior of a free-fall

ing particle , such as a spacecraft equipped to compensate for 
nongravitational forces of l ight pressure and particle flux near 

the Sun , can provide this information if it can be tracked with 

the required precision . At present , a prime gravitational objec

tive of the solar mission , tentatively called STARPRO BE, would be 
to measure the solar oblateness , that is ,  the flattening of the Sun 

caused by the centrifugal effects of its rotation . This effect is 
not measurable from the optically perceived roundness of the 

solar disk and , because of the complicated movements of the 

solar matter, actually may cause a more complicated distribution 

of mass than that due to simple rotation.  In addition to the mass 

distribution , it is theoretically possible to determine direct ef
fects from the rotation of the Sun . General Relativity predicts 

that the effect of a spinning massive body is to twist the geom

etry of space around the body, over and above the stretching 

caused by the gravitational red shift of a nonrotating massive 

body . Since the usefulness of these measurements to the science 
of solar and stellar physics depends on gravity theory , our first 

objective must be to test this theory to sufficient accuracy to 

validate our data. 

This process of using measurements based on a well-tested 
theory in one area of physics to obtain information for use in 

another area is typical of the experimental method where ob

servation leads to theory . Theory leads to prediction and pre

diction , in turn , demands proof. Having proof of a theory , we 
can use it as a basis for further observation and thus continue 

the cycle . 

Studies of the Sun are not merely of academic interest .  For 
humankind , the Sun is a vital part of existence . Any slight 

variation in its behavior could lead to dramatic climatic change

another Ice Age perhaps , or, conversely , a period of intense 
and destructive heating. Some foreknowledge of the Sun's be

havior, especially if it has any prediction for change , could allow 
us  intell igently to alter our ways of life and general system of 

values to survive such changes .  The ongoing process of evolu-
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tion , in  which we are now pa rtic ipating, wil l  at some time require 

fo r our survival  an exte nsive u nderstand ing o f  the Sun's  be hav

ior.  The fo rthco1ning STAR PRO B E  program , using a test  o f  the

ory ,  is  the begin ning.  
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CHAPTER 3 

THE EVOLUTION OF THE SOLAR 
SYSTEM 





FRED L. WHIPPLE 

THE MATERIAL INGRE DIENTS AND 

STRUCTURE 

Observation and theory are so intricately entwined when related 

to the origin of the solar system that I will make no attempt to 

untie the Gordian knot.  Moreover, it would be absurd to present 

tables of  the planetary observations that led to statements about 
the orbits and masses of the planets or other such data . Such 

observations , according to older theories ,  proved that the Earth 

was the center of the universe . Rather I shall present only those 

observational data , or fundamental facts , about the solar system 

based on theories adequately supported by experimental or 
observational data. 

Among major bodies of the solar system,  the Sun, the planets , 

the satellites ,  and the mini planets known as asteroids ,  we find 

a highly flattened system with revolution in a common d irection 
(figures I and 2) . Except for Pluto and Neptune, the planet 

orbits are well separated, with the spaces increasing with in

creasing solar distance . This is known as Bode's Law. The Sun 

and six of the nine planets also rotate in the same sense . The 
several exceptions to this rule allow for a range of solutions and, 

for astronomers ,  add to the interest of the problem. Only the 

comets (figure 3) move in random directions with random ro

tations  as they come in from the Oort cloud,  a region of the 

outer solar system extending to perhaps fifty thousand times 

the Sun's distance from Earth.  

This spinning or rotating property of the system,  however, 

Figure 1 
Orbits of the terrestrial planets about the Sun, a projection with plan
etary diameters grossly exaggerated.  ( From Orbiting the Sun, courtesy 
Harvard U niversity Press) 
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Figure 2 
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Orbits of the outer planets.  The innermost orbit  i s  that o f  Mars (see 
figu re I ) ,  with the asteroids ly ing between i t  and J u piter. (From Orbiting 
the Sun, cou rtesy H arvard Univers i ty Press) 

Figure 3 
Comet West ( 1 976) w ith  its i rre gul ar ion tai l (above) and smooth dust  
tai l s  (be lo\v) . (Cou rtesy Jack W. H arve y,  Kit t  Peak National 
Observatory) 
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has a most improbable characteristic . Whereas the Sun contains 

almost 99 percent of the mass ,  J upiter, with only a thousandth 

as much, carries nearly 60 percent of the rotation,  or angular 
momentum ,  of the entire system.  For a body in a c ircular orbit 

about a central mass such as the Sun,  the angular momentum 

is a product of the mass , d istance,  and velocity of motion ,  and 

is constant during the orbit, as Kepler noted . The four giant 

planets together contribute about 99 percent of this rotation or 

angular momentum,  whereas the Sun,  through the spinning 

about its axis, contributes only about one-half of a percent. 
Were the angular momentum to be d istributed in what we might 
consider to be a rational fashion ,  in proportion to the mass , the 

Sun would spin much faster,  with a period of  only a few hours , 

instead of  more than three weeks . Explaining this unlikely 'iit

uation is one of the major challenges for theories of the origin 

of our solar system . 

I n  the last two decades the magnificent space program of 
planetary exploration and the advances in observational astro

physics have given us  an entirely new insight as to the nature of 

the planets and the manner in which stars and planetary systems 

originate and develop . We now know more about the interior 

of the Moon , Mars , and even Jupiter than we knew about the 

Earth at the turn of this century . Furthermore studies show that 

star formation in our galaxy occurs by the gravitational collapse 

of huge masses and volumes of interstellar gas and dust. Figure 

4 shows such a system, Eta Carinae , where new stars are being 
formed . There are many such stellar incubators busily hatching 

stars in many parts of our galaxy and in other similar galaxies 

throughout the universe . At the same time, we find no evidence 

for stars being formed s ingly , in isolated regions .  
With our  newly gained knowledge of the composition of  the 

planets and of  the basic nature of stellar origin through a col

lapse of a great interstellar cloud , we are in the position of 

having analyzed the ingredients of a great meal prepared by a 
cosmic cook.  Having studied the finished product, we know the 

number and proportion of the ingredients d istributed among 

the various bodies and how they are layered within these bod ies .  

The grand recipe for making planets and satellites ,  however, 

involves more subtle nuances , such as baking, boiling, stirring, 

separating, decanting, coagulating,  peppering, and cooling, as 

well as establishing time scales  for all these operations .  
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Figure 4 
The huge gas and dust cloud of  Eta Carinae, illuminated by hot new 
stars. ( Photograph from Harvard College Observatory) 

Laboratory studies of radioactive atoms and their decay prod

ucts in samples of the Earth, meteorites ,  and the Moon give us 

one fact of extreme importance , about which there is no re
maining doubt : the time scale of the cosmic cooking process . 

Table l shows a few of the most important atomic clocks used 
in determining the age of the solar system.  

Consider the radioactive atoms of uranium and thorium, 

which decay into leads of different atomic weights plus helium . 

Or consider potassium 40, which leaves a daughter product of  

argon 40 .  Since these daughter gases continue to escape from 

any molten material , the atomic clock is set when the material 
freezes . I f  we measure the amount of potassium 40 and argon 

40 remaining in a lunar or meteoritical sample obtained today , 

we can calculate the number of years since that sample froze . 
I n  other words,  we can determine the age of the solid body.  For 
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Selected radioactive isotopes 

Decay Half- l ife 
Atom Products ( Mil l ions o f  Years) 

Uranium 238 Lead 2 06 + He4 4,5 1 0  

Uranium 235 Lead 207 + He4 7 04 

Thorium 232 Lead 2 08 + He4 14, 000 .,. 

Iodine 1 2 9 Xenon 129 1 7  

Rubidium 87 Strontium 87 49,000 

Potassium 40 Argon 40 ( 11 %)  1 ,300 

Aluminum 26 Magnesiu m 26 0. 74 

Plutonium 244 Xenon 131-136 82 

large , enclosed bodies where there may have been many chem

ical reactions and various melting processes ,  the comparison 
among the various lead isotopes and among the rubidium-stron

tium isotopes can give us the age when the masses of material 

were assembled.  Until the late 1 950s the age of the Earth , as 

calculated theoretically , doubled every fifteen years . (See figure 

8,  chapter 7 .) Fortunately this rapid aging was finally halted by 

the laboratory analyses of  meteorites and Earth materials . The 

Earth and meteorites were first formed about 4 .6  aeons (billions 

of  years) ago .  I think we were all greatly pleased and somewhat 
relieved when the lunar rocks returned by the Apollo astronauts 

and the Russian missions gave the same age for the Moon . 
Hence we now know the birthdate of  planetary formation,  4 .6  

aeons ago , with an uncertainty of  perhaps a tenth of  an aeon,  

or about 1 00 mill ion years . The Sun was born at roughly the 

same time , but its age determination is not accurate enough to 

tell us whether its origin coincided with that of  the planets . 

( Incidentally , the calculated age of the universe has doubled 
again s ince 1 964 but seems to have reached maturity at some

what over 1 0  aeons .) 

Heavy hydrogen or deuterium tells another very important 

tale about the origin of the planets . In the Earth,  meteorites ,  
and Moon,  the deuteri um atoms number about five in a million 

compared to ord inary hydrogen .  In  the Sun,  the ratio is reduced 

by a factor of sixty times . Deuterium is a very stable element so 

long as it is not heated to millions of degrees ,  whereupon it 

disintegrates .  We should be thankful  for this property because 

deuterium is our major hope for a fusion energy source . But 
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the Su n a r1d stars are hot enough to destroy deuterium by 

thennonuclear reacL;ons at relatively shal low depths below their 

surfaces .  If the 1nateria l that n1ade the Earth or meteorites were 

scooped out of a star, it could not have such a high deuterium

hydrogen ratio . Lith ium atoms tel l  the same story . We can con

clude confidently that the planets were not formed according 

to any of the hypotheses involving tide raising on the Sun , col

l isions of stars , or other theories that would bring the material 

out of stars and condense it into planets around our Sun .  
O n  the other hand , the rare form o f  carbon with a n  atomic 

weight of  thirteen units (the dominant species ,  or isotope, of  

carbon has an atomic weight of fourteen units) makes up about 

one-ninetieth of al l  carbon on the Sun,  Earth , Mars , Jupiter, 
1neteorites ,  and the comets . In the case of the carbon isotopes ,  

the ratio i s  not much affected by mild thermonuclear reactions 

in the Sun or sim ilar stars . It varies widely ,  however, in inter

stel lar space . l�he carbon isotope ratio and , much more impor

tantly , many comparisons among the abundances of the 
che1n ical elements show that the Sun and the solar syste 1n were 

all made from about the same primary cosmic ingredien ts .  This 

fact encourages us to entertain theories in which the Sun and 

planets were formed from the same source of materials ,  perhaps 

sim ultaneously.  'The ingredients used by the cosmic cook have 

now been discovered . 
'The mix of these ingredients , or elements ,  in the Sun,  which 

is typical of many stars ,  has a remarkable property , first pointed 

out many years ago by Harrison Brown : the elements can be 

divided into three classes as measured by their freezing points . 
Table 2 shows this distribution . I f  our solar system starts out 

hot enough , everything is gaseous . Nothing much freezes out 

until the system gets down to temperatures of  the order of 
2000 K, or some 2000° above absolute zero . Most of  the metals 

and heavy ele1nents ,  or their compounds ,  become solids by 
about l 000 K, rnaking rocks or earthy material . As the mix 

cools ,  the next big step occurs when ordinary water freezes at 

about 273 K (corresponding to 0°C) . At lower temperatures, we 

freeze out amn1onia ( N H:l) , carbon dioxide (C02) ,  and final ly ,  

at extremely low ternperatures with moderate pressure , perhaps 
even methane (CH.t) · By 1 0  to 50 K ,  or - 263cC to - 22 3°C, \Ve 

fi nd that we have frozen out everyth ing but hydrogen,  helium, 

and son1e of the noble gases . (There may be no temperature 



Table 2 
The solar n1 ix of  elen1ents 

Gases 

Hydrogen 

Heliun1 

Others 

Ices 

Carbon + 4H 

N itrogen + 3 H 

Oxygen + 2 H8 

Rocks 

Magnesiun1 + 0 

Silicon + 0 

Sulphur + 0 

I ron + 0 

Others 

Ices + rocks = cometary 
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Factor to 
Percent by Mass Give Source Mass 

76 . 8 l 
2 1 . 2  98 .2  1 

0 .2  

0 .45  l f• 
0 . 1 5  1 . 38  

'� 
'\ 

0 . 77 

0 . 1 03 

0 . 1 06 

0 .058  0 .45  220 

0 . 1 43 

0 .039  

1 . 83  55 

Source : Derived from A .  G. W. Cameron , Space Science Review 5 1 5  

( 1 973) :  1 2 1 .  

8 0xygen as l isted is  depleted by one ato111 for each rocky ato111 . 

anywhere in the galaxy low enough to freeze out the highly 

volatile hydrogen and helium. )  
The last column in table 2 gives the reciprocal of the fraction 

of the solar mix in each class of elements . For example , about 

one-half of 1 percent of the solar mix consists of rocky material , 

of  which the Earth is composed . Thus we would need originally 

some 220 Earth masses of solar mix from which to freeze out 
one Earth mass . For a comet, made of  ices plus rocks , the 

percentage is less than 2 ,  so the starting mass must add up to 

some fifty-five times the mass of the comet .  Let us now see how 

this peculiar freezing property of. the elements is reflected in 

the composition of the planets . 
The masses and d imensions of the planets give us  their mean 

density . For the Earth and Moon, we learn about the internal 

s tructure directly from earthquakes and n1oonquakes (figure 5) . 

By analogy,  and from the c haracter of the surfaces ,  we can learn 
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Cross-section of the Moon. The depths of the repeating moonquakes 
are indicated by squares as located by the Apollo seismometers . The 
quakes are so weak that they can be detected only on the near half of 
the moon. ( Fro1n Orbiting the Sun, courtesy Harvard U niversity Press) 

quite a bit about Mars and Venus .  The giant planets bulge 
conspicuously at their equators because of their rapid rotation . 

The bulges, in turn,  affect the motions of  planetary satellites ,  

enabling us to learn about the densities of the upper layers of 

these planets from gravitational effects . Space probes in orbits 

about or passing near any planet provide more of this vital 
information . Finally the theory of gases at extremely high pres

sures and/or temperatures is very much better  understood than 

the effect of compression on rocks . 

Knowing the density of a planet,  we can infer an approxi1nate 

model for its internal composition-for example , denser planets 

must contain more iron , and so on . Figure 6 shows that Mer
cury,  with a density of over five and a half times water ,  consists 

of at least 60 percent iron and nothing but heavy rocky material . 

The Earth and almost certainly Venus have inolten cores made 
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I nteriors of  the terrestrial planets . The model of  Mercury is from 
Norman Ness ;  Venus is assumed to be like the Earth;  Mars averages 
several models . ( From Orbiting the Sun, courtesy Harvard University 
Press) 

up mostly of iron . On Mars a molten core may be smaller than 

shown in the diagram, but one probably exists . Pluto does not 
belong among these planets , at least as far as composition is 

concerned . In  fact, the orbit of its satellite Charon suggests a 

rather low density for the planet , as though it were made en

tirely of ices and rocks , that is, of cometary stuff. 
The terrestrial planets and the asteroids formed inside the 

orbit of Jupiter are entirely rocky .  This is a vital piece of infor

mation.  The temperature between the proto-sun and Jupiter 

must have been high enough during the accumulation of the 
inner planets that water did not freeze.  Otherwise water would 

have been added in great quantities instead of  being lightly 

mixed with or sprinkled on the terrestrial planets , perhaps by 

comets . The chemistry of  the minerals in meteorites shows that 

they were mostly assembled at temperatures roughly in the 
range 400 to 550 K, at pressures of perhaps one ten-thousandth 

of an atmosphere ,  sometime after the rocky dust had condensed 

out of the solar mix .  

Regarding the large planets (figure 7 )  a shockingly different 
situation is apparent. Jupiter is almost a pure solar mix ,  con-
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Interiors of  the giant planets. The extre mely high pressures near the 
center of Jupiter make the physical modeling somewhat speculative . 
Jupiter and Saturn models from M .  Podolak and A .  G.  W.  Cameron ;  
Uranus and Neptune models from W. B .  Hubbard and J .  J .  Mac
farlane. ( From Orbiting the Sun, courtesy Harvard University Press) 

sisting almost totally of hydrogen and helium .  Saturn,  with less 

than a third the mass of Jupiter,  follows it fairly closely . Uranus 

and Neptune , on the other hand , have almost exactly the com
position we would expect if they were made up of comets . They 

are the ice-plus-rock mix, with perhaps a little hydrogen and 

helium added . Returning to Jupiter and Saturn , we find they 

are composed of the solar mix with an addition of perhaps ten 

to twenty Earth 1nasses of ices and rocks, about the same amount 
as the total composition of Uranus and Neptune . The freezing 

characteristics of the elements tell us that beyond Saturn the 

building blocks were ices plus rocks-in other words ,  comets . I t  
i s  not surprising, then,  that we find the comets distributed in  a 
cloud at extremely great distances from the Sun.  In  the deep 

freeze of space , the ices could remain unchanged over the aeons 

since the solar system was formed . How the comets got into 

these huge orbits with periods of millions of  years remains a 
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challenge to theory . Were they formed there , or were they 

thrown out by perturbations from the giant planets? These 

questions are still unanswered . 

The extraordinary photographs made by NASA's Voyager 

have provided some remarkable information about Jupiter. The 

d iscovery of sulfur volcanoes on Io (figure 8) are among the 
h ighlights of these achievements in planetary exploration . Eu

ropa and Ganymede , the second and third Gal ilean satellites , so 

d isturb the motion of Io that its orbit remains somewhat eccen

tric . Near Jupiter ,  the accordion effect of gravitationally induced 

tides heats the interior of Io s ignificantly . This continuous heat

ing over the aeons has boiled away any water lo may once have 

Figure 8 
Jupiter' s satellite Io  as viewed by Voyager I in I 975.  The fonnations 
are various shades of red ,  yellow , and ochre, the color being derived 
mostly by sulfur compounds .  ( Photograph fron1 National Aeronautics 
and Space Adn1 inistration) 
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had and has provided energy to maintain the sulfur volcanoes, 

of  which seven  were observed by Voyager 1 .  Thus Io must be 

much like the Earth in composition (figure 9) , having a molten 

cen ter main tained by Jupiter tides .  Europa is s im ilar, except 

that the tides are much smaller, one-ninth those of Io ,  enabling 
Europa to maintain an icy surface mantle , the smoothest surface 

in the solar system . In  their larger orbits, Ganymede and Callisto 

contain a much greater fraction of water or ice . Titan of Saturn 

has even a larger fraction .  The constitution of  Neptune's Triton 

remains u ncertain .  

We can now say something about the minimum amount of  

matter needed to make the planets out of a solar mix of ele

ments .  For the Sun, planets, comets, and asteroids ,  table 3 lists 

present masses in terms of the Earth's mass and also the original 

minimum mass of solar mix from which they could have 

formed . Nearly ten times the present mass of the planets was 

needed, amounting, however, to only 1 . 3 percent of the present 

Sun's mass . I n  addition ,  the Sun may have lost 1 0  percent of its 
mass by an early solar gale . Thus the early solar system initially 

may have contained about 1 1 2 percent of the present Sun's 
mass as an absolute minimum .  

Table 3 
Masses of solar system bodies ( in  Earth masses) 

Minimum Assumption 
Today Original re Origi nal 

Sun 333 ,000 3 7 0, 000 

Mercury 0 .055 23  0 . 60 Iron 

Venus 0 . 8 1 5  1 80 Rocky 

Earth 1 . 000 2 2 0  Rocky 

Mars 0. 1 08 24 Rocky 

Asteroids 0.00 I ?  1 0? Rocky 

Jupiter 3 1 7 . 9  l ) 7 0 0 .05  Cometary 
Saturn 95.  l 860 0. 1 5  Cometary 

Uran us 1 4 .6  800 Cometary 

Neptune 1 7 . 2  940 Cometary 
Pl uto 0 .003?  < l ? Cometary 
Com ets 1 + ? l ?  Con1etary 
All 3 33 ,448 3 74 ,229  

Planets 44 8+ 4 ,229+ 
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Sorne n1 in cr deviations i n  the composition of the meteorites ,  
as co1npared to the Earth and Moon, are extremely exciting. 

rfhrce lines of evidence po int to a remarkable conclusion :  that 
the 1n ix of elements producing the solar system was not a pure 

san1ple of the interstellar 1necl ium.  I t  was laced with some un

usual elements inacle in a nearby supernova that contributed 
sorne of the 1naterial rather erratically to parts of the developing 

solar systern . (A supernova is  an exploding  star, produced when 

a sta1 · undergoes gravitational collapse at the encl of its lifetime . 
During this explosive event the star briefly brightens to many 

billions of times its normal luminosity and heavy elements are 

fused from l ighter ones in its interior, then blown out into 
space .) Most of thi s  evidence comes from an u nusual and for

tunately very l arge meteorite ,  the Allende fall in  Mexico , 1 969.  

rrh is 1neteorite was a carbonaceous chonclrite , a rare and rela

t ively fragi le type of meteorite that we think is actually very 
frequent in space but of which few pieces survive to reach the 

ground . 

The carbonaceous chonclri tes are distinguished by containing 

a few percent of water and other volati le elements, indicating 
that the major masses of the asteroidal body from which they 

were broken were not greatly heated in their formation . Some 

people even suggest that they may be remnants of cometary 

nuclei that have lost the ir ices . This conjecture is h ighly contro
versial and most of us doubt its truth . R. N .  Clayton,  L. Gross

man , and T. K. Mayeda showed that certain inclusions, or 

broken pieces , imbedcled in the carbonaceous matrix of the 

Allende meteorite contain a dearth of the rare i sotopes of ox
ygen with atomic weights of 1 7 and 1 8 , as com pared to the 

Earth , Moon,  and most meteoritic samples .  This component of 

nearly pure oxygen 1 6  is difficult to explain unless the oxygen 

1 6  was made in a star or supernova and preserved in particles 

contributing part of the solar nebula.  G. J .  Wasserburg and his 
associates at California I nstitute of Technology's laboratory for 

studying lu nar samples find evidence in some of these inclusions 

for an excess of 1nagnesiu 1n 26 ,  associated with a relatively high 

alum inum 26 concentration . The chemical reactions that oc

curred d uring formation of the meteorite wou ld have permitted 

inclusion of aluminum but not much magnesiun1 . Thus all the 

magnesiu1n present now n1ust have come from nuclear decay of 

aluminum 26 since the forn1ation of the meteorite . As table 1 

shows , aluminum 26 ,  which decays to magnesium 26,  has a half-
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l ife of  only 740,000 years . The contribution of this short-l ived 
isotope could have been inade by a supernova that exploded 

not many million years before the beginning of  the solar syste1n .  

I f  the explosion occurred much earlier than this , all of the 

aluminum 26 would have decayed before formation of the ine

teorite . There is also evidence of special isotopes of xenon de

rived fro1n extinct plutonium 244,  \Vhich has a half-life of only 

86 inillion years . 

I t  now see1ns likely that the stellar incubator for the solar 

syste 1n was disturbed by a supernova, which exploded rather 

near in space and time to the fledgling solar system . The oc

currence of  supernovas in star-forming regions is quite fre

quent.  The question remains as to whether the supernova inay 

have helped precipitate the collapse of  the interstellar cloud 
that made our syste1n or even encouraged the Sun to accumulate 

our planetary system instead of a twin companion star .  





FRED FRANKLIN 

COM PUTER SIM ULATIONS OF THE 
BEGIN N ING 

The formation and evolution of  the solar system certainly has 

gastronomic analogies,  as Fred Whipple has shown .  Indeed , I 

had thought of adapting my discussion to a Julia Child in1ita

tion-a sort of " Mastering the Art of Astronomical Cooking"

but I quickly decided that I could more easily discuss the subject 
in the terms of a very provincial and amateur galactic short

order cook featuring old ,  dusty , even radioactive freeze-dried 

food . 
Fred Whipple's basic recipe also helps to limit the number of 

solar system models I might otherwise have needed to d iscuss . 

The reduced abundance of deuterium and lithium in the Sun 

relative to , say , the Earth means that we can relegate to lower 

probability models in which planetary material was somehow 

gathered from the S un once it began to radiate by thermonu

clear reactions .  Instead we can concentrate on the model most 

astronomers find quite compelling: the formation of the Sun 
and planets from a collapsing and evolving cloud of what orig-· 
inally was interstellar dust and gas . Much of this topic has be

come more quantitative than could have been imagined not 

long ago . The application of physical principles and computer 

modeling replaced much speculation about solar system 

evolution . 

We have seen stars--even the Sun-eject large amounts of 

material, and we have seen groups of stars, apparently formed 

as neighbors ,  separating from each other. What we have not 

seen with certainty , but whose existence we in fer, are the pro

cesses of condensation and collapse of interstellar dust-gas 

clouds from a more nearly spherical distribution . One final 

disclaimer: we are attempting to unravel some 4 .5  billion years 

of history from an assortment of scattered observations . From 
them,  using physical principles ,  we can make predictions to be 

checked . However, what is taken to be proof and what is issued 

as a prediction can readily be inverted or even all scrambled 

together. 
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Let me st2rt by calling attention to the presence of  large , 
roughly spherical in terstellar clouds . We can estimate their 

masses (approximately one hundred to one thousand times that 

o f  the Sun) and their densities (hundreds, or even thousands, 

of atoms and/or molecules per cubic centimeter) . They have a 
gaseous component, which is actually most of the material and 

consists principally of hydrogen and helium,  while the dust

some l percent of the total mass-consists of a wide assortment 

of submillimeter-sized particles, or grains , containing among 

other atoms those of carbon, iron, magnesium, silicon, calcium,  

sulfur, and oxygen, joined in a large array of molecules . These 

clouds are nonnally stable, in a pressure equilibrium with the 

more tenuous and hotter interstel lar gas . Because all clouds are 

moving \Vi thin the galaxy, they have the chance to undergo 
some change-possibly gravitational perturbations-that can 

upset the balance and initiate a slow collapse . The presence of 

a nearby supernova-the explosion of a rapidly evolving star 
much more massive than the Sun-would provide a more dra

matic and effective mechanism to initiate collapse of an inter

stellar cloud . A supernova also produces grains as its expanding 

shell cools .  Evidence that this may have occurred in or near our 
solar system is provided by the detection in meteorites of certain 

short-lived and now-extinct radioactivities produced in super

novas.  (See discussion by Fred Whipple .) Once collapse starts , 

internal gravitation increasingly dominates any force that pro
motes expansion ; the collapse can continue as long as energy is 

radiated into space . Because we know that large clouds contain 

density inhomogeneities ,  we can expect that, within a total cloud 

complex perhaps a thousand times more massive than the Sun, 

a number of individual condensations-fragments-will de
velop.  Something very like this must have happened, because 

most stars , the Sun included , appear at least some time in their 
lives to have been members of clusters or associations .  The 

fragmentation can continue until each individual entity develops , 
through gravitational attraction ,  a degree of central condensa

tion that im poses some order on the surrounding dust and gas .  

What concerns us  is the development of a frag1nent that has a 
few solar masses worth of material . 

We can expect that most fragments will possess some degree 

of rotation . Without rotation, all material would collapse to a 

fragment' s center to form a single star, and we are no\v certain 
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that double and multiple star systems are much more common 

in space than single stars . As the collapse of a fragment contin
ues ,  the amount of  the rotation or spin increases and becomes 

better defined . Thus the system,  at first roughly spherical , be

gins to flatten in a characteristic time of about 1 million years. 

This collapse and flattening, both predicted by computer mod
eling, represent the triun1ph of gravity over forces associated 

with pressure ,  random motions ,  and possible magnetic effects 
that try to maintain a distended cloud or solar nebula . There 

begins to emerge a giant pancake , extending many times farther 

than the present limits of the solar system (Pluto is forty times 

the Earth-Sun distance) with a large amorphous blueberry , the 

proto-Sun , that is beginning to be self-luminous at the center.  
One clear result is  that the flattened , contracting d isk rotates 

increasingly rapidly . This result has been known , at least in 

some approximation ,  for a long time.  You know the effect 

illustrated in figure 1 :  as our friend with the dumbbells draws 

them closer to hin1 self, he speeds up .  The same principle, con

servation of  angular momentum,  causes a large ,  s lowly rotating 

Figure 1 
A n  example of change in spin rate with change in mass d istribution . 
At any time, as long as our subject is  unaffected by other forces ,  the 
product of the total mass X average distance from the s pin axis x spin 
velocity wil l  be a constant; that is ,  angular 1nomentum is conserved . 
( From A.  Baez, The New College Physics, W. H.  Freeman, 1 967 . )  
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disk, or e v e n  a spherical cloud ,  when reduced in s ize by self

gravitation ,  to rotate more rapidly . 

The fact that the Sun rotates so slowly-about once a month-
means that 1nost of the angular momentum in the solar system 

resides in planetary orbital motion.  This fact had no easy ex

planation when these ideas were first introduced .  And, for sev

eral generations, astronomers sought other explanations for the 

solar system's origin .  We owe much of the recent revival of the 

nebula hypothesis in the last two decades to the power and 
scope of computer studies , for we can now follow in some detail 

the evolution of a flattened disk plus proto-Sun in which we can 
realistically include the effects of gas pressure, gravitational 

forces, and energy dissipation.  We can also take account o f  the 

heating by the proto-Sun,  whose incipient nuclear furnaces help 

to produce turbulent currents within the rotating disk around 

it .  The results of several careful  studies are in close agreement 

with each other and contain some surprises . One surprise is that 

a small fraction of the matter in the disk spirals outward from 
the center, while the bulk , some 90 percent, continues its inward 

progress . These studies show that some angular momentum is 

carried away by the outward moving stream-an outward-mov

ing set of dumbbells to offset the inward-moving ones, thus 

conserving the angular momentum of the entire system and 

thereby permitt ing further collapse of the nebula without the 

inner portions speeding up to impossibly high velocities .  

You may well object, This is all very well ,  but wouldn't the 
Sun , when the entire system has fully evolved ,  still show a 

shorter rotation period than once a month? The answer is yes ,  

indeed ; and observations of  very young stars slightly more mas
sive than the Sun indicate that they do spin rapidly, wth periods 

of approximately ten hours , and ,  further, that they are expelling 

a sizable fraction of their mass in a few mill ion years . The mass 

shed by these stars carries angular momentum (a prime example 
of this phenomenon is the spectroscopically observed wind 

shown by the T-Tauri stars) , causing such objects to slow down 

subsequent to formation .  'Therefore it is  reasonable to expect 
similar behavior from the Sun .  In fact, other arguments suggest 

that the Sun has lost a large fraction of  its rotational angular 

momentum in the cosmologically short time of about a m illion 

years . A comforting recent observation is the discovery of a 

continuing solar wind , implying that the Sun's rotation is still 

decreasing, although now at a very slow rate . 
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Where does all this verbiage and computer-born insight leave 
us? Our contracting cloud now has a central and curious nucleus 

that because of infall of material begins to assume starlike prop

erties . Its surface temperature is now a few thousand degrees , 

and so it begins to affect the disk in other than gravitational 

ways .  The inner parts of the disk have temperatures slightly 
greater than a thousand degrees but because little solar radia

tion can penetrate radially into the fairly opaque disk, the tem

perature falls with increasing distance to the Sun, dropping to 

a few hundred degrees at a few hundred times the Sun's radius 

and then to only a few tens of  degrees farther out. Within the 
d isk-nebula the dust grains that were initially just pinpoints in 

s ize will grow to millimeter- or even centimeter-sized bodies as 

they fall to the plane of the disk, where they will also have a 

radial motion (figure 2) . The gaseous component has flattened 
too , but because the molecules that constitute the gas are much 

less massive than the enlarged grains ,  the gas , even in the cooler 

regions, forms a thick envelope around the more flattened d isk 

of dust . 
At this point our solar system resembles a giant Saturn com

plete with ring, but this ring is not so flat and well ordered , and 

it is surrounded by more gas . Remember that the gas outweighs 

the dust by approximately one hundred to one . Suppose we 

continual ly added material to such a ring, much as would hap

pen if  material were continuing to condense onto it . There is a 

calculation we can do with a hand calculator and even picture 

the result .  As mass is added , forces that try to produce clum

piness in the ring-self-gravitation between particles-begin to 

dominate the other effects , such as differential rotation, tidal 

Figure 2 
A schematic representation of dust grains  fall ing under gravity to the 
m id-plane of the solar nebula. I f  su fficient mass is added, the thin 
sheet of dust that collects can become unstable and form roughly 
kilometer-sized bodies . ( From J .  A. Wood, The Solar System, Prentice
Hall , 1 979. )  
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raising by the central mass , or random motions ,  that try to 

maintain the ring as a continuum. Once the space density of 

material exceeds a certain value ,  small gravitating condensations 

begin to appear. If you do not believe it , all you need do is 

double or n1aybe triple , the mass in the denser  part of Saturn's 

ring and you will see some dramatic changes .  Then suppose we 
grind up all the solid material in the inner four planets , Mercury 

to Mars, and spread it out as a thin disk . We would find that 

this disk had a surf ace density of approximately I 0 grams  per 

square centimeter;  or if its thickness was about I kilometer,  then 
its space density would be one ten-thousandth gram per cubic 

centi1neter. That is, not very much, but remember  we began 

with a cloud of only a few thousand molecules per cubic centi

meter (of which the dust was only a small part) or more than a 

1n illion billion times smaller.  The question is ,  Would this pri

mordial dust layer, composed of  grains of roughly millimeter 

size , be stable , or would some clumpiness result? The answer i s  
that such a smooth , continuous sheet is quite certainly unstable 

and would develop in the course of only a few hundred years 

into an aggregate to kilometer-sized ,  self-gravitating bodies

not planets, admittedly, but what we might call planetesimals . 
We have known about this result only for some eight years . Had 

the thin dust layer possessed a density some one hundred times 

greater, the condensations might have been close to planetary 
size and we could stop here .  I t  seems quite possible that the 

density was larger,  but not one hund red times larger ,  in the 

vicinity of the major planets (Jupiter  and Saturn)-in part be

cause the lower temperature in that region would permit the 

condensation of soqie icy material in addition to the minerals 
spawned in the dust . 

Another basic fact favors the growth of large objects in re

gions not as near to the Sun as is the Earth . Consider  the 
hypothetical case of a large , loose clump trying to organize itself. 

I ts self-gravitation must dominate the tidal forces of the Sun 

that are trying to shear the condensation apart. Because the 
force associated with tidal shearing decreases in proportion to 

the cube of the distance of the Sun, successful condensation is 
1nore likely to occur  at larger distances .  Thus at five times the 

Earth' s distance (J upiter) or ten times (Saturn) we expect to 

find larger planetesimals . We also suspect that they formed 
sooner. 

To summarize , we now have a developing Sun surrounded 
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by literally billions of kilometer-sized bodies .  I n  actuality these 

bodies  vary widely in size and composition,  as I have implied . 

In  the course of  time,  there are bound to be encounters and 

collisions between the members of so abundant a supply of 

bodies .  Here is a good problem for a modern computer.  We 

introduce a dominant central body , the Sun,  and an array of 

kilometer-sized bodies surrounded by an envelope of hydrogen 

and helium and follow the subsequent motions and possible 

growth . 

Figures 3 and 4 show the results from a first attempt at the 

problem ,  made some ten years ago . In  this particular case , small , 

already formed planetesimals were injected randomly and se
quentially into the condensing d isk of dust and gas ,  and the 

computer  was asked to run until all the remaining dust and gas 

was exhausted . What we see is the result of a grand sweeping 

(accretion is the usual word) of small bodies to form larger ones . 

A growing planetesimal gradually accretes a wide swath of 

neighboring material . And if it grows to a mass a few times that 
of the Earth,  it can also retain gravitationally the light gases ,  

hydrogen,  and helium . Naturally capture and retention of gas 

are easier far from the Sun,  where the tem perature is lower. 

Now let us consider a new generation of more exact computer 
models . From ballistic experiments , we have an idea of how to 

model collisions between objects of different compositions and 

crushing strengths . If two bodies collide with high velocity ,  they 

are likely to fragment but if their relative velocity is low, the two 

will stick and become one , although some collisional debris will 
be produced . The computer can be asked to model and keep 

track of all bodies .  Two objects that almost collide will have 

their eccentricities increased ,  while a small planetesimal already 

in an eccentric orbit will experience some drag from the uncon

densed dust and gas ,  a process that tends to circularize and 

reduce its orbit .  (The general shape of all the orbits is elliptical . 

The semimajor axis of the orbit refers to half the length of the 

longest axis of the ellipse ; the eccentricity of the orbit refers to 

the degree of circularity of the ellipse, ranging from 0 for a 
perfect circle to 1 for an el l ipse flattened to a line .) These 

second-generation results show that from a wide variety of initial 

conditions and assumptions ,  near lunar-s ized (approximately 

1 000 kilometer) bodies can accrete in a time very much shorter 

than the solar system age of  4. 5 billion years . Specifically , from 

a mill ion million bodies ,  each approximately kilometer-sized 
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p 

initially , lunar-sized objects appear in about ten thousand years . 
I\ifultiply the initial number by one hundred and they appear in 

only about one hundred years . 

This exciting and physically realistic result prompted an even 

more exact calculation,  j ust finished, that followed in detail the 

evolution of one hundred Moon-like bodies in an effort to 

produce the terrestrial planets .  This third-generation calcula
tion produces what is almost safe to call the inner solar system 

if one important prescription is observed ; the initial bodies must 

move , and continue to move , in some,vhat eccentric orbits. Too 

low an initial eccentricity or too circular a set of  orbits produces 
too many planets that are themselves too small .  I t  seems unlikely 

that longer computer runs would alter this conclusion ;  these 

bod ies do not experience sufficient gravitational or collisional 

interaction to continue growth . If the eccentricities are too large, 
then too few planets result . A value of eccentricity about 0 . 1 0  

seems about right . 

I would l ike to provide a clear justification of exactly this 

value,  but at present that is d ifficult to do ; however, the follow

ing comments may be helpful . I f  Jupiter d id form earlier and 

acquired its mass of some three hundred times the Earth's value, 

it could ,  in addition to accreting bodies for its own growth, 

efficiently spray other objects all over the solar system.  In  fact, 
the intense cratering seen on almost all planetary and satellite 

surfaces requires the energetic impacts that such gravitational 

scattering would produce . Thus Jovian perturbations , acting 

directly or by producing this shower of scattered planetesimals ,  

might keep the accreting bodies in the inner solar system from 
nestling comfortably into circular orbits . In  some sense It Is 

heartening to know that the asteroids-the small (about I 00-

Figures 3 a nd 4 
A first-generation calculation (after S .  H .  Dole) of  the growth of plan
etary models by accretion in a gas and dust medium .  Numbers above 
each model planet indicate mass (Earth = 1 )  after growth ceases ,  and 
trident marks measure final orbital eccentricities . Orbital d istances 
from the Sun are shown on the bottom axis and given in A U  (astro
nom ical units) , where I A U  is the distance from the Sun to Earth . 
Hatching indicates that a body has acquired sufficient mass to retain 
gravitationally the light gases ,  hydrogen and heliu m ,  at the local tem
perature. The actual solar system is included as figure 4.  Although 
these calculations have some relevance for the formation of the terres
trial planets, recent work argues that the major planets are more likely 
to have originated from density in homogeneities in the solar nebula .  
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kilo1neter) bodies lying near Jupiter-have average eccentricities 

close to 0. 1 5 , for they also would have been affected by assorted 

perturbations .  Our present thoughts bend in the direction of 

using Jupiter to trigger the formation of the inner solar syste1n , 

much as the supernova was called upon for the collapse of 

interstellar clouds .  

In the case of the 1ninor planets in the asteroidal belt ,  the 

trigger seems to have been sufficiently violent to influence their 

evolution . The quoted mean eccentricity of these bodies is a 

factor of about two greater than the value e max = 0. 1 5  (figure 

5) that was most appropriate for fonning terrestrial planets . I t  

i s  also clear that there i s  only a small amount of  material now 
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Two exan1 ples of the accretion of lunar-sized planetesi 1nals in the 
at.tempt. to s inui lat.e the terres trial planets . I n itially N = I 00 bodies are 
placed , with randon1 sen1 in1ajor axes ( indicated by a on the horizontal 
a� is) and eccen tricities (indicated by e on the vertical axis ) ,  chosen 
within the indicated l in1its .  The computer follows the deta ils of their 
s�1bsequcnt gravitational and col lisional evolution , ending the calcu la
tion when rn utual interactions fal l  below a specified level .  Longer ru ns 
probably wou ld have reduced slightly the final number of bodies in the 

f' m a x  = ,0 . 1 5 ,  exan1ple, rnaking it resemble s til l  n1ore closely the actual 
case . N s re fer  to the nurnber of remaining objects and the area of the 
squares 1neasures their 1nasses .  (Aft.er L. P.  Cox, Ph . D .  dissertation ,  
Massach u sett s  I nstitute o f  Techn ology, 1 978)  
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rema1n1ng in the asteroidal belt-less than one-twentieth of a 

lunar mass . This translates into a very low collision frequency 
among the present-day population ; each asteroid probably col

lides once every bill ion years . Thus the present (and past) ac

cretion rate of asteroids is very s low,  both as a consequence of  

the infrequency of collisions and of their high relative velocities .  
Some accretion must have taken place in  the past, ho,vever, 

because some 7 5 percent of the total mass of all minor planets 

resides in the four largest. I n  su1nmary , we now are quite certain 

that Jovian perturbations are ulti1nately responsible for the large 

asteroidal mean eccentricities and also for the reduced number 
density of the population ,  probably converting one-time aster

oids into impact craters on the larger members of the solar 

system.  

This picture can now be used to make a few predictions . The 
first is a sort of anticlimatic prediction.  A long-established re

lation is Bode's law,  which quantitatively shows a regularity in 

the spacing of planetary orbits . It is not an overstatement to 
say that all computer-simulated models also exhibit a Bode's 

Law (figure 6) . It seems as though this relationship is a char

acteristic of the accumulation of bodies in a gravitational field ,  

perhaps reflecting the simple fact that the successive planets 
evolve (by devouring their neighbors) to such a separation that 

they no longer greatly perturb each other. We suspect, there

fore , that the presence of  a Bode relation proclaims that a 

system has essentially com pleted its collisional and gravitational 

development.  I ts very universality means that it provides no 

special information concerning initial conditions or evolutionary 
details . 

The second prediction concerns the amount and d irection of 

the spin of planetesimals and planets . If  an accreting body 

encounters material moving in strictly circular orbits, it would 

gradually acquire a spin in the d irection opposite to its rotation 

about the Sun. But if the body meets material in slightly eccen

tric orbits, the arrival pattern is very different. Although I can

not provide a sim ple and direct explanation,  computer studies 

lead to the clear result that spin in the same direction as revo
lution about the Sun m ust develop .  Again we find the need for 

noncircular orbits . There is one rather exciting prediction of 

�his modeling : the characteristic rotation period of an accreting 

body should be in the neighborhood of thirty hours and should 
be independent of the body's mass . That is reasonably heart-
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Table 1 
Period and obliquity of planets 

Rotation Obliquity 
Planet Period( Hours) ( Degrees) me/mp 

Earth 24 .0 2 3 . 5  0 .00 1 

Mars 24 .6  25 . 2 0. 002 

Jupiter 9 .9  3 . 1 0 . 0003 

Saturn 1 0. 7  26 .7  0 .04 

Uranus 1 6. 2  98 .0  0 .07 

Neptune 1 1  29  0. 007 

Note : Columns 2 and 3 give the rotation period and obl iquity ,  the 
angle  between a planet's equatorial and orbital planes .  (Planetary 
perturbations cause values of the latter to change ,  especially i n  the 
case of Mars , w hose obliquity varies by � + 1 0° from the average 
val ue .) The fi nal column gives ,  in terms of the planet's mass , m p , a 
characteristic val ue, me , for the mass of impacting bodies that are 
required to produce the observed obl iquity from an assumed in itial 
value of 0° . 

ening even though Jupiter's period is just under ten hours and 

the t iny asteroids ,  some tens of kilometers in diameter, show 

periods from five hours to several days .  

The third prediction is  that the spin axis of a planet should 
be more or less perpendicular to its orbital plane because most 

of the material to be accreted would lie , 1 on average , in the 

planet's orbit . For every planet, the final value of this inclination 

angle will be determined by the coll isions of the last few large 
fragments that went to make up the planet. I f  the last large 

planetesimal happened to strike near a pole , then the axis would 

be turned over somewhat.  More than so mew hat is exactly what 

we suspect happened in the case of Uranus,  but notice that the 
mass of the last colliding body is a reasonable value-still only 

a few percent of the planet's total mass .  (See table 1 . ) 

The fourth prediction is one Fred Whipple d iscusses :  the 

Figure 6 
Bode's Law in the actual ("a")  solar system and in several of Dole's 
computer-generated models .  The logarith m  of a planet's semimajor 
axis,  a ,  i s  plotted vertically  against i ts number in  order of increasing 
solar distance . (Other, equivalent representations of the law are pos
sible . )  Mean distance of the asteroidal belt (2 .8  AU) is included as a 
fi fth planet, although it is very unlikely all the asteroids were once 
collected together as a single object. 
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1nean densities of planets should decrease with solar distance . 

Broadly speaking, the terrestrial planets have high densities ;  
the outer planets ,  even when allowance i s  made for their thick 

atmospheres , show lower ones .  Near Mercury's orbit, we have 

argued that the te1nperature was sufficiently high (greater than 

I 000 K) so that only iron and certain other chiefly iron-bearing 

rn inerals could exist as grains rather than as vapors . For the 

outer and cooler planets, iron minerals are present, but so are 

the less dense icy volatiles in great abundance . This pattern is 

repeated in the Jovian satellite system,  where the innermost 

large (Galilean) satell ite , Io ,  has a density about twice that of the 
outermost large satellite , Callisto . Thus we are tempted to spec

ulate that our outline for a possible history of the solar system 

was repeated on a reduced scale by Jupiter. This viewpoint is 

reinforced by the recent discovery that both J upiter and Saturn 
radiate about twice the energy each receives from the Sun.  

Jupiter was in fact almost a star; had i t  gathered maybe some 

twenty times its present mass , it would have been one . The 
presence of a residual Jovian ring is also suggestive of a general 

pattern . 

Before I make a leap of faith and issue a fifth prediction 

relating to satellite formation,  I must point out that Saturn ,  also 

with a ring but over three times less massive than Jupiter ,  follows 
a different behavior. Its satellites show very little variation in 

density with increasing distance from the planet .  The presence 

in the Jovian , Saturnian,  and even Uranian systems of regular 

satellites (bodies whose orbits have small inclinations and eccen
tricities) and rings is not in easy accord with the view that these 

planets grew only by accreting planetesimals-the mechanism 

that works well to produce the inner planets . When it comes to 

pre<l i r.t.ing· the pr_esence or absence of a ring and large numbers 

of satellites , growth by accretion clearly forecasts absence . 

However, if we are willing to make the reasonable assumption 

that the solar nebula could develop and sustain a few density 

fluctuations (in add ition to its central condensation) , then the 

major planets would grow directly from the surrounding disk 

material . Instead of developing a core massive enough to collect 

and retain gaseous 1naterial , this view proposes that the core 
condensed out of a large region of greater than average density . 

The density of material required to form self-gravitating con

densations is still low ; to fonn Jupiter,  the necessary value lies 
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in the range 1 o-s to 1 0- 1 1  grams per cubic centimeter, depend
ing on the details of the Sun's influence.  

Computer modeling of  this process shows that proto-Jupiter 

and Saturn were extensive flattened disks of material , many 

hundred times their present radii . Contraction to form a central 
core again occurs--over a time of  about 1 m illion years (Jupiter) 

and 1 0  million years (Saturn)-with a residual equatorial d isk 

that transmits angular momentum outward . (Because contrac

tion time varies with the square of  the protoplanetary mass , 
major planets with masses much smaller than those of Uranus 

and Neptune could not appear in the allotted time of a few 

billion years.) In  the contracting stage , enough gravitational 

energy is liberated as heat to prevent the deposition of icy 
material in the disk. Once pressure in the planetary core greatly 

slowed further contraction , the rate of energy production fell 

by a factor of about one hundred (to its present small value) , 

allowing ices to condense sequentially on small bodies within 

the disk to form the satellites we see and continue to discover. 

In this picture, the relatively high mean density of the two inner 

Galilean satellites,  Io and E uropa, is in part the consequence of  
tidal interaction with the primary . This process also leads to 

energy d issipation and heating, which in turn evaporates the 

low-density volatiles that might otherwise have been deposited .  

We suspect, too, that Jupiter, with its relatively high mass,  ra

diated enough heat during its contraction to reduce the chance 

for ice to condense on nearby satellites .  
The formation of  the major planets by means other than 

direct accretion of planetesimals alone has the appealing feature 

that it could predate the process that produced the terrestrial 

planets . Thus we have a mechanisrn that, in addition to allowing 
extensive satellite formation,  provides at the right time the nec

essary mass to generate eccentric orbits for the planetesimals in 

the inner solar system . 

A last prediction : we do not exist !-well ,  almost did not exist. 

Another surprise from the computer simulations is that, in ad
dition to a flattened disk, most collapsing fragments produce 

not a simple central condensation but a thick bar of material . 

This bar is not stable and appears likely to separate into (usually) 

two roughly spherical bodies that orbit one another-a double 

star. Except for the fact that Earth happens to orbit a single 

star, this is a nice result :  most stars are double .  Under barely 
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Figure 7 
The character of the protostar-nebula system formed by contraction 
of a cloud fragment would depend upon the angular momentum of 
the latter. A fragment with little angular momentu1n would produce 
a large protostar and minor nebula (A) . More angular momentum 
would produce a more spun-out system (B) ,  in which the nebula has 
increased prominence .  A very rapidly rotating cloud fragment would 
produce a binary or multiple protostar system upon contraction (C) .  
( From J .  A .  Wood , The Solar System, Prentice -Hal l ,  1 979) 
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possible conditions the two protostars might coalesce to form 

one ;  more often they would not. In  any event ,  a double star is 

·a more likely result than a solar system (figure 7) . For example , 

i f  Jupiter had a mass some twenty times its present value, it 
would have shown its gratitude not merely by setting off nuclear 

reactions but also by ejecting most of the other planets from the 

solar system.  More to the point, Jupiter probably would have 

prevented any additional planetary forn1ation in the first place . 

Only if  the initial fragment had a low angular momentum ,  
within fairly small l imits , is our present configuration possible. 

Thus the number of l ife-bearing planets throughout the gal

axies may be many fewer than past speculations have proposed .  

I have reviewed a number of  separate and simplified parts of  
a puzzle . Now i t  is time to look forward to a more rigorous 
calculation that incorporates all the effects I have mentioned , 

such as collapse , angular momentum transport, growth of den

sity fl uctuations possibly associated with the barlike instability,  

accretion , and the solar wind in one grand synthesis .  
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CHAPTER 4 

THE PUZZLE OF THE SUN'S HOT 
CORONA 





ROBERT W. NOYES 

A MATTER OF DEGREES 

The chapters by Kenneth Brecher and Owen Gingerich trace 

the history of  the development of  the theory of gravity through 

several attempts to predict and later to understand planetary 

motions in the solar system,  culminating in E instein's General 
Theory of Relativity . E instein's theory ,  based on only a few 

f undarnental postulates ,  was a grand unification,  bringing our 

ideas of space ,  time, gravitation ,  and cosmology into a single 

framework .  So compelling was that framework that upon its 
conception Einstein knew it had to be correct. (Readers will 

recall Einstein's lack of expressed delight at the news of the 

successful measurement of the bending of starlight at the solar 
ecl ipse of 1 9 1 9 . I f  the results had not verified the theory ,  he 

said, "Then I would have been sorry for the dear Lord ; the 

theory is correct .")  In such grand theoretical schemes, obser

vation is almost secondary ; it serves s imply to verify the theory's 

validity . 
Not all theoretical astrophysics deals with such grand, simpli

fying descriptions of reality . Some of the most fascinating phe

nomena in the universe involve extremely complex interactions 

of many individually simple entities .  For example ,  although the 
problem of gravitational interaction between two bodies is 

solved, if a large number of gravitating bodies,  such as the stars 

in our galaxy, interact, their detailed motions cannot be pre

dicted by even the most complicated theoretical formula .  Rather 
such motions must be painstakingly calculated , step  by step ,  

numerically summing all the pairs of gravitational interactions 

at each instant of time .  A second example is embodied in the 

puzzle of the Sun's hot corona. No grand unifying scheme will 

tell us a priori that stars like the Sun must be surrounded by 

extended atmospheric shells , called coronas, or that these must 

be heated to a particular temperature . The rich brew of coronal 

physics has been cooked from a very complex recipe . The basic 
ingredients (gravitation , magnetic fields, radiation,  nuclear pro

cesses) are each understood in terms of  fundamental theory ; 

however, the flavor o f  the final concoction can be discerned 
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only by elaborate tast ing-in other words ,  observation .  Here the 

roles of  observation and theory are closely intertwined. Obser

vational san1pling of the result gives suggestions for theoretical 

descriptions of the recipe, and various theoretical recipes are 
suqject to observational taste tests . The goal is to derive a final 

recipe that produces the observed brew. However, the recipe is 

so complex that it could not have been developed in the absence 

of observational narrowing of  possibil ities .  
Because of the inseparable interplay of observation and the

ory in problems such as the heating of the solar corona, Robert 

Rosner and I have elected not to attempt a separate description 
of observational approaches, followed by a similar description 

of theoretical approaches . Rather we shall take a more historical 

approach, in which I discuss the development and interplay of  

observational and theoretical studies of  the corona up  to the 

recent past, and Robert Rosner  discusses the present theoretical 

understanding of the corona puzzle and how this current recipe 

suggests that observation and theory may progress in the future .  

Most o f  the time the Sun appears to u s  a s  a perfectly round 

disk in the sky . When we look at it through smoked glass or the 

dimming sky of sunset ,  we see that this d isk has a very sharp 
edge ;  in fact , even with the largest telescopes , the edge of the 

Sun seems perfectly sharp , with only empty space above it. 

Occasionally , however, during a solar eclipse,  the Moon com

pletely covers the bright disk, and on such occasions a faint 

pearly-white halo is seen surrounding the Sun ; this halo is 

known as the solar corona (figure 1 ) .  During these eclipses ,  we 

can see that the coronal halo is highly structured , consisting of 

bright and dark regions, with even brighter areas ,  called stream
ers ,  appearing to shoot out radially from the Sun for great 

distances . In  some eclipses s treamers are seen to extend outward 

as far as 20 solar radii ,  some 9 million miles ,  or 1 0  percent of 

the distance from the Sun to the Earth .  Some eclipses show a 
corona concentrated mainly toward the equator of  the Sun , with 

almost no coronal emission from above the poles (figure l ) ;  

others show emission all around the Sun (figure 2) . Th us the 

corona not only has structue , but a1so the structure changes 
with time.  

Just what is the solar corona, and why is it there? Although 

the corona has been seen for untold centuries , such questions 

could not be seriously asked before astronomers had developed 
observational and theoretical tools to study it more carefully . 
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Solar eclipse showing minimal coronal structure and activity concen
trated at the solar equator. ( Photogra ph from Smithsonian Astrophys
ical Observatory) 

vVith the development of  the spectrograph, which measures the 

intensity of light of different colors , it was found that the co

ronal spectrum resembles very c losely the spectrum of the Sun's 
disk itself, suggesting that the light we see is simply normal 

sunlight, scattered off tiny particles that surround the Sun. (The 

light of the corona was also found to be polarized ,  as would be 

expected theoretically from the scattering of Sun's light from 
small particles swarming around it .)  The corona seemed to be 

an extended region of gaseous matter or, in other words ,  an 

atmosphere , surrounding the Sun . 

On the surface, this sounds very reasonable . The Earth has 

an atmosphere ; why shouldn't  the Sun? A major problem with 
this analogy appears to be the vertical extent of the Sun's at

mosphere .  The Earth's atmosphere becomes rapidly rarefied 
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Figure 2 
Solar eclipse with extended corona around the Sun in al l  d irections .  
(Photograph from H arvard College Observatory) 

with increasing altitude, so that at an altitude of 5 miles above 

sea level the air pressure is only one-half as great as at sea level ;  

at  twice that altitude it  i s  one-fourth as  great, and so on . Yet the 
atmospheric pressure in the Sun's corona drops off m uch more 

slowly with height, so that one would have to climb some 50,000 

miles before the pressure dropped to half of its value just above 
the surface . This is true even though the force of solar gravity , 

which should bind the Sun's atmosphere tightly to its surface ,  

is some thirty times as great as the Earth's gravity . So if the solar 
corona is an atmosphere around the Sun,  why is it so extended 

in altitude? What holds it up? 

One way to hold an atmosphere up would be to heat i t  to a 

high temperature . Then the pressure of  the atmospheric gases 

would be greater and they would expand upward . It can be 
shown theoretically that the extent in height of  any atmosphere ,  

whether the Earth's or the Sun' s ,  i s  directly proportional to its 

temperature . But the Sun's corona, or atmosphere, could be 
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held up this way only if  it were very hot-at a temperature over 

1 million °C.  

This is actually the current explanation for the extended solar 
corona, but in the early twentieth century when astronomers 

were first grappling with the problem of  the solar corona, they 

refused to accept this explanation .  The problem was that al

though the core of  the Sun was known to have temperatures as 

high as and in fact m uch higher than 1 million °C, the surface 
was relatively cold-only about 6000 °C. I t  was believed that 

energy always flowed from hot to cold regions ,  in agreement 

with both the Second Law of Thermodynamics and common 

experience . Thus the steady decrease of temperature from core 

to surface was in keeping with the flow of energy from the core ,  

where it was created by nuclear reactions ,  to the surface , where 
it then was radiated into space and to the Earth . But  what could 

cause the temperature to rise again to more than 1 million °C 

in the corona? I f  the corona is so hot, something must contin

ually be heating it, for otherwise it would gradually cool off, 

transfering its heat back to the cooler solar surface or outward 
into cold outer space. I t  was difficult for theorists to see how a 

continuous flow of energy could come from the Sun itself, for 

the energy would have to flow uphill from cold to hot, in vio

lation of  the Second Law of Thermodynamics .  
This was ,  and still is ,  the puzzle of the hot corona. In  the 

1 93 0s when the puzzle was first posed more or less in this form, 

attempts were made to claim that in spite of its great extent in 

height,  the corona was , in fact ,  not hot, so there was no puzzle.  
Thus E .  A. Milne developed a theory that the corona was held 

up by radiation pressure-the weak force exerted by sunlight 

on matter in the Sun's  corona when its  particles absorb or scatter 

the sunlight .  A clever idea, but radiation pressure failed to be 
a strong enough force when put to a quantitative test . In  spite 

of that failure ,  there seemed no d irect proof that the corona 

was hot, and no one wanted to be guilty of transgressing the 

Second Law of Thermodynamics . 

Evidence that the corona was hot, however,  kept piling up .  In  

the early 1 93 0s ,  a s trong piece of  evidence turned up in  data 

that had actually been obtained over fifty years earlier, in the 

first eclipse expedition to obtain a spectrum of the solar corona. 

When a glass prism was inserted into the l ight path of an eclipse 
telescope, images were recorded showing the coronal light bro-
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Figure 3 
Flash spectrum of the Sun during solar eclipse.  (Photograph from 
Harvard College Observatory) 

ken up into its component colors . Figure 3 depicts such a spec

trum ,  showing arcs of the bright low corona above the Moon's 

edge just after totality began . Each arc corresponds to l ight 
emitted by a different element .  The bright arc on the left is due 

to hydrogen, the most abundant element in the Sun ,  and most 

other emission arcs may be identified with spectra of common 

elements observable in the terrestrial laboratory . The complete 

ring of emission near the r ight of  figure 3 ,  however, eluded 

identification .  It was clearly the radiation of some element emit

ted so high in the corona that its emission formed a com plete 

ring in the spectrum .  However, its emission could be produced 
by no earthly chemical , so in despair it was named coronium 

and thought to be a rare new chemical element found only in 
the corona . 

Finally , in the early 1 930s it was noticed that the wavelength 
of the coronium l ine was j ust what one would expect from the 

very common element iron if thirteen of its electrons were 

knocked off. To knock off so many electrons,  however, requires 

very high energy collisions,  which could occur in the corona 

only if it were exceedingly hot .  Many scientists were skeptical . 
One famous astrophysicist stated that it must j ust be a coinci-
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dence because otherwise the solar corona would have to have 
the impossible temperature of  more than 1 million °C. 

But, soon it was d iscovered that a number of  other previously 

unidentified coronal emissions occurred at wavelengths corre
sponding to those predicted for common elements l ike iron or 

calcium heated to temperatures of  1 million °C or more , and it 

rapidly became clear that there was no explanation for the 

totality of these emissions other than that the corona really was 

extremely hot. Other types of evidence eventually became ir

refutable, so the focus switched to asking not whether but why 

the corona is so hot. As we leave the first question behind ,  

however, let u s  note that i t  represented just one o f  the multitude 

o f  blind alleys that astronomers traverse in their search for 

explanations and that, characteristically , it was the weight of  
observations, rather than theory, that finally forced the aban

donment of  speculation about a cold corona. 

Although recognizing that the corona was hot, many astron
omers were reluctant to accept  the notion that the energy to 

maintain its high temperature flowed from the much cooler 

surface into the hot corona. Thus the eminent English astron

omer Fred Hoyle advanced the hypothesis that the corona was 
heated by meteoritic infall-dust grains falling into the Sun, 

each one of  which converts i ts kinetic energy of  infall into a tiny 

bit of heat.  Again, when put to a quantitative test , the theory 

failed , so astronomers were finally forced to confront the un

pleasant task of  getting energy from the much cooler solar 

surface into the hot corona. 

As has frequently happened in astronomy, once theory was 

driven by observations into what was previously considered an 
untenable position (in this case an apparent violation of the 

Second Law o f  Thermodynamics) , a way out was found . Al

though it is true that heat energy flows only from hot to cold 

(by thermal conduction or radiation) , other forms of energy 

appear in the solar surface that do not have such a restriction .  

Two such forms o f  energy underlie the two most obvious 

surface features on the Sun. One of these f ea tu res is sunspots , 
dark vortices where strong magnetic fields stop the outward 

flow of heat energy and thus cause the surface to cool and 

become dark (figure 4) . The other feature is granulation (figure 

5) , the seething convective eddies of  rising and descending tur

bulent motions in the outer layers of  the Sun. Each feature is 
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Figure 4 
A large sunspot gro u p  p hoto gra p hed o n  May 1 7 , 1 95 1 .  ( Photogra p h  
fro n1 Mount Wilso n and Las Can1 pan as Observatories ,  Carnegie I nsti
tution of Washington) 
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Figure 5 
Direct photograph of  photospheric granulation taken from the 1 2-inch 
balloon-borne telescope of Project Stratoscope. (Photograph from Proj
ect  Stratoscope of  Pri nceton University, supported by NASA, NSF, and 
O N R) 

93 
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proof of the importance of a d ifferent type of energy: sunspots 

reveal magnetic energy strong enough to halt convective en

ergy flow; the granulation reveals the kinetic energy of its 

turbulent motions. E ither magnetic or kinetic energy can prop

agate from one place to another with little regard to which is 

hotter, so in principle either could provide a solution to the 

puzzle of the hot corona. 

In 1 946 the astronorners Martin Schwarzschild and Ludwig 

Biermann independently pointed out that the enormous kinetic 
energy in the granulation m ust generate violent sound waves .  

Could we but hear the Sun, we would be deafened by the noise 

of these turbulent motions, just as we are by the turbulent 

exhaust from a jet engine. Furthermore, it was reasoned , these 

sound waves would propagate up into the corona, in whose 
rarefied atmosphere they would strengthen and turn into shock 

waves-colossal sonic booms.  Surely these sonic booms,  gener

ated by the granulation and amplified and d issipated in the 

corona, must be the source of  the corona's h igh temperature . 

This suggestion of  shock wave , or acoustic, heating appears 

to have led astronomers down a second blind alley ,  this one so 

long and twisting that only recently have they emerged . ( I  say 
"appears to have led" because not all astronomers agree today 

that it is a blind alley , although almost all agree that this expla

nation cannot be the whole story . )  The length of time-nearly 

thirty years-spent exploring this possibility testifies to the fact 

that once a simple and right-sounding theoretical explanation 
is suggested,  the search for alternate suggestions becomes much 

less intense, and instead attention turns to working out details 

of the proposed explanation . Astronomers happily explored 

this blind alley until dragged out as i f  by the scruffs of their 

necks ; and once again the agent that dragged them was new 
observations . 

In  fairness to the two astronomers who originally suggested 
shock wave heating, they probably had no thought that their 

suggestion would be so readily and thoroughly accepted ; how

ever, events conspired to make the suggestion particularly tan

talizing. One event was the development o f  theoretical 

understanding of how turbulence generates shock waves .  Anal
ysis of data on jet engines showed that the shock generation 

rate increased very rapidly as the speed of the turbulent motions 

increased . When the theory was applied to the Sun,  it gave very 
plausible predictions of  heating rates .  ( M. J .  Lighthil l ,  the orig-
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inator of the theory of production of shock waves by turbulent 

motions ,  later expressed considerable surprise that astronomers 

had picked up this theory for jet engines and applied it almost 

without alteration to the surface of a star . )  

A second event conspiring to make the acoustic heating theory 
accepted almost without question was the observational discov

ery in 1 960 that the surface motions of  the Sun have a strong 

regular oscillatory component, with a period of five minutes .  If  
we could hear the sound waves produced by the granulation ,  

they would include a nearly pure tone , as well as  the noise of  

the more random fluctuations.  This pure tone in  fact i s  a pitch 

far below what the ear can hear (thirteen octaves below the 
lowest note on the piano keyboard) ,  but nevertheless it was an 

additional candidate for heating the corona by sound waves .  

Throughout the 1 960s, numerous theoretical calculations were 

performed in an attempt to match the propagation of such 

waves with the temperature structure (by then measured in 

some detail) of the corona. 

In  retrospect it all seems c lassically naive : two phenomena 

were observed more or less at the same time-the turbulent 

motions of the granulation and the high temperature of the 

corona- and it was deduced that one caused the other .  I t  would 

scarcely be different if a visitor from outer space were to observe 

two true facts-that much of the surface of  the Earth (the 

oceans) experiences turbulent motions and waves and that the 

outer atmosphere of the Earth (the exosphere) is heated to the 
surprisingly hot temperature of more than 1 000 K-and draw 

the totally erroneous conclusion that the second was caused by 

the first . 

Until the 1 960s virtually all observations of the corona were 
made from the ground, in visible l ight. Unfortunately, in visible 

l ight the faint coronal rad iation is outshone a million-fold by 

the tremendous brightness of the solar surface and is observable 

only when the Moon (or an artificial occulting d isk in a coron

agraph) blots the brilliant light of the Sun's surface . However, 

there are much more favorable emissions in which to view the 

corona. Because the corona is so hot, most of its radiation is 

produced in the form of h igh-energy rad iation ,  such as x-rays 
and extreme ultraviolet radiation . These do not have to compete 

w ith radiation from the surface of the Sun,  which is relatively 

much cooler and emits almost no high-energy radiation .  Also, 

the short-wavelength x-ray and far-ultraviolet emissions con-



96 ROBERT W. N OYES 

vey unique information about the coronal conditions  that is not 

even contained in the feeble visible radiation .  
Because the Earth's atmosphere is opaque to extreme ultra

violet and x-ray radiation ( fortunately for our health) , obser

vations of the Sun's corona at these wavelengths had to await 
the Space Age . But now a long series of space missions,  culmi

nating in the extended series of  solar observations  aboard Skylab 

in 1 973- 1 974, have given us a new view of the solar corona . 

This view is illustrated in figure 6 ,  one o f  many Skylab images 
of the Sun in x-rays . The brightest areas in the figure are 

regions that emit strongly in x-rays ;  this requires that they have 

a temperature of at least several m illion degrees centigrade and 

that they be dense enough to emit efficiently.  Conversely dark 
areas are either too cold , too rarefied ,  or both , to emit x-rays 

efficiently . I n  photographs of this sort scientists saw for the first 

time how the solar corona appears when one looks straight 

Figure 6 
An i 1n age o f  the S u n  in  x - rays taken by an instrurnent aboard the 
Skylab satel l i te .  ( Photograph fro rn A n1erican Sc ience and Engi neering,  
Harva rd College Observato ry ,  and N ASA) 
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Loops on the surface of the Sun.  (Photograph from S1nithsonian As
trophysical Observatory) 

down on it .  This is possible because the solar surface, which lies 
directly beneath , is far too cold to emit appreciable x-rays that 

could confuse the image of the corona. We see immediately 

from figure 6 that the corona is highly inhomogeneous .  Perhaps 

this is not surprising in view of the structure visible in visible

l ight eclipse photographs (figure 1 ) , but the fine details of the 
x-ray corona far exceed eclipse photographs in the ir richness . 

The varied structure of  the x-ray corona is a warning signal 
to theories o f  shock wave heating, for the turbulent motions of 

granulation (figure 5)  occur uniformly all  over the Sun, except 

at the location of sunspots . In addition,  the shapes of the struc

tures are very h ighly ordered , apparently by some agent within 

the corona itself. The brightest s tructures generally appear in 
the form o f  loops , sometimes so closely packed that their indi

vidual shapes are hard to d iscern . When seen in isolation at the 

limb of the Sun, however, as in figure 7, the graceful symmetry 

o f  these loops is readily apparent .  The agent that imparts such 

delicate structure to coronal features is the Sun's magnetic field . 
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After penetrating the surface from the interior and creating 

sunspots and surrounding magnetized areas called plages ,  it 

then arches through the corona, following the elegant geometry 

of potential theory , before returning back to the surface at a 

second sunspot or plage .  
1�he fact that magnetic fields in the corona shape the dense 

emitting coronal material by constraining it to follow field di

rections is now understood both theoretically and through lab
oratory experiments , which show how difficult it is for hot 

ion ized gas,  known as plasma , to move perpendicular to the 

compass direction defined by the magnetic field. The observa

tional proof of this assertion is contained in figure 8 ,  which 
shows (at left) a magnetogram, or map of solar surf ace magnetic 

field structures in which dark areas represent magnetic fields 

ihat would attract one end of a compass needle and light areas 
represent magnetic fields that would attract the other end of 

the needle (dark and light areas have different polarities) . At  

right in the figure 1 s  a (negative) Skylab photograph of the 
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Fi gure 8 
At left ,  a rnagnetograrn showing solar surface rnagnetic field structures ;  
and at righ t, Skylab photograph in ultraviolet of  sa1ne area .  ( Magne
tograrn frorn K itt Peak National  Obse rvatory ; p hotogra p h  fron1 N aval  
Research Laboratory and N ASA) 
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corona seen in the extreme ultraviolet l ight from iron with 

fourteen of its electrons removed , at a temperature of some 3 

mill ion degrees .  The hot coronal loop structures (black in this 

negative image) invariably arch from a footpoint of one polarity 
up into the corona and return to a footpoint of the opposite 

polarity . Skeptics about magnetic heating might maintain that 

although the magnetic field confines the hot corona, something 

else (like shock waves) could still be heating it within these 

confined regions. However, recent searches from spacecraft 

looking for signs of such waves have failed to detect them, and 

thus the theory of shock-wave heating seems harder and harder 

to defend . Although the new theory that wil l  evolve to replace 

it may or may not retain some vestige of the importance of wave 

motions , it is clear at the very least that the magnetic field plays 

the fundamental role . 

Sunspots, created by strong magnetic fields ,  were one of  two 

obvious features on the surface that betrayed the existence in 

the Sun of forms of energy other than heat energy. It may seem 
l ike j ust bad luck that theoreticians thirty years ago picked the 

wrong one of the two energy sources as a way to solve the puzzle 

of  the hot corona. However, in the 1 940s the new field of 

magnetohydrodynamics ,  upon which magnetic heating theory 

rests, was just being born , and by the time it had reached enough 
maturity to be applied to the problem of  coronal heating, shock 

wave heating theory was already well fixed in people's minds .  

The lesson perhaps i s  that one should never underestimate the 

power of an entrenched idea, even in scientific research .  

Returning to figure 6 for a moment, we see a large , dark area 
of  very low coronal emission,  stretching practically across the x

ray disk. Such dark regions are aptly named corona holes, for 

they are great voids in the corona where there is very l ittle 

coronal material to emit. What little material exists in these 

regions is considerably less hot than the surrounding corona. 

One might argue that here is a place where coronal heating 

really is absent.  However, a recent remarkable d iscovery has 
shown that high-speed streams o f  particles spew out from co

ronal holes ;  this is known as the solar wind . As the Sun rotates 

on its axis , these streams of particles shower the interplanetary 

medium and the Earth, creating Northern Lights and perhaps 

subtly affecting even our weather.  

Coronal holes appear to be places where the magnetic bottle 

confining the hot high-temperature corona has burst, allowing 
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its contents to spew outward in the solar wind . When astrono-

1ners measure the energy contained in the solar wind as it flows 
out of coronal holes, it seems that it is roughly the same (per 

unit area) as the energy bottled up in the magnetically confined 

dense and hot corona. Thus coronal heating appears to occur 

also in coronal holes ,  and it is a challenge to new magnetic 

heating theories to ex plain how this heating can be almost 
equally effective both in magnetically closed or bottled-up re

gions and in the magnetically open coronal holes . 

One aspect of coronal holes appears to relate back to the 
origins of magnetic fields themselves .  Solar magnetic fields , as 

Robert Rosner discusses , owe their existence to the rotation of 
the Sun . Yet as  the solar wind spews out of coronal holes ,  it 

takes away angular momentum and over the 5 billion year h is

tory of the Sun may have caused it to slow down greatly from 

its original speed . This in turn suggests that solar surface mag
netic fields may be much less strong now than when the Sun 
was a much younger star, and consequently that the young Sun's 
corona was denser and hotter .  As Rosner discusses ,  astronomers 
are beginning to learn by observations o f  x-ray emission from 
coronas around other stars to what extent such an inferred 
history of our Sun's corona makes sense . The key will surely 
require a far better understanding than we no\v have of how 
magnetic fields cause coronal heating and the solar wind . We 
have made progress in emerging from earlier blind alleys and 
have some confidence that we are now on the right track,  but 
in many detailed aspects the puzzle of the Sun's hot corona still 
remains . 
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SOLAR SCENARIOS 

The evolution of  our understanding of the solar corona has 

followed a tortuous  path and , as Robert Noyes d iscussed,  has 

been marked by surprisingly tenacious  adherence to theories 

that were not well supported by observations.  How did this 

situation arise? Few (if any) solar astronomers subscribe to 

Dirac's aphorism that " it is more important to have beauty in 

one's equations than to have them fit experiments ."  Although 

the historical interaction between theory and observation in 

solar astronomy undoubtedly has molded our subject's intellec

tual evolution , comparison between theory and observation nec
essarily has been indirect and furthermore has been influenced 

crucially by related research focusing on stellar activity and 

evolution of other stars . Examination of this larger context in 

which solar coronal theory developed is the aim of this 

discussion . 
The problem of connecting theory to observations is sche

matically illustrated in figure 1 .  The connection between the 

two is indirect because of two distinct reasons : first, the physical 

system is generally so complex that a rigorous,  complete theory 

that directly accounts for the data cannot be constructed , and 

second , the laboratory approach to experirnental studies ,  which 

includes the notion of control experiments, is not feasible for 

most astrophysical systems.  Instead the connection is established 
by means of a scenario , which we might regard as a kind of  

plausible story connecting theory with data . In  the language of 

formal logic , the scenario is a metatheory that provides both 

tools and framework for comparing theory and observations .  

The simplest scenario for solar activity i s  one in  which convec

tion-generated surface turbulence somehow couples to the co
rona,  thereby heating it ; and in this case , because the vigor of 

convection establishes the level of  surface turbulence , convec

tion alone will determine coronal activity levels . For the mo

ment, let us adopt this scenario as a working hypothesis and 

follow its consequences.  
We begin by asking how we might test the validity of this 
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scenario . The first step involves  development of detailed theo
ries .  The scenario itself then provides an interpretive frame

work in which theoretical consequences are developed as 

observables and ultimately compared with observations. If the 

theoretical constructions are aimed at solar observations  alone , 

then we must follow the traditional path of solar physics ,  as 

Robert Noyes outlined , which leads to the realization that mag

netic fields are crucial to coronal heating. Of course, it can be 
argued that the physics of the scenario must be common to that 

class of stars similar to the Sun ,  and if we regard the Sun as a 

prototype, our scenario will lead to theoretical predictions about 

the behavior of other stars . This is the path I intend to pursue. 

Remarkably,  in the past this same solar-stellar analogy provided 

the strongest support for our assumed coronal scenario , despite 
the fact that no d irect observations  of stellar coronas were avail

able until the mid- l 970s. 

The internal structure of a Sun-like star is schematically rep

resented in figure 2 .  Its nuclear-burning core provides the en

ergy to maintain the star as a whole , and in the star's interior,  
energy is carried outward primarily by radiation .  It is now 

thought that if a star' s  surface temperature lies below - 7 500 K 

(or equivalently if its mass is less than approximately 2 solar 
masses) , the outer envelope of the star becomes too opaque for 
effective energy transport by rad iation . Instead fluid motions

convection-take over  this function in much the way convection 
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C O N V E C T I O N L AY E R  

R E G I O N  O F  N U C L E A R  
E N E R G Y  R E A C T I O N : 

H - H e  

Conceptual drawing of the Sun's  structure , showing the nuclear-burn
ing core , in w hich the energy powering the Sun is currently released 
and carried outward by photons;  the convection zone, which forms an 
outer layer of circulating gas in w hich energy i s  carried outward more 
efficiently by gas motions  than by photons ;  and the photosphere, which 
forms the visible surface of the Sun and is  itself subjected to vigorous 
pum mell ing by the gas motions of the underlying convection zone . 
Overlying the photosphere is the tenuous outer solar atmosphere , 
whose high temperature relative to that of the photosphere is sti l l  
poorly understood . 
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supplants thermal coi1duction as the primary energy-transport 

process in a pot of boiling water. Thus all stars roughly less 
n1assive than 2 solar 1nasses are expected to have a vigorously 

convecting surface envelope . The precise extent (depth) of  this 

envelope and the vigor of the associated fluid motions depend 

on an individual star's mass and composition .  

Detailed theories of  stel lar interiors and of  turbulent fluids 

predict, given a star' s  mass ,  the level of noise generated by 

convective fluid motions once they break through the star's 

surface . Figure 3 exemplifies the results of such a calculation . 

It  shows how the noise level emitted per square centimeter at 

the star's surface varies with the star' s  mass .  For our purposes ,  

three facts stand out .  First, the Sun's  surface noise level appar

ently lies near the peak of  the curve . If  we suppose a direct 
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Theore tical calcu lations o f  the e nergy radiate d  o utward by turbulent  
gas rno tions ( in the  forn1 of  sound waves) h ave been ca rrie d out  fo r 
s tars o f  d i ffere nt  masses. T he graph shows a typical res u l t  o f  such a 
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te nuous atn1osphere (c h ro 111os phere and co ro na) can radiate. 
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connection between convective noise and coronal heating (as 

would be the case if  we hypothesize an acoustically heated co

rona) , we would expect the Sun's corona to be correspondingly 

bright. Second , the surface noise level plummets as stars of  mass 
either somewhat larger or smaller than the Sun's are considered . 

Given our initial scenario , these stars should have far less bright 

coronas than the Sun . (Our galaxy's star population is very 

heavily weighted toward stars of  low mass ; in fact, stars whose 
mass is less than half the Sun's mass are thought to be over ten 

times more frequent than stars of mass similar to that of the 

Sun. The Sun and the other stars with high surface noise levels 
are relatively rare . Most stars encountered in the galaxy should 

therefore be far weaker coronal emitters than the Sun .) Third , 

the theory predicts a unique value for the surface noise level 

for every stellar mass, in agreement with the scenario's insistence 

that convection alone determines the coronal emission level .  

Our in itial scenario therefore predicts that the Sun's corona 
ought to be typical of stars of similar mass, that the Sun's coronal 

emission lies at the upper range of stellar coronal emission 

levels ,  and that solar-like emission levels are rare (for example , 

the numerous low-mass stars ought to be weak coronal emitters 

when compared with the Sun) . 

Before the mid- I 970s there were no direct observations of  
coronal emission from solar-like stars . As Robert Noyes points 

out, the temperature of stellar coronas is so high that the rad ia

tion is predominantly ultraviolet and x-ray rather than visible 

light .  But even satellite-borne instruments capable of  circum

venting the absorption of  ultraviolet and x-ray photons by the 

terrestrial atmosphere were not sensitive enough to detect the 

relatively weak stellar emission.  Instead the burden of proof for 

supporting our scenario was placed on two indirect coronal 

indicators . 

The first indicator took advantage of the fact that on the Sun 

there are good correlations between coronal activity levels and 
surf ace (photospheric) magnetic activity and between surface 
magnetic activity and radiation by s ingly ionized calcium atoms 

(Ca I I) in the Sun's surface layers. On the Sun, regions of  bright 

Ca I I  emission ( the plages) coincide with the regions of  active 

surface rnagnetic fields and vigorous coronal activity . Further

more Ca I I emission has long been observed in the spectrum of 

solar-like stars thought to have surface convection zones , and it  

seemed natural to attribute this emission to plage regions s imilar 
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Observations of the rotation rate of stars near the Sun allow astrono-

1ners to study the variation of the surface rotation speed ( for example , 

�he speed at w hich the star's equator moves) with stellar mass . The 

curve shown here demonstrates the average behavior of the equatorial 

rotation speed (in kilometers per second) of stars of d ifferen t  nlass (as 
1neasured in  uni ts of the Sun's mass) .  

to solar active regions on the star' s surface . Thus emission by 

singly ionized calcium has been taken as a tracer for stellar 

coronal activity and has been extensively studied , following the 

pioneering work of 0. C. Wilson . 

The second indirect probe for coronal activity is the stellar 
rotation rate . I f  one measures the average surface rotation 

speed of stars and studies its variation with stellar mass , the 

curve shown in figure 4 is obtained . The pertinent feature of 
this curve is  that the point where the surface speed of a star 

rapidly declines with decreasing mass coincides with the stellar 

mass at which surface convection zones are thought to begin 

their existence . This coincidence is not thought to be accidental ; 

our own scenario claims that stars with convection zones should 
have coronas . Coronas are associated with mass loss, in analogy 

to the Sun's solar wind , and such mass loss leads to a slowdown 

in stellar rotation , m uch as a skater' s  spin is reduced by an 

extension of the arms .  Thus if all stars begin their l ife with 
comparable initial conditions ,  those with convection zones 

should show a systematic s lowdown with age ,  and those without 

convection zones should show no such age effect .  In a now

classic study , R. Kraft showed that this effect is precisely ob

served and that it provides a natural explanation for the data 
shown in figure 4 .  

What can we conclude? In  spite of the absence of direct 
coronal observations, the data I have discussed give fairly con-
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vincing support to my simple scenario . I n  particular, the scen

ario provides a very plausible explanation for a previously 

incomprehensible set of data-the variation of stellar rotation 
rate with mass and time-by tying these data to the presence 

of convection and coronal plasma, as predicted by detailed the

ory and supported , indirectly , by stellar Ca I I  emission . I t  thus 
unifies a number of previously d isparate sets of observations 

under a common, relatively simple metatheoretical umbrella . 

This is the usual mark of  a successful theory , and it is not 
surpris ing that the scenario found wide acceptance . Its accept

ance was not hindered by the fact that it fit  in well with then
current  conceptions of solar coronal heating theory . My simple 

scenario thus buttressed a solar coronal theory-acoustic co

ronal heating-which in  the solar context had no d irect obser
vational support .  

But what about direct stellar coronal observations? Relatively 

l ittle was available until the end of the 1 970s , when data from 

two satellites ,  the International Ultraviolet Explorer and the 

Einstein X-Ray Observatory ,  began to provide a wealth of in
formation on the coronas of other stars . The most dramatic 

impact has been made by pictures acquired from the latter 

instrument in an extensive stellar coronal survey by G. S .  Vaiana 
in collaboration with a large group of American and European 

scientists . I will focus on these x-ray results, which give a direct 

measure of stellar coronal activity . Indeed stronger x-ray emis
s ion should indicate h igh coronal activity . 

The Einstein Observatory is an orbiting satellite that carries 

a telescope capable of forming images of x-ray emitting objects 

much in the way that optical telescopes form images of objects 

in visible light. The technique of x-ray observations has a long 

ancestry . For example , Robert Noyes has d iscussed an image of  
the Sun taken photographically at  x-ray wavelengths by a tele

scope onboard the now-defunct Skylab space station . (See 

Noyes's figure 6 . )  This solar x-ray telescope was the d irect pred

ecessor of the Einstein Observatory instrument, having been 

conceived and designed by the same group of  scientists led by 

R. Giacconi .  

Stars are , of course, much too far away to be resolved spatially, 

as the Sun has been in figure 6 of Noyes.  Figure 5 is an x-ray 
image of the star 7r 1  Ursa Majoris . The electronically recorded 

picture of the s tar's x-ray emission can be seen in the center of 

the image . Knowing its d istance from us and measuring its 
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Figure 5 
A solar-l ike star,  1T 1  Ursa Majoris ,  as seen in x-rays .  This image was 
electronically recorded by a photon-counting detector in 1 97 9 on board 
the Einstein Observatory , by use of a large imaging x-ray telescope . 
The many individual ,  uniformly distributed s pots re present noise ; the 
star itsel f is seen near the ce nter of the field of view as an enhancement 
in the nu1nber of s pots. ( Photograph by the courtesy of Riccardo 
Giacconi) 
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apparent brightness allows us to deduce the intrinsic brightness 

of  1T 1  Ursa Majoris's corona . Although its mass is roughly equal 

to that of the Sun ,  it is clearly far brighter in x-rays ;  in fact,  its 

x-ray output is over one hundred times larger than the Sun's 

coronal emission level . This star is thought to be comparatively 

young and shows many signs of stellar youth ; it is a rapid rotator 
and is bright in Ca I I  emission .  Evidently stellar mass is not the 

sole determinant of  coronal activity ; yet according to our scen

ario, stellar age should not figure in fixing coronal emission 

levels .  As far as stellar x-ray astronomers are concerned , the 

contradiction between observation and theoretical prediction is 

fortunate ; it opens the possibility that the Sun is atypical and 
that the x-ray sky is more interesting than our scenario 

predicted . 

According to our initial scenario stars of lower mass than the 

Sun should have lower coronal activity levels .  An easy way to 

check this assertion is to look at a multiple star system that 

contains at least one star similar to the Sun , as well as stars of 

radically different mass .  The closest star system to us,  a Cen

tauri , contains a virtual twin to the Sun, a Centauri A, as well as 

a less massive star (named a Centauri B) . Figure 6 shows an 

Einstein Observatory x-ray image of this star system . Remark

ably it is the less massive star that is the brighter x-ray emitter, 

completely contradicting our scenario prediction .  This obser

vation excludes a possible relative age effect on coronal emission 

because these two stars are of equal age . Effects due solely to 

the binary nature of these stars are also excluded by the large 

separation between the two components . 

What have we learned from stellar observations? We now 
know that all solar-like stars are x-ray emitters and , by impli

cation , have coronas ;  that the coronal activity level does not 

correlate well with stellar mass and therefore seems to be insen

sitive to the vigor of surface convection ; and that the Sun's 

corona is not at all representative even of stars with comparable 

mass (in fact, its coronal emission level is very weak when com

pared to younger stars of similar mass) . We also are forced to 

conclude that the basic assumption of our scenario-that con

vection alone determines coronal emission-must be wrong. 
This is a remarkable result because our simple scen ario seemed 

so convincing. Moreover it is not obvious how the successes of 

the simple scenario can be incorporated (as they must) in a new 

scenario that accounts for the stellar x-ray observations as well . 
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Figure 6 
The nearest binary star syste1n ,  a Centauri ,  provides a vivid exa1nple 
of the difficulties encountered by classical coronal theory . As shown in 
this Einstei n Observatory x-ray image, the less massive star,  a Ce ntauri 
B, is the brighter star in x-rays , contrary to expectations based on 
classical coronal theory . The latter predicts (see figure 3) that the less 
1nassive star should have a far less vigorous corona . ( Photograph by 
the courtesy of  Riccardo Giacconi) 
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In  order to proceed , we must resign ourselves to the fact that 
stellar mass alone is not the determinant of coronal activity and 

that additional intrinsic physical parameters must figure in a 

revised coronal scenario . We now have prelim inary indications 

that one previously missing important variable is the stellar 
rotation rate . Very recent observational evidence suggests that 

rapid rotation is correlated with relatively enhanced coronal 

activity levels .  I f  this is the case , we can now develop a revised 

scenario that encompasses what we have learned in both the 

solar and stellar contexts . 

Consider a rotating star with an outer convection zone (figure 

7) . The coupling of rotation and convection can be shown to 

amplify magnetic fields in the star's outer layer;  this process of 
magnetic-field production is called a magnetic dynamo . The 

magnetic fields produced by convection and rotation are buoy

ant and emerge from the interior but continue to be jostled by 

turbulent fluid motions at the star's surface . This jostling or 

shaking of the magnetic fields d istorts them and , in the low
density atmosphere overlying the star's surface, leads to gas 

heating as the emerged magnetic fields attempt to relax to an 

undistorted configuration .  A hot corona confined by the 

emerged magnetic fields is produced . The emission from these 

structures is what we see in the x-ray images. As these fields 

evolve , the emerged loops increase in size and eventually break 
open . The result is a gaseous wind , and thus a loss of  mass from 

the star. This mass loss feeds back to the star's rotation by 

slowing down the star; it therefore decreases  the dynamo's ef

fectiveness. We thus find that the coronal phenomenon is truly 

self-defeating; once initiated, it inevitably leads to its own 

demise . 
The obvious question is whether this revised scenario satisfies 

the observational constraints I have discussed . The basic con

nection assumed between magnetic fields and coronal heating 

does account for the observed correlation among surface mag

netic fields ,  Ca I I  emission ,  and coronal activity . The virtual 
independence of coronal activity levels from surface convective 

turbulence levels is not so easily explained . Although magnetic

field-related coronal heating is expected to be less sensitive to 

the level of convective surface activity than acoustic coronal 

heating, a quantitative theory is lacking. However, both the 

variation of  coronal activity d uring the solar cycle as well as the 

detailed correlation of solar coronal emission with the surface 
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Schematic of a possible revised coronal sce nario .  The flowchart (a) 
sh ows the d ynarnical  con nections between the various  processes that 
ulti 1nately lead to x-ray e 1nissi on fro1n a hot  corona , as graphicall y 
i l lustrated i n  b .  The u lti n 1 ate e nergy sou rce i s ,  o f  course , ene rgy release 
in the n u clear-burning stel lar core . 
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magnetic field suggest that the coronal activity level is primarily 

determined by the amount of magnetic flux (magnetic field 

strength multiplied by area covered by magnetic flux tubes) 
present; \vhy this is so is as yet unknown.  I t  is important to 

realize that the various theoretical ingredients in the new scen

ario (figure 7) are themselves not new . What has happened is 

that the plausible ,  but nonrigorous, story connecting theory with 

observations has had to be revised significantly as new data were 

obtained .  

What have we learned about the Sun by regarding it as a 

prototypical star? From the theoretical point of view, we have 

discovered a significant new variable , stellar rotation ,  which fig

ures in determining the coronal activity level .  This discovery is 
consistent with the new scenario based on the notion of a mag

netically heated corona developed in the purely solar context. 

Most crucially , it could not have been obtained by looking only 

at the Sun . (The Sun, after al l ,  is associated with one rotation 

rate , so that effects due to variation in rotation rate cannot be 

studied .) Similarly we conclude that when the Sun was young, 

it must have been far more active than it is today. Because 

coronal emission occurs at wavelengths of radiation to which 

chemical reactions ,  particularly organic reactions, are quite sen

sitive , we may have .to rethink the processes that led to today's 
atmosphere and consider the mutational effects of the radiation 

on early l ife forms.  Both of these lessons are encompassed 

within the new scenario . But recall our original caveat :  a scen

ario is nothing but a plausible story connecting theory and data. 

As we learn more about the Sun and other stars l ike it, we can 
hope to increase the plausibility of the scenario , but we should 

expect to be surprised and to change the scenario once again , 

just as we have in the past. 
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CHAPTER 5 

COSMIC POWERHOUSES: QUASARS 
AND BLACK HOLES 





HARVEY TANANBAUM 

THE FARTHEST AND THE BRIGHTEST 

Our ability to study the universe has been dependent primarily 

on information received in visible l ight . First with the unaided 

eye and later with telescopes ,  we have studied the Sun,  Moon,  

planets , stars , and galaxies .  From detailed observations in visible 
light ,  we have obtained measurements of d istances ,  masses ,  te m

peratures , total energy outputs, and ages for many astronomical 

objects . These data have formed the basis for a standard astro

nomical view of the universe . 

This approach to astronomy began to change with the real

ization that some stars and galaxies can emit a substantial frac

tion of their energy in for ms other than visible light .  The nearest 
star, our Sun , has now been observed to radiate radio signals ,  

infrared rays ,  ultraviolet rays ,  x-rays,  and gamma rays . These 

radiations are all forms of  electromagnetic energy ; yet for the 

Sun,  most of the energy output still is in visible light. 

Some other objects radiate a much larger fraction of their 

energy in radio signals or in x-rays . The study of such objects 

can provide us with new perspectives of the violent processes 
that often take place in nature . The discovery and study of 

quasars provide a particularly fascinating example and is the 

basis for this discussion and the one by Alan Lightman . 

In  the 1 950s a number of astronomical radio sources had 
been detected with sensitive radio receivers or telescopes .  Some 

of  these sources were identified with very faint, d istant galaxies ,  

and some were not  identified with any particular visible l ight 

counterpart . Then at the December 1 960 meeting of the Amer

ican Astronomical Society , a group of  astronomers (T. A .  Mat

thews,  J .  G.  Bolton ,  J .  L .  Greenstein , G. Munch,  and A .  R. 

Sandage) made the first of what would be a series of startl ing 

announcements . One of  the radio sources,  Number 48 in the 

Third Carnbridge Catalogue of radio sources and therefore 

called 3C48, had been pin pointed on the sky ,  and at that loca

tion a relatively faint star-not a galaxy-was found . Over the 

next two years several more stars were located at the positions 

of unidentified radio sources . Studies of the l ight content of 
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Figure 1 
Simplified representation of l ight color pattern observed for source 
moving away (top) and corresponding light color pattern for source at 
rest (bottom).  

these stars proved even more perplexing for they did not look 

like any known stars of  galaxies either. 

Figure 1 presents a very simplified description of this situa

tion, representing the observations and their eventual interpre
tation . The top half of the figure shows how one of these radio 

stars might have appeared if its light were separated into its 

various wavelengths or colors . (With a prism white light can be 

separated into a spectrum of  colors-red, orange , yellow , green ,  
blue, indigo , and violet . )  If  a series of  filters or  a prism were 

used with the telescope , we might find the light from one of 

these radio stars separated into the shown patterns of  colors ,  

with the red light brightest, the blue light almost as  bright , and , 

in between these two extremes , some fainter orange light.  I f  
this pattern did not correspond to anything seen before, how

ever, we could not understand the nature of the star. This was 

the case for the stars identified with the radio sources at the 

beginning of the 1 960s . In 1 962,  however, the astronomer 
Maarten Schmidt discovered that the light pattern for a star 
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identified with the radio source 3C273 could be related to a 

pattern that was already known . This pattern is represented in 

the bottom half of figure 1 ,  where the yellow light is most 

intense , violet is almost as strong, and in the middle there is a 

fainter trace of  green .  What Schmidt recognized for 3C273 was 

that the observed color pattern was the result of a precise shift

ing of  the more standard color pattern .  I n  the context of figure 

1 ,  the violet that n1ight have been expected was shifted to the 

blue,  the green to the orange , and the yellow to the red . In  

short, the observed spectral pattern from these strange starlike 

sources had not been understood because it corresponded to a 
large shifting of  the expected pattern toward the red . Schmidt's 

discovery was the major intellectual breakthrough required to 

show the unusual nature of  quasars , as these quasi-stellar radio 

sources came to be cal led .  

Figure 1 is a greatly sim plified description of  the actual situ
ation . Schmidt actual ly used a spectrograph at the focus of the 

200-inch Mount Palomar telescope to spread or disperse the 

visible light from the star identified with 3C273 .  The d ispersed 

l ight showed a number of broad emission features (or bumps 

of excess l ight) superimposed on a continuum . Schmidt  recog

nized that these emission features corresponded to emission 

lines produced by electron transitions in hydrogen ,  oxygen ,  and 

magnesium atoms, but the wavelengths of the observed lines 
d iffered from those normally observed by a factor of 1 . 1 58 .  

This redshifting of the color in light is an effect well known 

in physics and astronomy and occurs when the light source is 
moving away from the observer.  The effect is  called the Doppler 

shift,  after the scientist who first described it . The Doppler shift 

also occurs with sound waves;  the classic example is illustrated 

in figure 2 .  As a train approaches an observer, the sound of its 
whistle is high pitched ; as the train passes ,  the sound is a little 

lower p itched ; and as the train moves away the whistle becomes 

still lo\ver pitched . Moreover, the greater the velocity of the 

train , the greater will be the shift in pitch of its whistle . This 
e ffect can be observed by listening carefully for sound changes 

when an ambulance or a police car with a siren passes by . The 

same effect was described by Doppler for visible light and is 

shown schematically in figure 2 by the moving light bulb. An 

approaching light source will have its normally yellow at-rest 
color shifted to the blue , while a light source moving away "'rill 

have its color shifted to the red . To produce a color change that 
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Figure 2 

SOU N D  

P i t c h  

a p p r o a c h i n g 

o t  r e s t --

r e c e d i n g ---

B l u e 

Ye l l ow 

R e d  

C o l o r  

a p p r o a c h i n g 

a t  rest --

r e c e d i n g ---

Description of the Doppler shift, showing the change i n  sound pitch 
for a moving train and in  l ight color for moving l ight sou rce . 

can be observed with the naked eye, the light source must be 

moving at a measurable fraction of  the speed of light, which is 

much greater than the speed of sound.  Since objects we nor

mally encounter are not traveling at a sufficiently high speed,  

the Doppler shift in light color is not observed in our everyday 

lives .  

For the colors to be shifted by the amount noted by Maarten 
Schmidt ,  3C273 must be moving at about 1 5  percent of the 

speed of light .  Since the colors are red shifted , this means 3C273 

is  moving away from us at this very high speed . Furthermore , 

as long ago as 1 929,  Edwin Hubble had used his studies of 

galaxies to show that the faster a galaxy was moving away from 

us,  the farther away it was . This makes sense in the view of  an 

expanding universe . Thus 3C273 and other quasars that were 

identified afterward are believed to be at very great distances 

(since their red shifts all indicate that they are moving away 

very rapidly) . In  fact most of the quasars are farther away than 

any observed galaxies and are the most distant objects known 

in the universe . By using the red shift to calculate the distance 

and by taking into account the observed brightness of  a quasar, 

we can compute the total energy being radiated . This energy 
output is very large , often one hundred to one thousand times 

more than a whole galaxy typical ly radiates .  It indicates that in 
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spite of their starlike appearance, the quasars are radiating far 

too much energy to be stars . This poses one of  the major ques

tions to be answered experimentally and theoretically : How does 

a quasar produce so much energy? 

Fortunately , we now have an add itional tool both to discover 
and to study quasars : the measurement of  their x-ray properties 

with a special x-ray telescope carried on board a space satellite 

named Einstein, in honor of the famous scientist. Figure 3 shows 

an x-ray picture taken of the radio quasar 3C4 7. The bright 

source in the middle of the figure is that quasar, seen in its x
ray light .  A second bright source about one-quarter as intense 

as the quasar is also seen in the x-ray picture . (The other little 

dots are not sources but background caused by radiation moving 

randomly in space.)  We have now observed more than two 
hundred quasars with the Einstein satellite, and almost all of 

them are bright x-ray emitters . Furthermore, work on quasars 

over the past twenty years has shown that less than I 0 percent 

of them are detectable as radio sources ,  and many of them,  

especially those most distant, cannot be distinguished from stars 

at first study in visible light .  This means that the x-ray emitting 
property may be the most universal feature that can be used to 

select or find quasars . 

Why are we concerned with having a simple means of select

ing quasars? Why can we not look at their detailed visible light 

spectra or color distribution and measure their red shifts as 

Maarten Schmidt did? The answer may be clearer  after looking 

at the visible light counterparts of these two x-ray sources .  

Figure 4 is a photograph taken with a large visible light (opt

ical) telescope. The orientation and scale are the same as in the 
x-ray picture shown in figure 3 .  The arrows indicate the visible 

light counterparts to the quasar 3C4 7 and to the second x-ray 

source.  This second source is identified with a fairly bright star, 

which is too faint to be seen with the unaided eye but which can 
be seen with a good set of  binoculars . The optical counterpart 

of the quasar is five thousand times fainter than the star. It  

requires a large telescope even to be seen,  and a detailed study 
of its light content takes one to two hours of observing time.  

Furthermore such spectral studies are often done only one ob-

ject at a time,  and there are approximately ten thousand stars 

or starlike objects in just this small amount of sky that are at 

least as bright in visible light as 3C4 7 .  It would take an optical 

astronomer more than ten years to obtain spectra for all of these 
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Figure 3 
X-ray picture obtained for quasar 3C4 7 with the Einstein satell ite .  The 
quasar is the bright object in the center.  A second x-ray source iden
tified with a rel atively bright star is also seen .  (Photograph from Har
vard-Smithsonian Center for Astrophysics) 

objects . This is too long, particularly since the radio emission or 

x-ray emission can be used to point out the quasar very quickly . 

How do we tell the quasar from the star in the x-ray picture? 

The amount of energy seen in x-rays compared to that seen in 

visible light is about twenty thousand times higher for the quasar 

than for the star in this field . We can use this large excess of x

ray to visible light to distinguish the quasars from the stars . 

We are 1nost interested in learning about the energy source 

in quasars . Some of the quasars have been found to vary in 

intensity or brightness-in visible l ight, in radio , and now in x
rays--over times of days and years . Figure 5 shows the x-ray 

intensity measured for 3C273 for most of  three days in Decem
ber I 978 with the E instein satelli te . Each cross represents the 

average intensity over one hour; the h igher the cross in the 

figure , the brighter the x-ray emission from 3C2 73 .  Time runs 

from left (the beginning of the observation) to right (the end of 
the observation) . For the first day the x-ray intensity is fairly 

steady . It is also fairly steady on the second day bu t at a level  I 0 
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Visible light picture (same scale and orientation as in figure 3) showing 
visible light counterparts for 3C4 7 and x-ray emitting star, at the tips 
of the two arrows . The star is approximately five thousand times bright
er than the quasar in visible light. ( Photograph copyright © N ational  
Geographic Society- Palomar Observatory Sky Survey ,  reproduced by 
permission) 

percent higher than on the first day . Thus these data show that 

the x-ray intensity increased by about 1 0  percent in no more 

than the twelve-hour separation between the two viewing inter
vals .  At the distance of 3C273 this 1 0  percent change in x-ray 

brightness corresponds to switching on about 1 trillion Suns in 

less than one-half day . The time scale of the variability has been 

used to estimate the size of the emitting region (see the 

discussion by Lightman) , and the region must be very small 

compared to sizes usually associated with galaxies . On the other 

hand,  the tremendous amount of energy involved and compar

isons with certain special galaxies almost guarantee that quasars 

are associated with the very centers ,  or nuclei ,  of galaxies .  The 

production of so much energy in so small a region sets limits on 

the amount of  matter involved in generating the radiation and 

also requires a relatively high efficiency in the production of the 

radiation . 
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X-ray intensity versus time for quasar 3 C 2 7 3 .  The intensity obtained 
in one-hour sarr1ples is indicated by crosses ,  with the height of the cross 
indicating relative x-ray brightness .  Solid l ines show average intensity 
for first day and second day. Time runs from left (December 1 3 , 1 978) 
to right (Dece1nber 1 5, 1 978) .  Data show that the intensity increased 
by approximately 1 0  percent between three hours and fi fteen hours 
on December 1 4. (Data courtesy of P.  Henry ,  Harvard-Smithsonian 
Center for Astrophysics) 

Another means of studying the energy generated by quasars 

is to look at the overall electromagnetic spectrum-from radio 

signals to gamma rays . Figure 6 shows the in tensity of the ra

diations observed from 3C273 in various energy bands (or col

ors) . Each band is labeled . The lowest energy shown is the radio ; 
in the middle are the infrared,  visible l ight , and ultraviolet ;  the 

x-ray and the gamma ray are the highest energy . The overall 

shape in the figure can be compared to shapes observed for 

stars and galaxies and can be used to rule out as the energy 

source a very hot, glow ing gas as would be typical for a star. A 

process called synchrotron radiation may be involved in the 

radio and possibly the infrared emission . In this process very 
energetic electrons follow curved paths as they move in a strong 
magnetic field , and as they move , they produce the observed 

radiation . In turn the radio and infrared photons (or l ight 

particles) can scatter or bounce off the energetic electrons and 
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Figure 6 
Electromagnetic s pectrum for 3C273 showing relative inte nsity in var
ious energy bands (radio, in frared,  visible, ultraviolet, x-ray, and 
gam ma ray) . 

pick up energy in what is called a Compton scattering process. 

This mechanism may lead to the x-rays and gamma rays ob

served , although it does not directly explain how the energetic 
electrons or strong magnetic field are ultimately powered .  Much 

of this research is not fully developed, but we should be able to 

learn details of the radiation process from systematic studies of 

the ove rall radiation spectra for many different quasars and 
from monitoring changes with time in various parts of the spec

tra of individual quasars . 

There is an additional observational technique from which 

we obtain insight on the ultimate energy source in quasars. 

Figure 7 is a radio picture of the region around the quasar 

3C4 7 shown in figures 3 and 4 in x-ray and visible light . Here 

the distance scale is greatly expanded so that the x-ray emitting 

star is far outside the boundaries of this picture .  The radio map 

indicates relative intensity by the series of circular shapes ; the 
closer together the circles , the more intense the radio source . 

Three sources are apparent in this radio map . One radio source 

is located in the center, at the position of  the optical and x-ray 

emission from 3C4 7. Then on each side of the central source is 
a separate radio source . Each of these sources is about 3 million 

l ight-years from the central source . If the particles responsible 
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Figure 7 
Radio picture of the region around quasar 3C47 .  The central source 
is located at the position of optical and x-ray emission .  The outer radio 
sources (lobes) are discussed in text. Radio intensity is indicated by 
concentric circles, with greater intensity indicated by closer spaci ng. 
(Figure adapted from G. G. Pooley and S .  N .  Henbest ,  Monthly Notices 

Royal Astronomical Society 1 69 [ 1 974] : 47 7) 

for the outside radio sources are ejected from the central quasar 

and travel at the speed of light, they require 3 million years to 
reach the location shown in the map . Thus the quasar has 

probably been active for at least 3 million years . This structure 

of two radio lobes or sources on opposites sides of  a central 

square with all three lying along a straight line is a feature that 

is seen in many quasars and radio galaxies .  The structure sug
gests the occurrence of  explosions,  which throw energetic par

ticles out from the central source along a preferred direction or 

symmetry axis . The possible nature of these explosions and 

their relevance to models for quasars is also discussed in the 
following section by Lightman . 

In this same context , figure 8 shows the radio image (white 
contours) of the relatively nearby radio galaxy Centaurus A .  

The optical galaxy i s  shown a s  the large , fuzzy , dark spherical 

object . (The finite size and structure of this object in visible light 
make it a galaxy , whereas a quasar image in vis ible light is 

usually just a point source or dot . )  Centaurus A also shows a 

double radio structure . We can learn more about the activity in 
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Radio contours (white) for Centaurus A superi mposed on visible light 
photograph of galaxy (dark , fuzzy extended source in center) . The 
radio map again shows a double-lobed structure . The scale of angular 
s ize is  shown at the botto m ,  where 1 arcmin is one-sixtieth of one 
degree . ( Radio contours from W. N .  Christensen et al . ,  Monthly Notices 

Royal Astronomical Society 1 8 1  [ 1 976] : 1 83 ;  optical photograph from 
Cerro Tololo I nter-American Observatory) 
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Figure 9 

I A R C M I N 

High-resolution X-ray image of Centaurus A showing central sou rce 
associated with galaxy nucleus and jetlike structure extending from 
nucleus toward radio lobe . (Courtesy E .  Feigelson and E .  Schreier, 
Harvard-Smithsonian Center for Astrophysics) 
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this radio galaxy by studying a jetlike structure shown in figure 

9. This figure is an x-ray image of  Centaurus A obtained with 
the Einstein satellite . The central x-ray source is associated with 

the nucleus of the galaxy, but the striking feature is the jet 

which stretches out from the center in the direction toward one 

of the radio lobes .  The picture indicates that energetic particles 

travel as a stream from the central source to the radio lobe . 
These particles may be the means of providing the radio lobe 

with the energy needed to continue radiating. The speed with 

which the matter  in the jet is traveling allows us to estimate the 
age of the jet as 25 ,000 to 2 . 5  million years . The key feature is 

that the pointing of the jet from the nucleus to the radio lobe 

indicates that the central source remembers the direction of the 

explosion , and particles continue to follow a preferred path 

away from the central source . Jets similar to the one shown are 

seen in a number of quasars .  
One more piece in  the quasar puzzle comes from studying 

ho'v the typical intensities of quasars change over times of mil

l ions and bil lions of years .  Optical observations suggest that, in 
the past , either there were more quasars or the quasars were 

brighter  than they are now . Because our x-ray observations 

show that most quasars are bright x-ray sources, we can combine 

these data with a measurement of the total output of all x-ray 

sources to set a limit on the number of faint quasars . Together 

the x-ray and optical data suggest that the main effect is a 

d imming of a quasar's  brightness with time . Over some I 0 bil

l ion years , roughly the estimated age of the universe , the aver

age quasar brightness probably decreases by a factor of about 

one hundred.  
The observational facets of  quasars most relevant to theoret

ical interpretations can be summarized as follows : 

1 .  Quasars are very luminous , often radiating one hundred to 

one thousand times more energy than an entire galaxy. Lumi

nosities are determined from the observed intensities and dis

tances calculated from red shifts . 

2 .  Quasars are very small as deduced from their starlike ap

pearance and the short times over which their intensities 

change .  

3 .  Quasars d o  not radiate predominantly a s  hot gas , a s  stars do. 

The shapes of their electromagnetic spectra from the radio to 

the x-ray band suggest that the synchrotron and Compton scat

tering processes are involved.  
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4.  Quasars are often sites of violent explosions, usually with 

preferred or retnembered directions as indicated by the double

lobed radio sources and the jets observed in a number of 

sources . 

The study of quasars requires combined data from radio to 

visible light to x-rays. Also, rather than be spurred by predic

tions, the field has tended to develop primarily through obser

vational discoveries of quite unexpected pheno1nena . In turn , 

these observations are heginning to require the acceptance of 

ideas once considered quite radical . 
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ALAN P. LICHTMAN 

TOO M UCH FROM TOO LITTLE? 

Energy , the mysterious stuff that turns the natural universe and 

makes life possible , is now here more awesome than in the vast 

reaches of space . 

One of the earliest sources of energy recognized by human

kind was the Sun , which irradiates our planet with heat and 

light .  Figure 1 ,  which dates about 1 35 B .c . ,  is a bas-relief of the 

Egyptian pharaoh Akhenaton holding out his hands to receive 
power from the Sun God Aten . To the Egyptians, the Sun was 

a mystical ,  mysterious being, an object of awe and wonder. For 

later c ivilizations,  the Sun often remained just as mysterious ; 

but for early scientists , at least, the mystery was what force 

powered and drove that magnetic ball of fire .  In  the late 1 800s, 

it was believed that the energy source of the Sun might be 

chemical ; in this view , the Sun could be compared to a giant 

coal-burning furnace . Unfortunately such a furnace would burn 

itse lf up in a mere one hundred thousand years , a period much 
shorter than the then-accepted age of  the solar system.  In 1 920 

Arthur Eddington correctly suggested that the Sun is powered 

by nuclear energy , and indeed the Sun and other stars are 

essentially huge nuclear fusion reactors in the sky .  

When a star like the Sun expends its nuclear fuel ,  however, 

it collapses under its own weight and thereby produces an enor

mous explosion called a supernova . Here the source of energy 

has become largely gravitational , which is ,  in fact ,  the most 
pervasive source of energy throughout the universe . 

Still another kind of energy powers the radio pulsars . First 

discovered in 1 967,  these objects are bel ieved to be rapidly 

rotating compact bod ies known as neutron stars that gradually 

convert their rotational energy into powerful e lectromagnetic 

radiation .  

When we extend our  gaze to truly cosmic d istances ,  and sur

vey those aggregates of billions of stars known as galaxies, we 

are astounded to see entire galaxies exhibiting violent activity 

that requires the presence of extraordinary and still unex

plained powerhouses at their centers . But even more energetic 
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Figure I 

-

. l . ' i 

Bas-relief of the Egyptian pharaoh Akhenaton of the E ightee nth Dy
nasty, about 1 3 50 B .C .  (From the Cairo Museum) 
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than the most active galaxy-indeed the greatest cosmic pow

erhouses in the universe-are the quasars . Unlike the case of 

the Sun , supernovas , or pulsars , the power source of the quasars 

is still a mystery ; however, we have important observational and 

theoretical c lues to their energy source . And uncovering the 

secret of the quasars' energy is a good illustration of a scientific 

detective story still in progress .  

Theorists often form their own views of  which observational 

results are important and which are not . Let me summarize 
some of the key observational properties of quasars , presented 

in more detail by Harvey Tananbaum . The foremost observa

tional fact about quasars , which may be deduced by combining 

their large distances from Earth with the amount of energy that 

we receive from them , is that quasars are extren1ely luminous . 

Table I compares the luminosity of a typical quasar with that of 
a normal galaxy in emitted radio waves, infrared radiation, 

visible light ,  and x-rays , using one galaxy power in visible light 

as the basic unit .  In  total ,  an average quasar is one hundred 
to one thousand times more luminous than an ordinary galaxy. 

The large luminosities of quasars and other observed prop

erties provide important clues to the nature of the power supply . 

Tananbaum has shown evidence that a quasar produces energy 
for at least several mill ion years . By multiplying the observed 

luminosity (energy per unit time) of a quasar by a minimum 

estimate of its l ifetime , we obtain a minim um estimate for the 

total amount of energy produced ( table 2) . The total amount 

of energy produced by a typical quasar over i ts active l ifetime 

is the energy equivalent of I 0 million times the mass of our 
Sun-that is, the amount of energy obtained from complete 

conversion into pure energy of a mass that large . 

How much mass was needed to produce a quasar's energy? 

No mechanism is I 00 percent efficient at converting mass into 

energy . For example, nuclear processes of the type involved in 

hydrogen bombs and in stars are only one percent efficient,  so 

a quasar powered by nuclear energy would require a bil lion 

Table 1 
Luminosities of galaxies and quasars 

Normal spiral galaxy 

Quasar 

Radio I n frared 

I 0-1 

5 x 1 02 

Visible 

I 
I 02 

X-Ray 
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Table 2 
Energy and rnass req uirements of a q uasar 

Efficiency 

Mini1n u1n solar 
1nasses in q uasar core 

Note : 

Nuclear energy 

1 %  

1 09 

Total energy = Luminosity X li fetime 

Gravitational Energy 

1 0% 

I 08 

= ( 1 03 galactic luminosities) X 1 m illion years 
= I 07 solar rest mass energies . 

Total energy = (Total mass required) X (conversion efficiency) . 

solar masses cycled through its central powerhouse . Gravita

tional processes near black holes are I 0 percent efficient ,  so a 

quasar powered by gravitational energy could operate on ten 

times less mass . No known physical process is m uch more than 

about I 0 percent efficient at converting mass to energy . Thus a 

m inimum estimate of the amount of mass cycled through the cen
ter of a quasar is about I 00 million times the mass of the Sun . 

How large is the energy-producing region of a quasar? Un

fortunately much of a quasar's radiation, especial ly the x-rays , 

infrared,  and some of  the visible light ,  comes from regions of 

the quasar much too small to show up as anything but a point 

of l ight . Thus we have no direct knowledge of the size of these 
regions . A simple and clever theoretical argument, however, 

can help answer the question .  The key is the quasar's time 

variabil ity , the fluctuations in intensity of detected radiation that 

Tananbaum discusses.  

A simplified model of time variability is shown in figure 2. All 
objects , whether they be eardrums vibrating to the sound of a 

distant voice or quasars vibrating from colliding shock waves,  

continually exhibit fluctuations in response to changes in their 

environment.  These fluctuations are what cause time variabil ity 

in the luminosity of  a quasar. Suppose now that an observer is 
monitoring the radiation from a region of size R and that at 

t = 0 the region suddenly undergoes a pulse or vibration ( in·

dicated by dashed lines in the figure) and then quickly settles 

back into its previous quiescent state . Light rays im mediately 
take off toward the observer from all points of the region .  

Because all these light rays travel with the same speed , the l ight 

ray that left the near side of the object will always be ahead of 
the l ight ray that left the back side of  the object .  At some later 
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SO U RC E  P U L S E S  a t  t = 0 
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O B S E RV E R 

a r r i va l  o f  
n e a r - s i d e  ra y 
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a r r i va l  o f  

i nt e r m e d i a t e  r a y s  

a r r i va l  o f  

fa r -s i d e  ra y s  

Simplified illustration of the detection of  light rays from an object after 
it undergoes an instantaneous pulsation (indicated by dashed l ines) . 
After the initial fluctuation, the subsequent times of arrival of various 
rays are indicated under the object. Our detector at Earth is  indicated 
by the eyeball . From a knowledge of the duration of the observed 
fluctuation , the size of the object R may be deduced.  (Technically it 
has been assumed that the object is optically thin .  The results are sti l l  
roughly correct for optically thick objects unless they are relativistic . )  
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time, t = t0 ,  the near-side l ight ray arrives at the observer;  but 

light rays continue to arrive so the light ray emitted from the 
1niddle of the region arrives next and , final ly ,  the l ight ray 

emitted by the back side of  the region arrives at the observer's 

telescope . After this last light ray arrives, the radiation observed 

from the region returns to its level before the fluctuation began . 

How long did this fluctuation last; that is, how long was the time 

between the reception of the first light ray and the last light 
ray? This interval of time must be just the time it takes the back

side light ray to catch up to the starting line of  the near-side 

light ray . If we denote the speed of light by c, this time is Ric ,  
or distance divided by speed . Therefore i f  the observer sees a 
fluctuation in detected radiation that lasts one year, then the 

size of the emitting region is determined to be one light-year in 

size , and so on . This ind irect theoretical argument gives an 

estimate of the maximum possible size of  an emitting region . 

From the observed time variability in detected x-rays,  for 

example , we can infer that the x-ray-emitting region is no larger 
than about a light-day across . A sober calculation then leads to 

the conclusion that a typical quasar can produce a hundred to 

a thousand times the luminosity of  a normal galaxy from a 

region one hundred thousand times smal ler in size . Roughly 
speaking, if the city of Boston were a galaxy in terms of i ts 

power output and size , then a quasar would have the power of 

the entire United States produced in a region the size of a 
basebal l .  Whatever powers the quasars must be highly efficient 

at converting mass to energy in order to produce so much 

energy from so small a volume. 

Another important clue to understanding quasars is the 

strong symrnetry exhibited by the ejected matter.  Quasars seem 
to single out a particular direction in space and to remember 

this direction for most or all of their active lifetimes .  Tanan

baum has shown radio images of radio-wave-emitting blobs of 
matter extending in a line through the center of the quasar; 

there are also photographs in visible light and x-rays showing 

jets , or streams,  of matter extending out from the center in 

straight lines .  rfhese strong symmetries may be clues to the 

nature of the power source at the center.  Something within the 

quasar has managed to select out a special orientation , or sym

rnetry axis, that has persisted for at least a million years . Fur

thermore this is not a freak occurrence , requiring fortuitous 

conditions . Many exa1nples of quasars and highly energetic gal-
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axies with such jets exist. Whatever causes this phenomenon 

must occur easily and commonly. 

Finally the power source of quasars must be short-lived dur

ing the period of high activity. A typical quasar l ifetime must 

be at least a mill ion years . But there are some reasons why the 
highly energetic phase cannot be much longer. First, too long 

a l ifetime would require the already enormous total energy 

required to be even larger .  Second , we do not observe any 

quasars still highly active (because of the finite speed of l ight, 

this is equivalent to not observing any nearby quasars) ; all the 

quasars we observe went through their most energetic phase 

long ago . In other words ,  the energy supply mechanism of the 

quasar must exhaust itself rapidly, maintaining maximum in
tensity for only about 1 million to 1 0  n1illion years . 

The possible theoretical models that satisfy the constraints are 

l isted in table 3 ,  w here a number of the more conservative 

models for the quasar power source proposed since 1 965 are 

given .  I say "conservative" because it has been suggested that 

the prodigious power of quasars can be explained only by new 

laws of physics .  However, most researchers recoil at this idea .  
The explanation of quasar phenomena in  terms of known en

ergy sources is far preferable to the inventing of new laws of 

nature or highly exotic processes in an ad hoc manner . (Most 

scientists pre fer  simplicity whenever possible . One of the most 

beautiful  and curious features of the natural world is that it 

seems to conform to humanity's own idea of mathematical and 
physical simplicity .) 

Independent evidence shows that the quasar phenomena do 

not require a qualitatively new form of energy or energy release 

mechanism.  I f  we order the d ifferent types of galaxies according 

to their luminosities, we find a continuous sequence going from 

normal galaxies l ike our own,  to radio galaxies l ike Centaurus 

A, to highly energetic active galaxies like M87 .  (See figure 3 . )  

As it turns out, the most energetic of the active galaxies ,  those 

known as Seyfert galaxies , are about as bright as the least lu

minous quasars . All of the energy sources l isted in table 3 are 

related in that they utilize gravitational energy in some form . 

Indeed it is possible that some of these processes form an evo

lutionary sequence. 

The last model ,  gas flow onto a massive black bore, was first 

proposed as the quasar energy source in 1 969 by Donald Lyn

den-Bell of England . This model is the most e fficient mecha-
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Figure 3 
Electronic detector photograph of active galaxy M 8 7  showing jet .  (Pho
tograph fron1 Sn1ithsonian Astro physical Observatory) 

nism for converting mass to energy and could be the correct 

explanation for the most energetic quasars.  

A black hole is a region of space created by the total gravi

tational collapse of matter whose attractive gravitational force 

is so intense that no matter, light, or communication of any kind 

can escape . Black holes are believed to be formed in the dying 

phase of stars larger than about three times the mass of the 
Sun .  During most of its l ifetime a star supports i tself against i ts 

own inward gravitational attraction with outward thermal pres
sure . This pressure is generated by nuclear reactions in the 

deep stel lar interior. But every star must eventually deplete its 
nuclear fuel . With its gravitational pull unbalanced , the star will 

begin collapsing. For a sufficiently massive star, the collapse 

Table 3 
Models for quasar power source 

l .  Random succession o f  gravitational collapses and supernovae 
2. Collision of stars in dense star clusters 
3 .  Gravitatio nal collapse of single m assive object 
4. Rapidly rotating 1nassive object (spinar) 
5 .  Gas flow (accretion) onto m assive black hole 
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cannot be halted .  As the star collapses to a smaller and smaller 

size , its gravity becomes stronger and stronger until the escape 

speed from its surface: reaches 1 86 ,000 miles per second , the 
speed of  light . (The escape speed is the speed required by a 

projectile to escape the gravity of a planet, star, or other body. 

The escape speed from Earth is about seven miles per second .) 

Once this point is reached , the star essentially cuts itself off 

from the surrounding universe , and a black hole is formed.  The 

size of a black hole is directly proportional to its mass ;  a black 

hole of  the mass of  the Sun would be a sphere about 3 . 5  miles 

in diameter. 

Significantly , the concept of a black hole was not invented to 
explain the quasar phenomenon . Black holes are a consequence 

of Einste in's 1 9 1 5  theory of gravity , General Relativity , one of 

the fundamental bases of modern theoretical physics . In  1 939  

J .  R . Oppenheimer and H .  Snyder were the first to discover 

black holes theoretically by manipulation of Einstein's equations.  

Yet for the next twenty-five years black holes were not taken 

seriously because of their bizarre properties .  In fact,  black holes 

were still considered highly speculative at the time quasars were 

discovered in 1 962 .  
In  1 964 the American astrophysicist E .  E .  Salpeter and the 

Soviet astrophysicist Ya . B .  Zeldovich independently suggested 

that black holes could be h ighly efficient cosmic powerhouses 

under appropriate conditions . Their idea was that a black hole 
in space may be surrounded by gas or other matter. I f  so , this 

matter will be drawn toward the hole by gravity . As the matter 

moves toward the black hole , it falls faster and faster ,  converting 

its gravitational energy into energy of motion , heat, and ulti

mately radiation , which we can detect . Just before the matter 
falls into the black hole , as much as one-tenth of  its 1nass will 

have converted into radiation energy . This idea of utilizing 

gravitational energy by matter falling toward a gravitating body 

was a s imple one and well known in more mundane circum

stances . I f  we drop an eraser, the eraser falls ,  going faster and 

faster until it strikes the floor,  converting its gravitational energy 

into motion and then into a little heat upon impact . I f  we 

dropped the eraser from very high up , the total amount of  
gravitational energy converted into heat would be about one

billionth of the eraser's mass . Exactly the same process occurs 

when matter fal ls toward a black hole ; the only d ifference is 

that the gravity of the black hole is much stronger than the 
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Earth's so that a much larger fraction of  the mass of  the falling 

matter can be converted into energy. 

The insight provided by Salpeter and Zeldovich was that this 

simple gravitational process can occur on cosmic proportions 

with black holes .  It is always - fascinating when a certain theo

retical idea or result is published by two d ifferent scientists 

within a period of  months, completely independently . And fre

quently this happens when there were no new observational 

results that could have been a catalyst .  I t  is as if there were a 

kind of ripeness in the air for a particular theoretical 

development. 

Soon after this prediction of black holes as cosmic power

houses, pulsars were discovered in 1 967 and then the first good 

candidate for a black hole, Cygnus X- 1 ,  in 1 97 1 .  Black holes 

became more acceptable as an astrophysical possibility . 
Having attained some scientific respectability , black holes have 

been incorporated into a theoretical model for quasars in the 

following way. A large total amount of  mass is required to 

produce the energy output of quasars-from 1 0  m illion solar 
masses for a weak quasar to 1 billion solar masses for a strong 

quasar. Because this large mass must be confined to a small 

space , gravitational collapse , with formation of a black hole , 

seems inevitable . To release its gravitational energy , this mass 
must be captured by the black hole. Thus the black hole itself 

must either initially or eventually attain a mass this large . In 

terms of the underlying theory , such massive black holes are no 

more difficult to write equations for and to conceptualize than 
stel lar-sized black holes like Cygnus X- 1 .  Massive black holes 

could be formed in the gravitational collapse of gas during the 

initial formation of a galaxy , or as a result of the collision and 

coalescence of 1nany stars , or as a result of a small black hole's 

capturing matter and growing. 

One of the attractive features of the black hole model for 
quasars is the high efficiency of conversion of matter to energy . 

Matter falling onto a black hole can convert more than 1 0  
percent of its rest mass into rad iation .  

I t  is  a simple matter for a black hole to produce a symmetry 

axis, as required by the observations.  I t  simply has to rotate , a 

state that will develop naturally if the gas forming the black 
hole and falling into it has a rotation of its own . This condition 

would naturally be expected , since most large aggregates of 

matter like our own solar system and even whole galaxies are 
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observed to have a net rotation .  A rotating black hole affects 

_matter along its axis of rotation in a very different manner from 

that in its equatorial plane, just as weather patterns near the 

north pole of  the Earth are very different from those near the 

equator. The rotation axis of the hole then becomes the pre

ferred d irection in space . Since the rotating hole is like a big 

gyroscope , this axis is quite stable and can hold its direction for 
a long time . A number of  possibilities for collimating gas into 

the striking jet structures are now being pursued . These ideas 

di ff er in detail , but all hinge on the fundamental property of a 

collective rotation .  In  contrast, any mechanism that invokes a 

succession of different energy releases ,  scattered randomly 

thro ughout a large region ,  would probably involve a range of 

spatial orientations and would have difficulty in producing a 

single, well-directed jet of matter.  
Figure 4 illustrates the type of configuration that might be 

expected . At the center is a black hole,  deformed into a partially 

flattened shape by its rotation . A cross-sectional view shows gas 

A.owing toward the black hole and forming a bloated doughnut 

shape . A variety of mechanisms exist by which matter might be 

funneled out in both directions along the rotation axis of the 

hole . This is shown in the figure as the outwardly d irected lines .  
The beamed matter then can be further collimated by cylindri
cal magnetic fields ,  shown as loops in the figure . Some of the 

energy may be supplied by the rotation of the black hole , anal

ogously to the radio pulsars . This highly d irected form of en

ergy is particularly suited ' for producing matter streams 
traveling at nearly the speed of light (relativistic matter streams) . 

Much of the observed x-ray radiation may be produced by the 

gas in the doughnut configuration around the hole , heated to 

temperatures of I 00 million degrees or higher.  

To produce energy the black hole must have a supply of gas 

and matter. Where does the material originate? Because we 

know the rate at which energy must be produced and the effi

ciency of a black hole for converting mass into energy ,  the rate 

at which matter must be fed to the black hole can be calculated . 

For a quasar of moderate luminosity producing a hundred gal

axy luminosities ,  the production of  gas in an ordinary galaxy by 

the aging and explosion of stars is sufficient to fuel the black 

hole .  This mechanism generates gas at the rate of about I solar 
mass per year. For the more luminous quasars , which produce 

a thousand or ten thousand galaxy luminosities ,  additional 
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Figure 4 
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Hypothetical picture of  a rotating black hole accreting gas and expel
ling a jet of matter along its rotation axis .  This is a possible 1nodel for 
the power source of quasars . Gas flowing inward fonns a bloated 
doughnut shape (cross-sectional view is shaded in the figu re) and re
leases its gravitational energy .  The outgoing jet o f  matter ( indicated by 
diverging l ines) 1nay be partially confined by cyl indrical magnetic fields.  

mechanisms of gas supply must operate . Two such mechanisms 

are the physical collisions of stars with each other and the rip

ping apart (tidal disruption) of s tars that pass too close to the 

black hole . In  each case , gas is liberated from the destroyed 

stars and falls toward the black hole . Both of these mechanisms 

are effective when the black hole is surrounded by a dense 

system of stars . On a smal l  scale , such dense star systems have 

been observed in our own galaxy as the beautiful globular clus

ters , aggregates of about I 00,000 stars that orbit each other and 
clun1p together under their mutual gravitational attraction .  (See 
Huchra' s figure 1 . ) 

The tidal disruption mechanism is i l lustrated in figure 5 ,  

showing a system of stars surrounding a black hole . For pur
poses of the illustration,  we have assumed that the black hole 

has a 1nass of about I 00 mil lion times the mass of the Sun and 
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Figure 5 

The tidal disruption of stars by a n1assive black hole . All stars in  the 

shaded region are unaffected by the black hole .  The remaining stars 

orbit the hole, gradually move toward it, and are gravitationally ripped 

apart when their orbits approach too close to the hole ( shown by the 

buzz saw in the figure) . The gas from destroyed stars n1ay be the 

primary fuel sup ply to power the black hole . 
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that stars far from the black hole are traveling at a speed of 

about 300 miles per second , not a large speed for the centers of 

galaxies . Stars more than I 019 centimeters (about ten l ight-years) 

distant from the black hole wil l  be unaffected by the presence 

of the hole. This is the shaded region of the figure . Stars closer 

to the hole will be strongly gravitationally attracted to it, will 

orbit the hole, and will accumulate in this region. Any star 

passing with in about 1 014 centimeters (about ten times the d is

tance f ro1n the Earth to the Sun) of the hole will be ripped 

apart by the tidel ike stretching of the hole's gravitational field , 

somewhat analogous to the ocean tides caused by the Moon . 
The tidal region of  destruction is indicated in the figure by a 

buzz saw around the black hole .  

Both the stellar collision and the tidal disruption mechanisms 

for gas supply have the desirable feature that they eventually 

exhaust themselves by destroying all of the available stars in the 
vicinity of the black hole .  For example, Centaurus A, the radio 

galaxy, may have once been a quasar, but now houses at its 

center a quiet black hole that has exhausted most of the available 

fuel . Different mechanisms of gas supply each cause a different 

long-term evolution of the quasar luminosity with time.  In prin
ciple, comparison of theory and observation for such evolution 

could shed some l ight on the nature of the gas-supply 

mechanism . 

I have addressed only some of the observational data on 
quasars discussed by Tananbaum . Despite the wealth of detailed 

observational results available,  our understanding of the energy 

source is based on only the simplest and broadest theoretical 

ideas , l ike energy and mass requirements , efficiencies, and so 

on . Does this speak for the complexity of the phenomenon , or 

perhaps a limited viewpoint that has overlooked some important 
clues? Are we trying to get too much from too little? 

I n  another sense, it is a triumph that we, little cosmic ants on 

our little planet Earth , understand as much as we do about 
quasars , objects clear across on the other side of the visible 

universe , and black holes, for fifty-five years objects existing 

only as equations on a piece of paper. 
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CHAPTER 6 





WALTER H .  G. LEWIN 

THE MYSTE RY OF T HE X- RAY B U RST 
SOURCES 

Scientists sometimes call their unsolved problems mysteries .  

This word is  reminiscent of  detective stories full of excitement 

and surprises that are brought to a dramatic solution through 

the careful and clever piecing together of  a puzzle . There are 

indeed many such stories in science . One of them is the mystery 

of the cosmic x-ray burst sources .  

These so-called x-ray bursters typically emit ten times more 

visible l ight than our Sun does . That does not make them 

particularly special , as one might gather from the previous de
scription of quasars . However, they emit over a billion times 

more x-radiation than does the Sun. In addition to this s trong 

and somewhat variable continuous flow of x-radiation , every so 
often (a few times a day) these objects produce a short burst of 

x-rays . The bursts reach their maximum intensity in only a few 

seconds ,  sometimes even faster. The bursts typically last a min

ute ,  though much shorter and much longer bursts have been 

observed . At burst maximum, the x-radiation is about ten to 

one hundred times stronger than the continuous x-radiation 

between bursts . The x-ray burst sources are very powerful in

deed;  it takes the Sun about two weeks to generate the same 

amount of energy that one of these sources can produce in a 

s ingle brief x-ray burst . 

What kind of an object is capable of this exotic behavior, and 
how does it produce the x-ray bursts? These two questions have 

occupied and challenged us for several years . It was a puzzle 

indeed .  At first  a few pieces were put in the wrong place , blur

ring our vision , but as the pieces fell in place, one by one , a 

clear picture emerged . 

The story begins in the early 1 970s when about one hundred 

variable galactic x-ray sources were known.  Most of these were 

believed to be binary systems (a system consisting of  two stars 

in orbit about each other) in which one member is an x-ray 

source such as a neutron star or, in a few cases,  a black hole 

(see chapter 5 ,  Alan Lightman) and the other member is a 
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norn1al companion star. (Normal here indicates that the com

panion star is burning its nuclear fuel , as our Sun does ;  the 

other oqject, be it a neutron star or a black hole , has already 

exhausted its nuclear fuel supply . )  The two stars are very close 

to each other and are therefore called a close-binary system. 

The neutron star in such a system has a mass comparable to 

that of the Sun ( 1 solar mass) but a radius of  only about 1 0  

kilometers (the Sun's radius is about 700, 000 k ilometers) and 

thus has an extraordinarily high density of about I 0,000 billion 

grams per cubic centimeter.  Neutron stars are of such high 

densities that their atoms are crushed into almost pure neu

trons; hence the name of the star. The gravitational field 

strength near its surface is about 1 00 billion times higher than 

the gravitational field near the Earth's surface . Matter, mostly 

hydrogen,  can spiral from the surface of the nearby normal star 
toward the neutron star and , in doing so , will form a disk 

surrounding the neutron star; this is called an accretion disk . 

When this matter approaches the neutron star, it will reach very 

high velocities due to the strong gravitational field of  the neu

tron star, and consequently it will heat up to temperatures of 

about 1 0  mill ion to 1 00 mil lion degrees . At these very high 

temperatures this matter will radiate predominantly x-rays . 

In  1 97 1 using the first orbiting x-ray observatory UHURU, 

Riccardo Giacconi,  Ethan J .  Schreier, Harvey D .  Tananbaum,  

and their coworkers discovered periodic pulsations (with peri

ods of a few seconds) and eclipses (with periods of a few days) 

in the x-radiation from two strong x-ray sources .  The following 

picture emerged . The x-ray pulsations result from the rotation 

of a strongly magnetized neutron star whose magnetic dipole 

axis is not aligned with the star' s axis of rotation .  Due to the 

strong magnetic field the matter cannot fal l  freely onto the 
neutron star but is forced to fal l  only near the magnetic poles . 

This results in two hot, highly radiating regions on the neutron 

star (the magnetic poles) , which rotate about the star's axis of 

rotation, thereby changing their direction in space . In  other 

words, everytime a hot spot points toward the Earth we see a 

pulse of x-rays . The x- ray ecl ipses occur when the neutron star 
disappears behind the much larger normal companion star. 

After this important discovery , it was bel ieved that the ma

jority of the variable x-ray sources in our galaxy would be s imilar 

to the above . To verify this assumption , many strong and vari
able x-ray sources were carefully studied to search for their 
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binary nature and to fi nd x-ray pulsations,  which would establish 

that the x-ray star is a neutron star rather than a black hole . 

(Black holes have no surf ace nor is there a strong magnetic field 

associated with them ;  therefore they cannot produce periodic 

x-ray pulsations . )  Surprisingly , the search turned up a large 

number  of  x-ray sources that showed no signs of a binary nature 

and from which no x-ray pulsations were observed . What would 

these sources be? Could they be fundamentally different from 

the classic x-ray binary systems? As early as  1 97 5 ,  there was 

much exciting speculation .  Before discussing this speculation, 

I wil l  briefly explain the various methods by which the binary 
character of x-ray systems can, in principle ,  be established . This 

wil l  be of use later to appreciate how our ideas evolved . 

The observation of  periodic x-ray eclipses leaves no doubt 

about the binary nature of an x-ray source .  If eclipses are not 

observed,  however, it does not follow automatically that the x

ray star is not in a binary system.  The absence of evidence is 

not the evidence of  absence . X-ray eclipses will occur only if we , 

on Earth,  are viewing the orbital plane of  the binary system 

almost edge-on .  I f, by contrast ,  we are viewing the orbital plane 

at a sufficiently large angle,  eclipses will not be observed . In  the 
absence of eclipses,  the binary character of a source can in 

principle be found by observing the Doppler effect (see the 

discussion by Harvey Tananbaum) in the x-ray pulsations , if 

such pulsations are observed . If x-ray pulsations are absent, 
optical -observations (at visible l ight rather than x-ray wave

lengths) may reveal the binary nature . If the normal companion 

star in an x-ray binary system is bright enough , it can be studied 

from the ground with optical telescopes. I f  it turns out that the 

visible star is a spectroscopic binary (the colors shift periodically 

due to the orbital Doppler effect) , the binary nature is beyond 

question . Thus several l ines of investigation can be followed to 

uncover the binary nature . 

Using the technique I have described , several more binary 
systems were discovered, but nowhere near as many as expected . 

In  most binary systems,  the normal companion stars were very 

bright,  and their masses turned out to be ten to twenty times 

larger than that of the Sun.  I will call these binary systems class 

I objects . The mass of  the companion star, not the presence of 
x-ray eclipses or x-ray pulsations, determines whether an x-ray 

source belongs in this class .  X-ray ecl ipses are often observed in 

class I objects, but this depends o n  the orientation of the binary 
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syste 1n ; x-ray pulsations are almost always observed in class l 
objects, but there are a few exceptions .  There is  an x-ray binary 
syste1n , called Cygnus X- l ,  in which the x-ray star is probably 

a black hole . I ts companion star is very massive (it is a class l 
object) , but no x-ray eclipses and no x-ray pulsations are ob

served from this source . 
The class 1 objects must be relatively young, since stars with 

a mass about twenty times that of  the Sun do not live very long. 

They burn up their nuclear fuel in only a few million years , 

after which they die abruptly in a supernova explosion . This 
explosion ejects matter into interstellar space , and it can leave 

as an additional remnant a small and dense object (a neutron 

star) . Since the class I objects contain a very massive nuclear

burning star, they must be younger than a few million years . 

The large number of variable x-ray sources that showed no 

signs of binary nature and from which no x-ray pulsations were 

observed were never associated with bright stellar objects . In

terestingly , nearly all sources in this class ( I  will call them class 
2 objects) are located in the general region of the galactic center 

and in globular clusters .  This implies that they are among the 

oldest objects in our galaxy ; they are probably about l 0 billion 
years old . 

This was more or less the s ituation in 1 975 .  The class I objects 

were reasonably well understood, but the class 2 objects were a 

complete enigma . What were these class 2 objects? Could they 

be single black holes? The absence of x-ray pulsations and 
eclipses could then be explained because black holes cannot 

produce x-ray pulsations . Furthermore if a black hole is  not 

orbiting a companion star, one would not observe x-ray eclipses , 

and the absence of a bright ,  visible companion star would then 

also be understood . There is, of course , the possibility that the 
class 2 objects are single , nonpulsating neutron stars . Nonpul

sating neutron stars inay weJ l exist because x-ray pulsations 

would not be expecterl. from neutron stars with weak magnetic 

fields or from those whose magnetic dipole axis is coaligned 
with the star's rotation axis .  

A single black hole or a single neutron star would have to be 

surrounded by a cloud of gas so that it  can accrete (gravitation

ally capture) a sufficient amount of  matter to account for the 

observed x-ray luminosity (see the d iscussion by Alan Light

man) . rfypically an accretion rate of  about I 017  grams per second 

is required . (At this rate , it  would take two thousand years for 
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a mass comparable to that of  the Earth to accrete . )  A black hole 

or a neutron star of about 1 solar mass placed in the very low 

density of interstellar space would not accrete at the required 

rate . However, the higher its mass and the higher the density 
of  its surrounding gas , the higher wil l  be its accretion rate . Thus 

a very massive but small object in a low-density (but not so low 

as interste llar space) environn1ent could perhaps do the job. I t  

i s  bel ieved that no neutron stars in excess of about 3 solar masses 
exist, but the mass of a black hole is unlimited . Thus a very 

massive single black hole placed in a low-density environment 

was considered as a possibility . In fact,  in 1 975 John N .  Bahcall 

and Jeremiah P. Ostriker and , independently , Joseph I .  Silk 
and Jonathan Arons proposed that black holes in excess of 1 00 

solar masses could be responsible for the x-radiation from those 

globular clusters that contain an x-ray source, a truly fascinating 

possibility . 

The single-black-hole idea gained some additional support 
late that same year when Jonathan E .  Grindlay and John Heise,  

observing with the Astronomical Netherlands Satellite (ANS) ,  

discovered so-called x-ray bursts from a class 2 object located in 

the globular cluster N GC 6624 (figure 1 ) .  X-ray bursts were also 

independently discovered by Richard Belian , Jerry Conner, and 

W. Doyle Evans . Grindlay and Herbert Gursky argued that the 

bursts observed with the ANS might be caused by a black hole 
in excess of 1 00 solar masses .  They did not propose a specific 

mechanism for the bursts but bel ieved that the observed varia

bil ity in time could be accounted for by a scattering of  primary 

x-rays in very hot gas of about 1 billion degrees .  Such a very 

hot gas wou ld escape the gravitational pull of  solar-mass-sized 

objects but not a black hole with a mass in excess of a few 

hundred solar masses .  Grindlay and Gursky also suggested that 

the bursts originated near such a very massive black hole . In the 

light of the earlier and fascinating black-hole model for x-ray 

sources in globular clusters , it was perhaps tantalizing to push 

this exotic idea . Unfortunately it turned out to be incorrect . 

Following the discovery of  x-ray bursts , our group at :rvIIT 

(using the SAS-3 x-ray observatory) discovered in February and 

March 1 976 five more x-ray burst sources , and ,  before the year 

was over, various groups observing with different  satell ites 

(Vela ,  OS0-8, U H URU, and SAS-3) found an additional ten 

burst sources .  All of these burst sources were c lass 2 objects ,  

and in  spite of  all efforts not a single burst was observed from 
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a class I object. Clearly the bursts were unique to the class 2 

objects (even though not all class 2 objects produce x-ray bursts) , 

and it occurred to some of  us that x-ray bursts might hold the 

key to the secrets of the entire group of class 2 objects . Moreover 

it became clear in I 976 that x-ray stars that produce bursts are 
ordinary neutron stars . A description of the early developments 

that led to this first important piece of the puzzle follows . 

Jean H .  Swank and her coworkers , observing with the OS0-

8 satellite ,  were the first to notice that the x-ray spectrum 

(amount of energy in each color band) of one particular very 

long burst of  about 600-second duration resembled that of  a 

black body . (Every object absorbs a fraction of  the radiation 

incident on it and it emits radiation .  An object is cal led a black 

body when all radiation incident on it is absorbed . Such an 

object emits rad iation that has a specific spectrum, deter

mined only by its temperature . The total power emitted by a 
black body is proportional to its temperature to the fourth 

power and to its surface area . )  During the first sixty seconds ,  
the temperature rose to about 26 million K ,  then decreased,  

and , after about one hundred seconds,  the temperature reached 

about 1 5  million K. The object continued cooling over time . 

The energy flux measured at the Earth is inversely proportional 

to the square of the distance between the Earth and the x-ray 
source . I f  the distance to the source is known,  and the source's 

surf ace temperature has been measured from its x-ray spec

trum,  its total power and its surface area (and radius) can be 

calculated . For an assumed d istance to the star of 30,000 light

years , Swank and her colleagues found a radius of about I 00 
kilometers during the first fi fteen seconds of the burst and 

thereafter a more or less constant radius of about 1 5  kilometers . 

Incidentally the assumed distance was not unreasonable since 

most burst sources l ie near the galactic center (figure 2) at a 

distance from Earth of approximately 30,000 l ight-years . Fol

lowing this example , Jeffrey A. Hoffman , John P. Doty , and I 

established that the radii of  two other x-ray stars that produce 

bursts were both about I 0 kilometers at all times during the 

cooling period . We were unable to measure the radius of the x

ray star during the burst r ise , when the temperature was still 

going up .  

These radius measurements provided the first persuasive ev

idence that the bursting x-ray stars , and therefore probably the 
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+ 1 5  

Theoretical x-ray burst. This is the result of one of the thermonuclear 
flash model calculations performed by Paul C. Joss. The vertical axis 
is the x-ray i ntensity in relative x-ray units ;  the horizontal axis is in 
seconds .  Notice the fast ri se of the burst. The inte nsity at  the peak of 
the burst is  about twenty-five times the preburst x -ray intensity . Com
pare the burst profile with those of figure 1 ;  the agreement is  quite 
good . Near the maximum of the burs t  the temperature of the neutron 
star's surface is about 30 mil l ion degrees .  About ten seconds later the 
tem perature is about 1 8  mil l ion  degrees.  ( Figure from P. C. Joss , 
Astrophysical ]ournal 225 [ 1 978] : L l 23) 

majority of  the x-ray stars in class 2 objects , are neutron stars . 
I f  the burst sources were very massive black holes ,  one would 

expect to find considerably larger radii because the radius of  a 

200-solar-mass black hole is approximately 600 kilometers.  ( See 

chapter 5 ,  Alan Lightman .) Jan van Paradijs showed in 1 977 

that the small radius of about 1 0  kilometers is  a property shared 

by al l  x-ray stars that produce bursts . 

Further evidence for the presence of a neutron star in class 

2 objects came in the spring of 1 978,  when the first thorough 
theoretical model calculations,  made by Paul C. Joss , showed 

convincingly that the observed x-ray bursts can be produced by 
a nuclear blast on the surface of a neutron star (figure 3) . The 

principle of the model is simple . Hydrogen accretes onto a 

neutron star. This accretion leads to the persistent emission of 

x-rays,  which is derived from gravitational potential energy just 

as in the class 1 objects. The hydrogen accumulates on the 

neutron star's surface and fuses steadily to helium (the helium 
layer formed this way is below the hydrogen layer) . After about 
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I ()2 1  grams have been accreted ,  the temperature and density in 

the helium layer can become critical , and the fusion of helium 

to carbon can occur rapidly in a so-called thermonuclear flash. 

1�his very powerful flash produces an x-ray burst .  The intervals 
between the bursts depend on the mass flow onto the neutron 

star and on the temperatures in the deep interior of the neutron 

star. For a typical accretion rate of about 1 017  graros per second , 

the intervals between bursts would be about three hours ; for 

lower rates , the intervab would be correspondingly longer .  The 

thermonuclear flash model has been quite successful in explain

ing many of the observed features .  For instance , it explains the 

fast burst rise of about one to a few seconds ,  the observed 

intervals between the bursts , the observed temperature of about 
30 million degrees at burst maximum, and the subsequent cool

ing of an object with a radius of about 1 0  kilometers (a neutron 

star) . Moreover, the thermonuclear flash model,  if correct, ex
cludes black holes, since black holes have no surface on which 

the accreted material can accumulate and flash . 

During periods of high burst activity , the energy radiated in 

x-ray bursts from a given source is observed to be about 1 
percent of the energy radiated in the persistent x-ray emission .  

This can be easily understood in terms of the thermonuclear 

flash model . Each proton (a proton is a hydrogen nucleus) that 

falls onto the surf ace of a neutron star gains kinetic energy 
equal to about 1 0  percent of its mass, and this energy is released 

in the form of the persistent x-ray emission .  (See the discussion 

by Lightman .) The hydrogen fuses steadily to he lium, and the 
helium fuses to carbon in a thermonuclear flash . In the fusion 

of helium to carbon , the nuclear energy released per proton is 

only about 0. 1 percent of the proton's mass .  It therefore follows 

that, averaged over some time , the energy in bursts should be 

about a hundredth of the energy released in the persistent flow 

of x-rays . In short, the released nuclear energy in the burst is 
about I percent of the gravitational potential energy released 

in the accretion of matter onto the neutron star. 

If many class 1 and class 2 objects contain a neutron star,  why 
then are there such striking differences between these two 

classes? Many specific questions come to mind . Why do only 
class 2 objects burst (not all of them burst) and why do they not 

pulse ; and why do only class 1 objects pulse (not all of them 

pulse) , and why do they not burst? Other important questions 
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also need answers .  Are class 2 objects binary systems like the 

class I objects , and , if so, why do we not see a bright optical 

counterpart as we do in the case of the class I objects? Why 

were no x-ray eclipses seen in twenty class 2 objects carefully 

studied? Let us answer these important questions one at a 

time . 

The reason why the class 2 objects burst and do not pulse and 

why the class I objects pulse and do not burst is related to their 

enormous age difference . Young neutron stars , often found in 

class I objects , can have very strong magnetic fields ,  which are 

responsible for the x-ray pulsations . The magnetic field in the 

very old neutron stars that we find in class 2 objects presumably 
has decayed away . The accretion is therefore not confined to 

the magnetic poles,  and thus no beaming mechanism exists to 

produce x-ray pulsations.  This explains why class I objects but 

not class 2 objects, pulse . 
I t  is more difficult to see why class 2 objects , but not class I 

objects, burst. Joss has suggested that this too is related to the 

suspected difference in magnetic field strength in the two classes 

of objects . The concentration of the accreting matter onto the 

magnetic polar caps and the intense magnetic fields in the sur

f ace layers of  the neutron star both tend to make the nuclear 

fuel burn more steadily rather than in distinct flashes .  Thus the 

difference in magnetic field strength of the neutron stars in 

class I (young objects) and class 2 (old objects) is probably re
sponsible for the differences in the two types of  objects . 

Another key issue is the binary nature of the class 2 object. 

There is no doubt that the class 2 objects are binary systems. 

We know that the neutron star accretes about I 017 grams per 

second . Only a nearby gas container (a star) could supply this. 
(Other proposals have been made , but they are inconsistent with 

the observations . )  We are left with two important questions:  

why do we not observe x-ray eclipses from class 2 objects, and 

why do we not see bright optical companion stars as observed 

in class I objects? These questions go to the heart of the 

problem:  the difference between the companion stars in the 

class I and class 2 objects. 
Edward P. J .  van den Heuvel suggested in 1 977 that the 

companion stars of class 2 objects may have a mass of only about 

I solar n1ass, significantly less than that of the class I objects . 

Subsequently Joss and Saul  A .  Rappaport suggested that the 
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mass of the companion stars of the class 2 objects may be even 

less than 0. 5 solar mass . Such low-mass objects may be the 

answer to both the above questions . 
Such a low-mass companion star would not be very luminous, 

and it would be difficult or perhaps even impossible to observe 

such a star when it is about 30,000 light-years from us. For 

example, if  we placed the Sun at a distance of  30,000 light-years ,  

it would appear as  a very faint star that could be detected at 
best only with the largest optical telescopes. 

I t  is more difficult to explain simply why a low-mass compan

ion star would prevent the observation of eclipses , but this is an 

important piece of the puzzle . The probability that the neutron 

star, in a fandomly oriented binary system,  will be eclipsed by 

its companion depends only on the size of  the companion star 

and on the distance between the two stars . The radius of the 

nuclear-burning companion star depends on its mass .  In  going 

from very low-rr1ass stars of about 0 .  0 I solar mass to stars of  
about 0 .08 solar mass, the ste llar radii decrease from about 

60, 000 kilometers to about 30,000 kilometers .  For stars in excess 

of about 0 .08 solar mass , the radii increase with increasing mass ; 

a I -solar-mass star (our Sun) has a radius of about 700,000 

kilometers .  It is sufficient for our purpose here that the radius 

of a nuclear-burning star, given the mass of the star,  is reason

ably well known.  Thus if we can evaluate the d istance between 

the neutron star and its low-mass companion , the probability of  

the occurrence of x-ray eclipses can be calculated . 

An evaluation of the distance between the two stars can be 

made.  To appreciate this , let us perform a thought experiment 
and put the companion star at a large distance from the neutron 

star, so that no mass from the normal star can be gravitationally 
captured by the neutron star. We then move the two stars a 

little closer together. Eventually we will reach a point where the 

material on the surface of the companion star, closest to the 

neutron star, is attracted more strongly by the neutron star than 

by the gravitational field of the companion star itself. At that 

point, the material will flow freely from the companion star 
toward the neutron star. This is about the maximum required 

distance between the two stars . Calculations then show that for 

a randomly oriented binary system ,  with a neutron star of about 
I solar 1nass and a companion star of  about 0 .0 I solar mass , the 

probabi lity of observing an x-ray eclipse is about I 0 percent. 

This probability would go up to about 20 percent and 40 percent 
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for companion stars o f  about 0 . 1 and about I solar mass, res

pectively . Thus if all companion stars in the class 2 objects had 

a 1nass as low as about 0 . 0 1  solar mass, we would expect that 
out of twenty such objects ,  about two would show x-ray eclipses .  

However, none is  observed . If  the companion stars were al l  of  
mass 0. 1 or  I solar mass , the expected number of  eclipsing 

systems would be even higher: about four and eight, respec

tively . How then do we explain the absence of eclipses in all 

twenty obj ects? Could it be that the majority of the companion 
stars have masses even less than 0 .0 1  solar mass? We do not 

believe so . No doubt the companion s tars are of  low mass , but 

we have good reasons to believe that at least several of them 

have masses in the range 0. 5 to 1 solar mass . What then is wrong 

\Vith the results of the calculations mentioned above? Nothing, 

but the low-mass idea alone cannot be the whole story . 
In the process of  mass transfer, an accretion disk is formed 

surrounding the neutron star. I f  the accretion disk is very thick 

and the companion star rather small (of low mass) , an observer 

on the neutron star might not see the companion star, for it 

would be obscured by the accretion disk . In fact, under those 

same circumstances ,  an observer on Earth would not see x-ray 

eclipses either. To see x-ray eclipses ,  the Earth would have to 
lie in or near the orbital plane of  the binary system.  But that 

would mean that the Earth also lies in the plane of the accretion 

d isk, and those x-rays emitted in the direction of the Earth 

would be absorbed by the disk . Thus no x-rays would be seen on 

Earth . We would be able to see the x-rays only if our view 

direction makes a sufficiently large angle with the plane of the 

binary system for us to peek over the accretion disk .  In other 

words ,  a conspiracy between the thickness of the accretion disk 

and the companion star would permanently obscure those x-ray 

sources that would otherwise show x-ray eclipses ,  and we would 

see x-rays only from those systems that do not eclipse . This may 
well be the correct explanation for why no x-ray eclipses are 

observed in about twenty carefully studied class 2 objects . 

The low-mass companion stars in these class 2 objects should 

be very faint .  Is  it not possible to find these faint objects with 

powerful optical telescopes? I f  they were found , it would lend 

strong support to our idea that class 2 objects are low-mass 

binary systems.  In fact, it is possible , although certainly not easy , 
and several have been found .  There is a serious complication, 

however ; the optical l ight from the class 2 objects comes from 
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the accretion disk as well as from the companion star. The 

accretion disk l ight, in general , is substantially brighter than 

that of the star. The light from the accretion disk results largely 

fron1 the bombardment of x-rays that come from the neutron 

star. The disk intercepts an important fraction of these x-rays , 

which keeps the d isk at a high temperature . The exact value of 

the ten1perature depends on the x-ray Aux and on the location 

of the disk ( for example, the outer part of the disk is cooler 
than the inner part) ; the temperature could range from about 

5000 to 50, 000 K. At these temperatures the disk would radiate 

mainly optical and ultraviolet light . In  many class 2 objects the 

x-ray flux is always so high that the l ight from the disk domi

nates that of the faint companion star. I f  one could only turn 

off the x-ray source , the l ight from the disk would be greatly 

reduced , and there might be an opportunity to observe the 

companion star. Nature is very kind to us this time . Class 2 

objects can suddenly appear in the sky as very strong x-ray 

sources and remain strong for weeks or months . The x-ray Aux 

then decreases gradually , and the sources become fainter in the 

months that follow ; ultimately the x-rays become undetectable . 

They are called x-ray-transient sources ,  or x-ray novas . Such an 

x-ray-nova outburst (not to be confused with a much briefer x

ray burst) can recur with intervals of a year or so . These x-ray 
novas are ideal to search for the faint companion stars-after 

the x-ray source is " turned off." 

How do we know what part of the light we see comes from 

the disk and what part from the companion star? If we cannot 

tel l ,  we will never know whether we have actually seen the 

companion star. The optical spectrum from the nuclear-burning 

companion star shows certain characteristic features of stars . I f  

such a spectrum is measured , a classification can be made from 
which, as a rule , the temperature and the mass of the star follow . 

The optical spectrum of the accretion disk , however, is very 

different .  As an example, let us take the class 2 recurrent tran

sient source Centaurus X-4,  which had an x-ray-nova outburst 
in May 1 979. The nova outburst was observed with the British 

satellite Ariel 5 .  X-ray astronomers reported their findings by 

means of the International Astronomical Union's telegram sys

tem.  Subsequently optical astronomers pointed their powerful 
telescopes in the direction of the x-ray source and noticed that 

a previously inconspicuous starl ike object had brightened sub

stantially (figure 4) . The optical spectrum was characteristic of 
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The optical brighten ing of the x-ray nova Centaurus X-4.  (a) Palomar 
Observatory sky survey blueprint  showing Centaurus X-4 in i ts quies
cent state . (b) The discovery plate obtained by Martha H .  Liller with 
the CTIO 4-meter telescope on May 1 9, 1 97 9. The star i s  located 
between the two markers . The optical  brightening is bel ieved to be 
largely due to a temperature i ncrease of the accretion disk surrounding 
the x-ray star. The disk is heated by the x-radiation produced in  the 
x-ray nova outburst ( not to be con fused with a brief x-ray burst) . By 
the end of June 1 979,  the star had faded substantially and was about 
as faint  as shown in the photograph on the left (a) .  ( Figure from C. 
Canizares ,  J .  McClintock, and J .  Gri ndlay, Astrophysical Journal 236 
[ 1 980] : L5 5) 

emission from an accretion d isk but not from a star. In the 
weeks that followed , the x-ray flux decreased , as d id the optical 

flux . ( During the x-ray dec line, x-ray bursts were observed from 

this source by the Japanese x-ray satellite H akucho .) About five 

weeks after the beginning of  the nova outburst, the optical 

counterpart had become about one hundred times fainter, and 
the optical spectrum exhibited the features characteristic of a 

star of  surface temperature in the range 4000 to 4600 K .  This 

tells us that the star has a mass of  about 0.  7 solar mass . (Theo

retical models of stars show a relationship between mass and 

temperature for normal stars . See the discussion by John Hu

chra.) In  1 976 and 1 977 , a similar scenario had led to the 

observation of the low-mass companion stars of the class 2 x

ray novas A0620-00 and Aquila X- 1 .  Interestingly Aquila X- 1 ,  

j ust l ike Centaurus X-4, produced x-ray bursts shortly after the 

nova outburst reached its maximum ; no x-ray bursts were re

ported from A0620-00. 

To date, the masses of  the companion stars of  only four class 
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2 objects are known ; two of these, Aquila X- 1 and Centaurus 
X-4, are burst sources . They are all near 0.  7 solar mass or less,  

which is strong support for the low-mass binary model for this 

class of objects . 
The low-mass , c lose-binary model for the class 2 objects d ic-

tates that the ir orbital periods should range between a fraction 

of an hour and several days . This is a consequence of Newton's 

law of gravitation . The measurement of such periods clearly 

would be important ; however, it is not easy to measure the 

orbital period of a nonpulsing and noneclipsing x-ray source . 
Nor is there much hope of observing the orbital period through 

the Doppler effect in the optical spectra . The emitted colors 

from the accretion disk are highly blurred from the disk's own 

rotation around the neutron star, and the colors from the com
panion star, if observable at all ,  are extremely weak . Neverthe

less there are five class 2 objects for which the orbital periods 

have been measured with certainty. The orbital periods of four 

of them range from about 0. 7 hour to about 1 9  hours ,  and one 

of them, Cygnus X-2 ,  has an orbital period of about 9 .8  days . 

( I ts nuclear-burning co1npanion star probably has a mass of 

about 0.  7 solar mass) . This is  in good agreement with our low
mass, close-binary model . There are indications that the binary 

periods of Aquila X- 1 and Centaurus X-4 are about 3 1  hours 

and about 8 hours , respectively ; however,  that is still somewhat 
uncertain . 

Let me su1nmarize briefly some of the general characteristics 

of the class 2 objects . They are binary systems that contain a 

very old neutron star with a nearby and also very old low-mass , 

nuclear-burning companion star. The mass transfer from the 
companion star to the neutron star is responsible for the strong, 

persistent x-radiation that comes from the neutron star's surf ace 

and the inner part of the accretion disk .  Thermonuclear flashes 

on the surf ace of the neutron star probably are responsible for 

the x-ray bursts . In the presence of a strong x-ray flux, the 
accretion disk is heated and radiates optical l ight, which is sub

stantially brighter than the optical l ight produced by the low

mass companion star alone . 

If these global features are correct, one would expect that an 

increase in the x-ray flux would increase the tem perature of the 
accretion disk and thus would increase its optical brightness . In 

the case of such an increase , one would expect the optical re

sponse to trail the change in the x-ray flux, since the distance 
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from the neutron star to us on Earth is shorter than the sum of 

the distances from the neutron star to the disk and from the 
disk to us . In  addition to this delay after the x-ray outburst, the 

optical response should be smeared out as a result of the phys

ical extent of  the accretion disk.  ( Different locations of the disk 

give rise to different  delays . )  The amount of  delay and smearing 

could give us information about the geometry of the accretion 

disk, which cannot be obtained in any other way . Are sudden 

changes in the x-ray flux observed? Yes ,  of course; x-ray bursts . 

They are ideal to probe the surroundings of  the neutron star. 

Unfortunately x-ray bursts often occur irregularly and , in gen

eral , no more than once every two to ten hours and sometimes 

even less often .  However, with a lot of patience and coordina
tion , the simultaneous observation of x-ray bursts with ground

based optical telescopes and x-ray observatories in Earth orbit 

should be possible.  

In  the summer of  1 977 ,  before we realized what might be 
learned from such observations ,  Jeffrey Hoffman and I orga

nized the first coordinated worldwide burst watch.  Forty-four 

astronomical observatories (optical , infrared , and radio) from 

fourteen different countries participated ; the x-ray observations 

were made by the SAS-3 group at MIT.  A total of 1 20 x-ray 

bursts were observed in thirty five days from ten different burst 

sources ;  however, no simultaneous detection was made in either 

the radio, optical , or infrared wavelengths .  

The next year we continued our efforts with highly improved 

optical sensitivity . On June 2, 1 978,  this time in collaboration 

with Harvard University , we succeeded in making the first coin

cident  detection of an optical burst and an x-ray burst from the 

source MXB 1 735-44, which has a very faint optical counterpart 
discovered a year earlier by Jeffrey E .  McClintock . ( MXB stands 

for MIT X-Ray Burst Source . )  Since then two additional burst 

sources have been observed to produce such coincident events .  

In all cases ,  the optical signal trails the x-ray signal by a few 

seconds .  

Simultaneous optical/x-ray observations are very difficult to 

make for the following reasons.  First, very large optical tele

scopes are needed (preferably 90-inch diameter or larger) , since 

the optical counterparts are so faint, but observing time on such 

large telescopes is difficult to get .  Second , the observations have 

to be made at dark time (near New Moon) to reduce the sky 

contamination of moonlight, but dark time is precious to 
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ground-based observers and is even more difficult to get .  And 

finally , the sources burst irregularly and sometimes not for days 
at a time. It is not easy to persuade an optical astronomer to 

use his precious dark time on a big telescope by staring, night 

after night, at a star that does not burst. It takes a lot of patience 

indeed . 
Fortunately Holger Pedersen from the European Southern 

Observatory has been very dedicated to these observations, and 

h is perseverance has pajd off. In the summer of 1 979, he de

tected fifteen optical bursts from MXB 1 636-53 ,  and five of these 

were simultaneously detected by the Japanese x-ray satellite 

Hakucho under the direction of Minoru Oda (figure 5) . The 

optical flux fro1n MXB 1 636-53 doubles in less than a few sec

onds , and it is about 3 . 5  seconds delayed relative to the x-ray 

signal . One can derive from this delay time that the radius of 

the accretion disk is approximately 1 million kilometers . 

In  the summer of 1 980, observations of the same source were 
continued ; but this time some of the optical data were taken in 

three spectral bands (ultraviolet, blue,  and visual) . This may 

allow us to see changes in the temperature of the disk as it is 

heated by the x-ray bu rst .  We expect the disk to heat up as the 

x-ray burst rises and then to cool as the x-ray burst fades .  The 

data are currently being analyzed . 
Finally I would like to discuss a unique object, the Rapid 

Burster, which is very different from all other burst sources . At 

first, this object seemed a big spoiler,  capable of destroying all 
our theories ,  but later it became crucially important in unrav

eling the burst mystery . 
We discovered the Rapid Burster ,  whose official name is 

MXB 1 730-335,  in early March 1 976 .  We observed bursts in 

quick succession ,  as many as a few thousand per day (figure 6) . 

Clearly this behavior was completely different  from anything 
we had seen ; the other burst sources produce typically a few to 

perhaps ten bursts per day . The energy in the individual bursts 

from the Rapid Burster varied by a factor of one hundred , in 
strong contrast to bursts from the other burst sources .  Also the 

bursts from the Rapid Burster that last longer than about fifteen 

seconds have flat  tops . After each burst, the waiting time to the 
next burst is approximately proportional to the total energy in 

the previous burst. The burst mechanism seems to involve a 
continuously fed storage tank of  material , which can empty 

(causing a burst) only when it  has fi lled up to a critical level .  If  
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Four optical and x-ray bursts simultaneously observed from 4 U/M XB 
1 636-5 3 .  The optical data are at the to p. The x-ray data, obtained by 
the Japanese x-ray observatory H akucho, are below the optical data in 
three energy bands, as indicated . The vertical scale of the optical data 
is intensities in relative units .  The x-ray intensities are x-ray events 
accumulated in 0. 7 5 second. The horizo ntal scale is time, indicated in 
hours, 1ninutes, and seconds ;  each small  division is separated from the 
next by 6 seconds.  In  this source, the optical response is delayed by 
about 3 .5  seconds relative to the x-rays . This small delay is  difficult to 
see in this figure.  ( Figure from Pedersen et al . ,  in preparation , 1 98 1 )  
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Figure 6 
Discovery of rapidly repetiti ve x-ray bursts fro 1n the Rapid Burster 
(MXB 1 730-335)  in early March 1 976 .  Each stretch of data is  a twenty
four-1ninute observation 1nade with the SAS-3 x-ray observatory . X-ray 
intensity is plotted on the vertical axis , and time is plotted on the 
horizontal axis. The ti 1ne betwee n two s 1nall tick marks at the top is 
one hundred seconds.  Notice that for fat bursts the waiting  ti me after 
a burst is longer than for skinny bursts. This is like the behavior of a 
relaxation oscillator. The burst marked with an arrow is not from the 
Rapid Burster but fro 1n the nearby source MXB 1 728-34 ( see figures 
2 and 3) .  ( Figure fron1 W. H. G. Lewin,  Annals of the New York Academy 

of Science 302 [ 1 976] : 2 1 0) 
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a large amount of  material is emptied on a given event (burst) , 

then there is a long time until the critical level  is again reached ; 
and ,  if the amount emptied is small , then there is a short time 

to the next burst. 

When we d iscovered the Rapid Burster we had little doubt 

that the bursts were due to instabilities in the accretion flow 
onto the x-ray star, since these bursts could not possibly be due 

to thermonuclear flashes .  I f  they were ,  one should observe one 

hundred times more energy in the continuous flow of x-rays 

(due to accretion) than in the bursts, and such an extraordinarily 

high continuous flux was not observed.  Thus the Rapid Burster 
spoiled the theory sketched above . I ts repetitive bursts that came 

l ike machine-gun fire were in apparent disagreement with the 

nuclear flash theory that was then only in its developmental 
stage .  ( I  remember very well my enthusiasm when Laura Mar

aschi described to me in February 1 976 how thermonuclear 

flashes might be responsible for the x-ray bursts . Alas, when we 
discovered the Rapid Burster in March 1 976, I lost my enthu

siasm .) I f  nuclear flashes did produce the bursts observed from 

all  other sources, then the spurts of x-rays from the Rapid 

Burster required a very different mechanism . That was not too 

appealing. But this is not the end of the story . Although the 

Rapid Burster at first looked l ike a spoiler, eighteen months 

later i t  became a Rosetta Stone . 

The burst activity of  the Rapid Burster stopped in April 1 976.  

Luckily the source becomes burst active for several weeks ap

proximately every half-year. I n  the fall of 1 977 ,  Jeffrey Hoff

man , Herman L. Marshal l ,  and I were again observing the 
Rapid B urster with SAS-3 when we detected , in addition to the 

rapidly repetitive bursts, every three or four hours a burst that 

looked very different. We called them special bursts (figure 7) . 
We were certain that they came from the Rapid Burster and not 

from another  object since the occurrence of a special burst had 

a noticeable effect on the pattern of the rapidly repetitive bursts . 

We noticed too that these special bursts were very much l ike the 
bursts from all other burst sources: first, the burst intervals were 

several hours ; second , the burst duration and strength was 

about the same for all e ighteen special bursts that we detected ; 

and ,  third ,  the special bursts lasted longer at lower energy x
rays than at higher energies .  This last point is very important .  

The spectra of  bursts from all burst sources, except the rapidly 

repetitive bursts from the Rapid Burster, show this d istinct sig-
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Discovery of special x-ray bursts fro1n the Rapid Burster ;  they occur 
independently of the sequence of the rapidly repetitive bursts (nu1n
bered separately) . Each stretch of data i s  about 320  seconds long ( the 
horizontal axis is marked in seconds) . The vertical axis is the x-ray 
intensity ( 1 . 3- to 1 2-ke V band) in x-ray events recorded in 0 . 83 second.  
The special bursts are very differe nt from the rapidly re petitive bu rsts 
and are believed to be the san1e kind of bursts (thermonuclear flashes) 
as the common bursts from all other burst sources .  The discovery of 
these bursts was a turning point in our ideas of  the mechanism behind 
the x-ray bursts . ( Figure from J. A .  Hoff1nan , H .  Marshall , and 
W. H .  G. Lewin , Nature 27 1 [ 1 97 8] :  63 0) 

nature, which is due to the cooling of a black body (the neutron 
star) . 

Now that two very different kinds of bursts were observed 
from the Rapid Burster, the thermonuclear flash idea came 

back to life .  It became appealing to assume that the special 

bursts were due to thermonuclear flashes and the rapidly re
petitive bursts due to instabilities (h iccups) in the accretion flow . 

If  our suspicion was correct, the energy in the rapidly repetitive 

bursts , averaged over a day of observations,  should be about 

one hundred times that in the special bursts . (The value of one 

hundred comes from the ratio of the gravitational potential 

energy to the nuclear fusion energy . )  We measured the ratio 

and we found 1 30 ,  which is in excellent agreement with the 

model .  So it turned out that the special bursts were special only 
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to the Rapid Burster,  but those very same bursts were the com-

1non x-ray bursts in all other burst sources .  

This discovery made in the fall of 1 977 was a turning point 

in our thinking, and it greatly revived our enthusiasm for the 

thermonuclear flash model .  I n  the spring of 1 978 ,  Joss suc

ceeded in demonstrating, by computer simulations,  that the 

special bursts from the Rapid B urster and the common x-ray 

bursts from all other sources probably have the same nuclear
flash origin.  

I have come to the end of  the mystery of x-ray burst sources. 

The broad features of these objects, and thereby the entire class 

2 objects, have become clear .  X-ray burst sources are collapsed 

objects of roughly solar mass , probably neutron stars in most 

cases ,  which are accreting matter from a low-mass , thus optically 

very faint, stellar companion . X-ray bursts very likely result 

from thermonuclear flashes in the surface layers of the neutron 
stars , while rapidly repetitive bursts from the Rapid Burster 

almost certainly result from a spasmodic accretion flow onto the 

neutron star .  

Even though most of the mystery is  solved , a number of 

problems are left. This is  not uncommon in science ; answers 
often lead to new questions . What is the nature of the accretion 

instability that produces the unusual pattern of rapidly repeti

tive x-ray bursts in the Rapid Burster? Why is this unusual 

pattern of bursts not observed in other x-ray sources? Why does 

the Rapid Burster become burst active at six-month intervals? 
How are the very old low-mass close-binary systems (the class 2 

objects) formed? As proposed by George W. Clark, those class 

2 objects located in globular clusters could well be produced 

when there is a close encounter between a neutron star and a 

low-mass nuclear-burning star. But how about the class 2 objects 

not located in globular clusters? How were they formed? The 

answers are not in yet . None the less we have come a remarkably 
long way . Five years ago the class 2 objects were a complete 

enigma and x-ray bursts were unknown.  Now we seem to be on 

our way to a satisfying understanding of what these objects are 

and how they produce the bursts . Through these bursts we have 

gained a new , very powerful tool to examine the properties of 
neutron stars ,  their accretion disks, and the low-mass close-bi

nary systems in which they often occur. 

There is a real danger  that this new and very promising area 
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of research will co1ne to a hal t in  the 1 980s . At  present only the 

Japanese x-ray observatory , Hakucho, can make the x-ray burst 

observations in coordination with ground-based observers ; how

ever, its life is li 1nited , with probably only a few more years to 

go. The European Space Agency may successfully launch its x

ray observatory, EXOSA T, in 1 982 ,  but that is still rather un

certain . Let us hope that the U .S .  National Aeronautics and 
Space Administration will  soon be able to approve its existing 

plans for the X-ray Timing Explorer (XTE) . This x-ray obser

vatory would be ideally suited for studying a wide variety of 

highly variable phenomena such as x-ray bursts . 
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UNIVERSE 
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A TALE OF TWO THEORIES 

At present we know of only three ways to estimate cosmic ages .  

The first way i s  by radioactive dating of minerals on the Earth 

or materials from elsewhere in the solar system (such as the 

Moon and meteorites) . This beautiful and precise work is de

scribed in part in this volume , in chapter 3 by Whipple and 

Franklin. The result ,  of course , does not determine the age of 

the universe but only the age of  the Earth (or of  the solar 
system) . This leaves completely unanswered the question of 

whether the Earth was formed very early on, so that its age is 

about the same as that of the universe,  or whether it was formed 

rather recently on a cosmic time scale , with the universe being 
much more ancient .  In fact ,  the currently accepted view is that 

the Earth is certainly no older than abo ut half the age of the 

universe and possibily only about a quarter as old . 

The second way to get some idea of a cosmic age is by ob

serving the current state of evolution of stars in globular clus

ters . By theoretical modeling of  the evolution of stars in burning 

their nuclear fuel , it is possible to predict how a population of 
stars , containing a variety of different masses ,  should look

w hat their d istribution of colors and brightnesses should be

w hen they have lived a certain age . One then works backward 

to deduce from observations a consistent age estimate for a 

particular cluster .  John Huchra discusses this technique in some 

detail . But here we have the same problem as with the Earth : 

we do not know for sure that the globular clusters are old 

objects, cosmologically speaking. In this case , however, the cur
rently accepted view is that the clusters are old , almost as old as 

the universe . 

The third way tells in principle the age of the universe di

rectly ,  by observing its intrinsic internal dynamics . The universe 

is expanding; galaxies are all rushing away from each other. 
There is no edge to this expansion , no external void into which 

the expansion is taking place . Rather, as Eddington emphasized 

some decades ago,  one should think of the volume surrounding 

every galaxy as increasing, so that its nearest neighbor galaxy 
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becornes farther and f�rther away as time goes on .  I f  we graph 
the average volume surrounding each galaxy and extrapolate 

back in time, we find that the volume was zero a finite time ago . 

I t  is rneaningless to extrapolate back any farther than that time. 

We call the time when the galaxies were compressed to zero 
volu1ne the beginning of the universe , and we call the start of  

its subsequent expansion " the big bang." 

The overall expansion of  the universe is very slow by human 
standards ,  In some cases ,  expansion velocities  may be large, but 

the distances to be covered are even larger. During my lifetime, 

the volume of the universe (or the volume per galaxy, a slightly 
less mind-boggling concept) will expand by less than three parts 

in a hundred million.  It  is not surprising, therefore,  that the 

structure of the universe appears static to casual observation.  In  

a human lifetime , we see a mere snapshot of its actual evolution . 

The universe is fi lled with galaxies .  Our own galaxy is called 

the Galaxy or the Milky Way . Our nearest large neighbor is 

Messier 3 1 ,  usually called the Andromeda Galaxy because it lies 

in the constellation Andromeda . If we look on a larger scale , 
say a few million light-years , we find that we and the Andro

meda Galaxy are the biggest members of a local group of gal

axies .  Groups of galaxies typically have a few or a dozen 

members , and our group is not untypical .  Small groups of gal
axies ,  such as our local group,  are often found to be clustered 

in the vicinity of much larger,  much richer clusters.  For exam

ple ,  we are on the outer fringes of a region dominated by the 
great Virgo Cluster of galaxies .  The center of the Virgo Cluster 

is roughly some 50 million light-years distant .  The biggest clus

ter in our neighborhood of the universe is the Coma Cluster, 

which contains several thousands of galaxies . 

As we look farther into the universe , we always see the same 

pattern : galaxies collected into groups , those groups into larger 

groups , and so on . But as we get to larger and larger scales the 
structure of the universe starts looking smoother and smoother. 

The clustering does not stand out in high relief as it does on 

smaller scales. I f  we look out to the largest scales access ible from 
the Earth-based observations ,  we see a picture like that shown 

in figure I .  The picture shows the entire northern hemisphere 

of our sky , with the positions of  well over  half a million galaxies 

plotted . The data for figure I were gathered over many years 

by the astronomers Shane and Wirtanen,  and the computer-
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Figure 1 
Galaxies in  the northern hemisphere of the sky. Each dot is one to ten 
galaxies , with the lightest dots representing one galaxy and the darkest 
ten galaxies .  ( Reproduced with the permission of P. J .  E .  Peebles of 
Princeton University) 

generated image shown was produced and interpreted by the 

cosmologist James Peebles of Princeton University . 

Each dot in  figure I represents not only galaxy but a number 

of them (typically three to ten) . The brighter the dot , the more 

galaxies it represents . We can conclude from the picture that 

although there seems to be some structure on all scales, on the 

very largest scales ,  the distribution of galaxies is remarkably 

homogeneous (the same in  all places) and isotropic (the same in 

al l  d irections) . 

In  1 924 Edwin P. H ubble , working at the Mount Wilson 1 00-
inch telescope, established conclusively that the spiral nebulas 

(what we now call galaxies) were in fact located at d istances 

measured in millions,  or many mill ions, of light-years from 
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Earth. Over the next five years , Hubble's observations showed 

that the galaxies were not, on the average , at rest with respect 

to the Earth but were expanding away from us and from each 

other. 
Suppose there is a galaxy located at a distance of 1 million 

light-years from us and another located beyond it ( in the same 

direction) an additional 1 million l ight-years distant .  The closer 

of these two galaxies might be observed to be receding from us 

at a velocity of, say, 20 kilometers per second.  An inte lligent 

being on a planet of  a star in that galaxy sees us receding from 

him, in the opposite direction of course , as our two galaxies fly 
apart .  Since al l the galaxies are receding from each other, he 

sees the second galaxy as going away from him with a velocity 

of about 20 kilometers per second . Now jump back to our point 

of view : the more distant galaxy must be receding from us at a 
rate of 40 kilometers per second ( 40 = 20 + 20) so as to make 

the picture a consistent one .  This kinematic fact-that the reces

s ion velocity of galaxies is proportional to their distance (at least 

until the velocity starts becoming comparable to that universal 

speed l imit, the speed of  l ight)-is known as Hubble's Law . 
Hubble was the consummate observer .  On the basis of the 

incontrovertible evidence of careful ,  direct observation ,  he first 

recognized that the universe is expanding. In this series of  

papers dealing with the interaction of  theory and observation,  

he must be counted as a great hero .  To my chagrin (since I am 

a theorist) , I must now relate the rather interesting story of how 

two great cosmology theorists (who arguably are the two greatest 

theoretical physicists of all time) came off a good deal less well 
than Hubble in their theoretical work on the same question : the 

large-scale dynamics of  the universe . 

I t  is an observational question to ask , When was the expansion 

of the universe first discovered? It is a theoretical question,  on 

the other hand , to ask , When was the theory of gravity suffi
ciently advanced that the expansion of the universe should have 

been predicted? My thesis here is that it ought to have been 

predicted not once but twice : first by I saac Newton in the year 

1 692, on the basis of his theory of universal gravitation ; and 

second by Albert Einstein in 1 9 1 7 , when he ought to have noted 

that his new theory of gravitation , General Relativity , while 
modifying Newtonian gravitation in many respects, actually 

strengthens and makes 1nore precise Newton's 1 692 

(non) prediction that the universe cannot be static . 
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Newton could well have deduced that the u niverse was ex-
panding. It is rather interesting that he failed to do so . We 

kno\v that he thought about exactly the relevant questions , from 

a letter written on December 1 0 , 1 692,  to Dr. Richard Bentley . 

The letter reads in part: " I f  the matter of  our sun and planets 

and all the matter of  the universe were evenly scattered 

throughout all the heavens, and every particle had an innate 

gravity toward all the rest, and the whole space [volume] 
throughout which this matter was scattered was but finite, the 

matter on the outside of  this space would ,  by its own gravity , 

tend toward all the matter on the middle of  the whole space 

and there compose one great spherical mass ."  To rephrase in 

modern language , if any finite amount of matter is  put, at rest, 

into a finite region of an otherwise empty space , then it will fall 
in on itself because the force of gravitation is always attractive . 

Newton was correct on this point. But then he continued . "But 

if the matter was evenly disposed throughout  the infinite space , 
it could never convene into one mass ; but some of it would 

convene into one great mass and some into another,  so as to 
make an infinite number of  great masses scattered at great 

distances from one to another throughout all that infinite space . 

And thus might the sun and fixed stars be formed ." 

The sense is  clear enough . Newton believed that an infinite 

universe of constant mass density could collapse locally , but that 
once such local collapses had occurred,  one would be left with , 

on the large scale , a static equilibrium of stationary ,  or perhaps 

randomly drifting, bodies .  This is wrong. Einstein, with the 

added subtlety of his new theory of gravity , understood the 

error,  and it took him a decade (and , more importantly , Hub
ble's observations) to reconcile him to the correct answer. But 

let us try to understand Newton's error in terms that he himself 

could well have posed . 

I have used my computer to generate snapshots of  one region 

(bounded by a square window that frames each snapshot) of  a 

Newtonian cosmology .  Following Newton's idea o f  local collapse 

into great masses, I have instructed the computer to collapse 

the initially smooth mass density into letters of the alphabet 

(figure 2) rather than galaxies .  To Newton,  each le tter might 

have represented a star; today we would rather imagine each 

letter  as a galaxy . ( I  call these alphabet-soup cosmologies .) 

This Newtonian cosmology extends far beyond the bounda

ries of  the snapshot-in fact ( in Newton's conception) infinitely 
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A portion of the alphabet-soup cosmology , which extends to infinity .  
Each letter represents a galaxy.  

far. Also among all the Roman letters in the figure are two 
Gothic letters, A and B .  There is nothing special about these 

galaxies, except that I want to refer to them conveniently in the 

discussion . 

Let us consider the first part of Newton's discussion, concern

ing a universe in which matter occupies only a finite region 

within an empty space (figure 3) . The finite region chosen hap

pens to surround A,  and it  contains galaxies with precisely the 

same alphabetic labels and precisely the same arrangement as 

in figure 2. Newton explained ,  correctly , that the dynamics of  

this system , under the influence of gravitation , i s  a l l  to fal l  in 

onto the center. I show this in figure 4, which is the same 
cosmology as that of figure 3, but j ust a bit later in  time .  

Looking back at figure 2 ,  let us now turn to the second part 

of Newton's argument, about an infinite universe . Newton 

thought that if the mass were distributed evenly (not just in the 

square but all the way to infinity outside its boundaries) , then 

it could not all fall in on any center because there is no particular 

center that is pref erred .  The universe cannot fal l  in on A be

cause it is also equally attracted toward B ,  and so on . This is 

what one now calls , in physics , a symmetry argument. On the 
surface it is a very convincing argument. Newton was not stupid 

for making it ; he was wrong, however .  
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A universe in  which matter occupies only a fi nite region of space , 
surrounding the Gothic letter A.  The arrangement of  galax ies around 
Gothic A is the same as in the infinitely fi lled universe of figure 2 .  

Figure 4 
The same universe as in figure 3 but later in  time.  
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Newton's error follows from a theorem in classical potential 

theory, which we tod3y cal l ,  ironically , Newton's Theorem (ac

tually one of many theorems devised by this genius) . The subject 

of the theorem is the gravitational force that would act on an 

object that is inside an empty space, for example , hollowed out 

in an otherwise uniform density of  matter.  The special case that 

concerns us is that of a perfectly spherical hollow cavity sur

rounded isotropically by matter on the outside .  The theorem 

then says simply that there is no gravitational force at all inside 

the cavity. An object put anywhere inside will be attracted nei

ther to the center nor to the edge. Any two objects put inside 

will orbit each other exactly as if they were in a completely 
empty space, in a perfect Keplerian ellipse , and so on.  This 

theorem is completely rigorous, and it turns out to be rigorously 

true in Einstein's Theory of General Relativity (where it is called 

Birkhoff's Theorem) . 

Let us now see what is the consequence for our alphabet-soup 
cosmologies .  Imagine hollowing out a spherical cavity , where A 

used to be, within which Newton's theorem will apply . We could 

now put any gravitating system into that cavity . Let us choose 
to be perverse and put back exactly the same collection of objects 

that was just removed-the masses surrounding A (shown in 

figure 3) . A short time later, according to the theorem,  these 

masses must have collapsed just as they did in figure 4. There
fore if we evolve figure 2 in time,  we ought to reach a state of 

affairs shown in figure 5 .  Or should we? 

Figure 5 cannot be correct because there was nothing special 

about A and the objects in its vicinity . We could have done the 

same process around B .  Then,  according to Newton's theorem,  

the letters around B would also have had to collapse onto B .  
There seems to be a contradiction here ,  ahnost a reductio ad 

absurd um of the theory . No matter where one chooses a center 

and no matter what radius sphere one draws ,  Newtonian gravity 
predicts the collapse of  its contents .  

In fact ,  there is one simple ,  noncontradictory way out of  the 
apparent paradox . Although Newton failed to see it , it is quite 

simple . Everything collapses onto everything, uniformly . The 

correct snapshot to follow figure 2 in t ime is not figure 5 but 

rather figure 6.  In figure 6, the pattern of letters around A is 

just the same and has just about the same scale as figure 5 .  But 
in figure 6,  the letters around B have also become closer .  Since 

the letters around all points between A and B have become 
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The alphabet-soup cosmology of figu re 2 ,  in which the galaxies around 
Gothic A have col lapsed toward A,  but all other galaxies have remained 
fixed . This is actually an incorrect evolution of the cos1nology in figu re 
2 .  

Figure 6 
A time evolution o f  the cosmology of figure 2 ,  in which all galaxies 
have moved closer together. 
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Figure 7 
A time evolution of the cosmology o f  figure 6,  in which all galaxies 
have moved even closer together. 

more compact,  it follows that A and B must have moved closer 

toward one another, as the figure shows .  Remember that the 

cosmology extends much farther than the window shown .  In  

figure 6 ,  some letters not previously visible have moved into the 
window. 

Figure 7 shows the alphabet-soup cosmology even later on.  
Looking closely, one can find the Gothic letters A and B and the 

same pattern of other letters around them.  Figure 7 shows, in 

fact, a late stage in a collapsing universe . 

Newton could and should have real ized that as a consequence 

of his theory of universal gravitation , the universe was collaps
ing. Had he done so, he might have written to Dr. Bentley that 

only the vastness of the cosmic d istance scale prevents the col

lapse from being apparent to the human observer .  

How does i t  come about, then,  that we live in an expanding, 
not a collapsing, universe (although it may yet collapse at some 

time in the distant future) ? This is answered by a s imple yet 

deep and fundamental fact about the laws of physics . For every 

dynamical evolution that obeys physical law, in particular the 
laws of gravity ,  there is another possible evolution that looks 

l ike the first one run backward in time.  I f  a collapsing Newton

ian cosmology is possible , then an expanding one is also possible .  
This would be simply achieved by imparting to the particles an 
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initial outward velocity sufficient to counteract their gravita

tional attraction . It is all a question of initial conditions . 

Newton himself had some understanding of this principle of 

time-reversal symmetry , as it is now known . He might have 
mentioned to Dr.  Bentley that although a collapsing universe 

seemed more natural, starting as it does from initial conditions 

of uniform density matter at rest , an expanding universe , in 

which every mass increases its d istance from every other mass 

uniformly, could also be possible . Nature , of course , avails itself 
of this latter  possibility . The correct order of events in our 

universe is figure 7 ,  then figure 6, then figure 2 .  Some further 

stages in the evolution will be shown below . 

One might well ask whether in all the time between Newton 

and Einstein anyone recognized Newton's error .  I believe the 
answer to be that the theoretical error was not recognized,  but 

it i s  known that there was some recognition that Newton's pic

ture of an unevolving cosmos led to observational 

contradictions .  
Newton's own close friend , Edmund Halley, first noted a 

major difficulty .  ( Halley is best known today for his identifica

tion of  the periodicity of Halley's comet; his greater contribu

tion , usual ly forgotten ,  is that he encouraged Newton to write 
up  his scientific results in gravity and mechanics . Newton's great 

Principia was published at Halley's own expense in 1 687 . )  In  

1 720 Hal ley deduced that an unchanging cosmos would grad

ually fill up with the l ight produced by stars so that the celestial 

sphere should appear luminous instead of dark. 
This argument, which i s  essentially correct , was red iscovered 

by P. L. de Cheseaux in 1 744 and again , almost a century later 

in 1 826,  by Heinrich Wilhelm Olbers .  Perhaps unfairly , it is  

generally referred to as Olbers's Paradox. 
The resolution of Olbers's Paradox is quite simple : the sky is 

not bright because it has not had time to fill with l ight . It has 

not had time because the universe began , in the big bang, only 

a finite time ago . (A contributory factor, though less important, 

to the resolution of Olbers's Paradox is that in an expanding 

universe , l ight is red shifted and made less intense by the ex

pansion of the universe . )  

Matters finally did come to a head with Einstein's develop
ment of the Theory of General Relativi ty . General Relativity is 

a theory of gravitation .  I t  attempts to explain the same range of 

physical phenomenology as does Newton's theory of universal 
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gravitation ,  but its ma.thematical formulation and some of its 

predictions are a bit different from Newton's theory.  For ex

ample , the force law between two bodies-proportional to the 

inverse square of the distance between them in Newton's the
ory-is slightly different in General Relativity . A com1non f ea

ture of Einstein 's and Newton's theories is that the force of  

gravity is completely attractive , never repulsive . Things always 

fall toward each other (unless, of course, they have been initially 

flung apart) . In General Relativity , exactly the same paradox 

that was represented in  figures 2 through 5 appears .  Further, 
because of the relative mathematical precision of the theory, 

that paradox comes forward in a much more forceful way than 

before . It is impossible to write down a consistent set of equa
tions in Einstein's theory without its smacking one in the face 

that the universe has to be either expand ing or contracting. 

Einstein recognized this fact within the first year or so after 
he wrote his theory , in about 1 9 1 7 . This was twelve years before 

Hubble's announcement;  Einstein could not bring himself to 

believe his theory's own straightforward prediction . He there

fore added an extra term to the equations of  the theory ,  called 

the cosmological constant term . This term has no basis in ex

periment whatsoever. I ts only purpose is to allow a static uni

verse : it adds a repulsive part to gravitation ( I  intend the pun) 
so that the matter in a static universe can repel itself just enough 

to avoid collapse . Later, after H ubble's discovery ,  Einstein of

fered the opinion that the cosmological constant was " the biggest 

blunder" of his l ife .  

Like Newton, Einstein could have predicted the expanding 

universe . Like Newton,  he had invented a theory more powerful 
than his own confidence in it . 

I want to return now to one important issue . Many people 
who are not cosmologists have the mistaken view that there is 

an edge to the big bang as it expands and that outside that edge 

is e1npty space . I have tried to make clear in the illustrations 
that this is not the case . The pictures themselves have an edge,  

but if I had had the computer draw the boundaries a bit larger, 

one would have seen further regions of alphabet soup . As a 

theoretical 1nodel , the universe can be extended arbitrarily far, 
so that it ca n be infinitely la rge . 

Infinities are concepts that science has difficulty wrestling 

with.  They are rightly suspect in any theory. Infinities can (and 
do) occur in many theoretical 1nodels of our physical world . But 
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i t  is important that they should not occur in any of the derived , 

measurable predictions of  those models .  We want to see now 

ho\\r a cosmology of infinite theoretical extent is rendered , in 

practice , observationally finite . 

The key point is the same one that resolved Olbers's Paradox : 

the universe is of finite age . Therefore light can have traversed 

only a finite distance since the beginning of the universe . It is 
impossible for us now to know, even in principle , anything about 

the universe outside of this finite distance . It is the observational 

edge of our universe and is called our cosmological horizon . 

When we say that the universe i s  completely smooth and 

without an edge ,  we really mean that i t  is completely smooth as 
far out as we could possibly have seen by now and that there is 

no physical edge but only a natural current limit on our obser

vations .  As time goes on , the l imit of our observations creeps 

outward . Theoretically it is possible that as time goes on,  we 

shall begin to see an actual physical edge of the matter in the 
big bang, with empty space beyond it. Our theoretical model 

does not require this , however; i t  is  able to extend the smooth 

universe infinitely far .  And there is not the sl ightest observa

tional evidence to gainsay this model . 

Figures 8 through I 0 show again (now in the correct time 

ordering) the evolution of the alphabet-soup cosmology . Now 

added to the figures are shaded regions around the galaxies A 

and B .  (At a time preceding that of figure 8 ,  the situation would 

appear as in figure 7, with shaded areas so small as to include 

only a single letter.) These regions show the distance out to 
which signals from A or B have had time to travel since the 

beginning of the universe . Equivalently they show the region 

within which signals have had ti1ne to travel to A or B-in other 

words , A or B's cosmological horizon . 
There are two important points to note . The first is that the 

cosmological horizons grow in absolute s ize (radius) with time . 

The second is that the horizons grow to include more galaxies 

with time.  This second point does not fol low from the first one , 

since as time goes on the space between the galaxies also in

creases. In other words there is a race between the expansion 

of the universe and the expansion of the cosmological horizon.  
The important point i s  that the cosmological horizon always 

wins this race . The cosmological horizon starts off including 

only a very small (or even zero) number of galaxies .  B ut as time 

goes on , it expands to include more and more of the u niverse .  
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An expanding, evolutionary sequence of the alphabet-soup cosmology. 
Shaded regions  around the galaxies labeled as Gothic A and B indicate 
the distance out to which A or B could have com municated s ince the 
beginning of the universe . 

Thus although the universe began at infinite density , it did 

not begin with complete communication across its extent.  As we 
go backward in a cosmology , the cosmological horizon includes 

fewer and fewer galaxies , even though these are closer and 
closer together. The initial state is one of infinite density but 

total communicative (causal) disconnection .  

In  figure 1 0, A and B still are not able to see each other. A's 

horizon does not include B ,  and vice-versa .  It makes no d iffer

ence that their horizons overlap. At the instant shown, A and 

B reside in separate universes, for purposes of communication .  

One feature of General Relativity i s  completely novel and has 

no analog in a Newtonian context :  matter produces not only a 

gravitational field but also an actual geometrical curvature in 

space . (In fact, in General Relativity , these two effects are math

ematically inseparable . )  

It  is quite difficult to visualize the meaning of  geometrical 
curvature of a three-dimensional space ,  so it is useful to think 

instead of a two-dimensional analog. Space is  l ike the surface of  

a horizontal rubber sheet , with elastic properties similar to , 
though not quite the same as , an actual elastomer. Some sand 

sprinkled on the rubber sheet in one spot causes the sheet to 
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bulge downward into a stretched, bowl shape . I f  we add more 

sand,  the bowl gets deeper and the rubber more stretched . 

I f  we keep adding sand, at some point an actual rubber sheet 
will tear. There is a similar effect in the space geometry of 

General Relativity . If the density of  matter in some volume 

exceeds a critical value (which depends on the size of the volume 

and the rate of expansion of the n1atter inside it) , then the bowl 

shape actually pinches off into a sphere and detaches itself from 

the rest of the rubber sheet. It is a little bit like a drop of water 
forming on a moist ceiling and finally detaching itself. Instead 

of residing on an infinite rubber sheet, the sand now finds itself 

inside the surface of a topological ly closed sphere .  
If  the mass o f  the individual letters in the alphabet-soup 

cosmology is sufficiently large , then the square window plotted 

in the figures will represent not one part of an infin ite plane 
but one part of the surface of a very large sphere (much larger 

than the window) . In  this case, if I extend the window to the 

right so that it becomes a long strip,  my computer eventually 

will start drawing exactly the same pattern of letters that occurs 
at the left-hand edge . These will not represent new galaxies but 

rather the same galaxies as before .  The strip will have closed 

on itself; it should be pasted together into a large ring that 

represents an equatorial band around a closed universe . At 
present we do not know for certain whether our universe is 

topologically open or closed . We do know that if it is closed , its 

radius is much larger than our present cosmological horizon or 

window. We cannot observe its closure directly, therefore, but 

can hope only to <led uce the fact of its closure by measuring 

the density of matter that we see and coin paring that density to 
the breaking strength of space as it is given by Einstein' s  theory . 

In  conclusion , theory is sometimes more powerful than it is 

admitted to be by the very theorists who invent it . Newton's 

theory could have predicted the expanding universe , but he 

missed seeing this prediction . Einstein's theory did predict the 

expanding universe , and Einstein refused to accept that the 
prediction was meaningful until the observational evidence 

forced him to do so. 

These statements of fact should not be regarded as criticism 

of either of these two giants . The ultimate test of reality is always 

observation . Wrong theories can make predictions too .  Restraint 

on the part of theorists is often a virtue. I do draw one conclu

s ion ,  however :  the abil ity of our species to represent models of 
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physical reality that go beyond all of the observational knowl

edge of the inoment is aweso 1ne and startling.  I do not think 

that we have a good understanding of the nature of this abil ity 

or of its long-term consequences to our society. 

Further Reading 

Author's Note : My intent in this paper has been to ex plain scientific 
concepts rather than to present a serious historical study.  I have draw n 
heavily on the excellent historical and bibliographical material in  C W. 
Misner, K. Thorne , and J. A. Wheeler, Gravitation (San Francisco: 
Freeman,  1 973) . The reader should refer to this book,  especial ly Box 
27 .  7, for references to both the scientific and historical l iteratu re .  

See also : 

Gott , J .  R. , Gunn , J .  E . ,  Schramm,  D.  N . ,  and Tinsley , B .  M .  "Wil l  The 
Universe Expand Forever?" Scientific American ( March 1 976) . 

Harrison ,  E .  R. "The Paradox of the Dark Night Sky ." Mercury 

(Ju ly/August 1 980) . 





JOHN H UC H RA 

THE COS MIC CALENDAR 

The simplest goal of every observational cosmologist is to mea

sure the age of the universe-to prove that he is right and to 

predict the eventual fate of  the universe . Unfortunately the 

universe is a bit vain and is unwilling to reveal this secret .  As

tronomers are persistent, however, and I w il l  try here to tel l  you 

a bit about the history of our search.  
When cosmologists talk of cosmic ages,  three time scales are 

commonly cited : the age of  the Earth , the age of  the oldest 

stars , and the age of  the universe . These time scales are l isted 

in this order because it is hoped that their estimated ages will 
be in the same order, although this has not always been the 

case . 

The age of  the Earth is most important as the lower l imit to 

the age of  the universe . By definition , the whole shooting match 
must be older than the Earth or even the solar system.  

Not  counting Bishop Ussher's seventeenth-century estimate 

of the Earth's creation date as 4004 B .c . , the first serious esti

mates of the Earth's age were made by geologists in the early 
part of the nineteenth century . They used estimates of the rate 

of  deposition of sedimentary rock to derive ages of  a few 

hundred mill ion years . In  the late nineteenth century ,  the phy

sicist Lord Kelvin challenged this age . He calculated the cooling 

time of the Earth from a totally molten state to its present 

condition (cool crust, molten core) and found an age of only 40 

million years . This d iscrepancy was later resolved by the d iscov
e ry of  radioactivity in rocks ,  for this in tern al power supply could 

ex plain how the core of  the Earth remained molten . 

The d iscovery of  radioactivity also provided the clue to the 

currently used technique for measuring the age of the Earth 

and elements : radioisotope dating. The earliest estimate using 

this technique gave an age of 1 .  8 billion years in 1 9 1 7 . The 

technique was refined in 1 956 to give an age of 4. 6 billion years . 

The accepted estimate of the Earth's age has not changed s ig

n ificantly since then .  Unfortunately this is the only one of the 

three time scales  in which we have any degree of confidence. 
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Figure 1 
The globular cluster N GC 7078 ( M  1 5) .  This is at a distance of ap
proxi 1nately 40,000 l ight-years . ( Photograph by Hale Obsevatory) 

The second time scale is the age of the oldest stars . The oldest 

stars astronomers have yet found are most easily studied in 

globular clusters (figure 1 ) .  Globular clusters are very dense 

aggregates of stars that are thought to have been formed at the 
same time or even slightly before galaxies themselves formed

within the first 1 0  percent of the age of  the universe as a whole . 

Relative to these old-timers, our Sun is the new kid in  town .  

( Most o f  what I will say about the age of the universe i s  i n  terms 

of the most widely accepted theory of the universe , the big-bang 
model, in which the universe does have a beginning and thus 
a definable age . )  

We can determine the ages of the globular clusters and the 

stars within them because stars evolve . Their brightness (lumi
nosity) and color (surface temperature) change with time in 

what theoreticians think is a reasonably predictable manner 

(figure 2) . Massive stars evolve faster than less massive stars ; 

they have hotter central temperatures and burn their nuclear 

fuel (hydrogen) faster.  Because all the stars in these clusters are 

thought to have formed at the same time, the distributions of 
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the theoretical models of stellar brightness and color with time 

can be compared to the observationally measured distributions 

of stars (figures 3 and 4) . The observational distribution is called 

a Hertzsprung-Russell diagram after a well-defined region of 
the luminosity-color diagram, and the theoretical distributions 

are called isochrones, meaning lines of the same age . 

As is usual in astronomy, this technique is not as simple as it 

sounds .  T'he theoreticians must include guesses about certain 
properties of the stars, for example , their atomic parameters 

and chemical composition . The observers cannot measure ex

actly the quantities theoreticians predict (visual luminosity ver
sus total luminosity or color versus temperature) and must 

struggle to derive a conversion between these systems and mea

sure accurate distances to the clusters . Nonetheless theoreticians 

and observers have put forward estimates for stellar ages that 

have ranged from 4 bil lion years in the late 1 940s up to a high 

of 26 bil lion years in the early 1 960s. Estimates of this time scale 

have now settled down to between 8 billion and 1 8  billion years, 

based primarily on theoretical  work by P. Demarque and obser

vational work by A.  Sandage and collaborators . 

The last of  our time scales, the age of the universe itself, can 
be derived from the expansion rate of the universe . In the big

bang model , the universe expands from an initial singularity

a time when the universe was very dense and hot and when the 

laws of physics as we know them are d ifficult to apply-so that 

the speed of any obj ect relative to any other object is j ust pro
portional to the distance between them.  ( For a more detailed 

account of  the very early universe see The First Three Minutes by 

Steven Weinberg.) Three common analogies for this expansion 

are dots on the surface of an expanding balloon, or raisins in 
a rising bread pudding or, more crudely (because it has a center,  

while the universe does not) an exp losion .  And the simple dy

namical explanation is : the faster things move away from you, 

the farther they have gotten . This leads logically to a direct 
proportionality between velocity and distance for objects, which 

is also a measure of the expansion rate . This expansion rate is 

quoted as the ratio of velocity to distance : miles per hour per 

mile,  or, as astronomers would say, kilometers per second per 

megaparsec.  (A megaparsec is approximately 3 million light

years ,  or 20 billion billion miles . )  This ratio also has units of 

reciprocal time ; thus the reciprocal of the ratio provides an 

estimate of the age of the universe , or the time it  has taken 
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The observed distribution in visible luminosity versus color for some 
stars in the globular cluster N CC 675 2 .  Luminosity is measured by V 

magnitudes, with higher values corresponding to less bright stars ; color 
is measured by B-V magnitudes, with high values corresponding to 
redder stars and lower values corresponding to bluer stars . (The mag
nitude scale is a measure of brightness . A difference of one magnitude 
corresponds to a ratio of brightness of about 2 . 5 ,  with brighter objects 
having smaller magnitudes, by convention .  The V magnitude is the 
magnitude at green-yellow wavelengths ;  the B magnitude is the mag
nitude at blue wavelengths ; and the B-V magnitude is the difference 
of these two magnitudes . )  
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T E M P E R AT U R E / C O L O R  

The curve representing the distributions of stellar lun1inosity and te n1-

perature observed in a star cluster (broad l ines) overlaid on theoretical 
distributions of different ages.  

galaxies to reach their present separations with their present 

velocities .  
The first calibration of this expansion rate , the velocity-dis

tance relation ,  was made by Edwin Hubble in 1 929 .  Using gal

axies as test particles ,  he measured their radial velocit ies 

(velocity along the line of sight) by the Doppler shifts in their 

spectra. (See chapter 5, Harvey Tananbaum,  for a discussion of  

Doppler shifts and their effect on  the spectra of moving objects .) 

Hubble also tried to measure the distances of these galaxies by 
looking for their brightest stars in order to compare them to 

the brightest stars in our own galaxy . Because apparent lu1n i

nosity is proportional to inverse distance squared (a candle 

placed twice as far away as another candle of the same true 

brightness would appear only one-quarter as bright) , if he knew 

the true distances and thus the luminosities of the stars in our 

galaxy he could esti1nate the distances of the other galaxies by 
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assuming their brightest stars are like our stars . Hecause o f  
Hubble's p ioneering work , this ratio between velocity and dis

tance as measured at the present epoch is called the Hubble 

constant,  or Hubble ratio , H 0 , and the inverse o f  this ratio is 

called Hubble time, t 8 . In 1 936  Hubble's measurements gave an 
age of 1 . 8 billion years for the expansion time scale of the 

universe-less than the age of the Earth . 
Since Hubble's initial measurement, estimates  of the expan

sion rate have shown a predominantly downward trend with a 

corresponding rise in the estimated age . The first major change 

in this estimate came in the early 1 950s when it was realized 

that what Hubble had thought to be stars in other galaxies were 

really whole clusters of  stars, a very easy mistake to make. This 

increased the Hubble time to 8 billion years, an estimate for the 
first time older than the age of the Earth . More improvements 

in the distance determinations for nearby galaxies were made 

in the 1 960s and early 1 970s ,  mostly by A .  Sandage and G. de 

Vaucouleurs and their coworkers, almost all increasing the Hub

ble time until the accepted value for universal age fell between 

1 5  billion and 20 billion years . 

Once again, however, measuring galactic d istances was not 

such a simple technique to apply. Gravity is a fly in the ointment. 

It can s low down the expansion and can even turn it into col

lapse in the same way that it causes rockets shot spaceward with 

insufficient velocity to fall back to Earth. I n  fact, all the mass 

in the universe acts to slow down the total expansion rate . The 
effects of this slowdown are shown in figure 5 .  I f  there was no 

matter in the universe, the expansion would continue at a con

stant rate and the age would equal the Hubble time (case A) ; 

but since there is matter in the universe , the age is less than the 

Hubble time-whether the universe is open and will expand 

forever (case B) or is closed and will reach a maximum expan

s ion and then collapse on itself  (case C) . So astronomers need 
to know both the rate itself and mass-energy content of the 

universe ( to compute the deceleration) in order to estimate its 

age . 

Although there were conflicting measurements of  the mass 
density in the universe on large scales , some of the local mea

surements ( the space around our own galaxy) gave relatively 

small values for the amount of matter in the universe . This 

meant that at most only a small correction had to be applied to 

the Hubble time to get an estimate for the age . Generally as-
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The chan ge of scale of the universe (as  measured by the distance 
between two typical galaxies) with time is given for three possible 
universes . (a) No matter and no slowdown.  The scale increases in direct 
proportion to time and the universe is open .  (b) Some matter and some 
slowdown. The universe is  still open . (c) Enough matter eventually to 
halt an d reverse the expansion ; the universe is closed . The Hubble 
constant, or expansion rate , is just the tangent to the curve at any time. 
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Figure 6 
A schematic representation of  the expansion of the universe around 
the local supercluster (Virgo) . The bottom diagram shows a very mas
sive Virgo (as we believe it is) , greatly slowing the rel ative expansion of 
nearby galaxies ;  the top diagram shows a less massive Virgo,  with a 
s1nall retarding influence . Magnitude of velocity is indicated by length 
of arrow. In this p icture , our galaxy is similar to the third point from 
Virgo. We are sti ll expanding away from the supercluster ce nter,  but 
ou r velocity has bee n slowed two-thirds to three-quarters of its in itial 
value . 
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tronomers were content with these estimates because they meant 

that the s tellar ages were in rough accord with the universe age . 

Unfortunately this complacency has been short-lived . Mass 
can also s low down the expansion rate locally . Our solar system, 

for example, is not  expanding away from the galactic center.  

Our galaxy is near the edge of a very large conglomeration of 

matter centered on the Virgo cluster of galaxies ,  called the local 

supercluster of  galaxies .  Recent measurements of  d istances to 

clusters of galaxies by a group of astronomers from the Uni

versity of Arizona, the Smithsonian Astrophysical Observatory , 

and Kitt Peak National Observatory have shown that this lump 

of matter has slowed down the apparent expansion rate rather 
significantly . An illustration of this effect is shown in figure 6 .  

Because the force of gravity i s  inversely proportional to the 

square of distance, points (or galaxies) far away from the central 

mass are only weakly affected . 
The result of this effect from Virgo is that measurements of 

the Hubble ratio made only locally are incorrect. In order to 

measure the true expansion rate , it is necessary to measure 

distances to objects-galaxies or clusters of galaxies-well out

side the region affected by the mass of our supercluster of 

galaxies .  Figure 7 shows the best recent calibration of H 0 for 
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Figure 7 
The present calibration of the H ubble constant derived from clusters 
of galaxies . The short, dashed l ine near the origin represents Hubble's 
original cal ibration . The dotted l ine below that is the calibration using 
only two clouds of galaxies inside the local supercluster .  
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clusters of galaxies outside the local superc1uster. This yields a 

Hubble ti1ne of only I I billion years . 
In addition ,  because it appears that the local supercluster is 

1nassive enough to s low the expansion rate substantially, new 

estimates of the universal mass density are sign ificantly higher 

than the previously accepted value . They are not sufficient to 

close the universe but do lower the corrected age estimate to a 

mere 8 billion years . 
Figure 8 summarizes how our estimates of these three time 

scales ,  Earth , stellar, and universe age , have evolved over the 

last one hundred years . The Earth-age measurement has re

mained steady for the last twenty years, but both the universe 

and stellar ages have gone up and down.  Although it may be 

small consolation for cosmologists ,  at least both are still o lder 

than the age of the Earth . 
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GEORGE B .  FIELD 

THREE UNANSWE RED QUESTIONS 
IN ASTRONOMY 

How do astronomers really work? As other authors in this book 

have implied , the advance of scientific knowledge is rarely a 

neat progression from theoretical prediction to observational 

proof. In real ity , observers rarely wait for q uestions to be asked ; 

rather they make discoveries by extending their powers of ob
servation with new types of  instruments. Thus, x-ray binaries 

were an answer to a question that, as far as I know, was never 

asked until after they were discovered . (The question would be , 
What happens to the matter overflowing the Roche lobe around 

an evolving 0-type star that has a neutron-star companion?) 

Nevertheless discoveries quickly lead to new questions . In  the 

case of x-ray binaries ,  such questions would include , Are the x
rays emitted by hot gas?  Why are they pulsed? I s  the pulse rate 

constant , suggesting that they are controlled by the rotation of 

a compact object? Can the compact object be a white dwarf, or 

is a neutron star required? 
As the simple questions are answered , a conceptual picture 

or model is built up in the minds of astronomers-in this case , 

that of an accretion disk of hot gas orbiting a neutron star, with 

this disk fed by Roche-lobe overflow from the 0-type star. The 

matter of the accretion disk spirals into the neutron star via the 
poles of its magnetic field , emitting a beam of x-rays , which is 

observed as pulses as the star spins . Thus further observational 

work is driven by the desire to sharpen the conceptual picture , 

and theoretical work contributes by showing how the picture 

must be modified to explain new observations .  

Sometimes this process leads to well-defined questions, which 

can remain unanswered even after intensive effort .  I f  the ques

tion is of broad significance, answering it one way or the other 

can change the course of further research in a major way . In  
this chapter,  I have posed three questions that seem to be of  

this type . 

Are there more than nine planets in the universe ? The first question 
is posed in this odd way because we have known s ince 1 930  that 
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Table I 
Discovery of the planets 

Stellar 
Planet Magn itude 

rvlercury 0 

Ven us - 4  

Mars - 2  

J upiter - 3  

Saturn + l  

Uranus + 6  

Neptune + 8  

Pluto + 1 5  

Year of 
Discovery Telescope Aperture 

Antiq uity Unaided eye 

Antiquity Unaided eye 

Antiq uity Unaided eye 

Antiquity Un aided eye 

Antiquity Unaided eye 

1 78 1  1 5  cen timeters 

1 846 20 centi 1netersa 

1 930 3 3  cen timeters 

aAccording to Charles Kowal and Stilhnan Drake , " Galileo's Observa
tion of Neptune," Nature (Sept .  25 ,  1 980) ,  Neptune appears to have 
been observed and noted by Galileo in 1 6 1 2- 1 6 1 3 , when it was only 
fifteen minutes o f  arc from Jupiter at the time the great astronomer 
was observing its satell ites. Galileo's tele scope was only a few cen time
ters in aperture . 

there are at least nine planets in our own part o f  the universe ,  

the solar system.  Table 1 gives their dates of d iscovery . 

Table 1 teaches us an interesting lesson .  We are living on one 

of the six planets known to the ancients ; the other five are 
visible with the unaided human eye at n ight. Uranus,  of stellar 

magnitude 6, or about the limit of naked-eye ability , still re

quires a telescope . In fact, it was d iscovered accidentally in 1 78 1  

by William Herschel from the garden of his home using a 6-

inch ( 1 5  cm) telescope . (The magnitude scale is a measure of 
brightness . A difference of one magnitude corresponds to a 

ratio of brightness of about 2 . 5 ,  with brighter objects having 

smaller magnitudes by convention .) By contrast , the d iscovery 

of Neptune was the result of  a directed search based on theo
retical prediction.  The mathematical astronomers John Couch 

Adams and Urbain Jean Joseph Leverrier independently had 

shown that observed disturbances in the motion of Uran us could 

not be explained by the gravitational effect of any known planet;  

rather they required a new body in the solar system whose 
approximate position could be calculated . On the basis of Lev

errier's pred ictions, the astronomer J .  G. Galle d iscovered the 

eighth-magnitude planet Neptune with an 8-inch (20  cm) 
telescope . 

The discovery of Pluto was also based on theoretical predic-
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tions-except that the theory was wrong. In the early twentieth 
century , Boston's Percival Lowell ,  a member of the family that 

established the Lowell Institute , set up a private observatory at 

Flagstaff, Arizona, primarily to study Mars. On the basis of his 

study of the orbit of Uran us ,  he became convinced that a ninth 

planet must exist and predicted its general location . His young 
assistant, Clyde Tombaugh, undertook an extensive search with 

a 1 3-inch telescope and ,  after one year, discovered an object 

subsequently called Pluto.  Strangely our present information on 
this fi fteenth-magnitude planet indicates that it is too small  to 

disturb the orbit of  Uranus significantly . In other words ,  the 

discovery of Pluto was an accident. 

Are there more planets in the solar system?  There is no 
indication from the orbits of the nine planets we know that 

others are present. Nor have extensive searches with larger 

telescopes turned up anything. Of course, there could be a very 

small or very distant tenth planet in the solar system,  and we 

would not know i t .  A broader question ,  however, i s  whether 

there could be planets around other stars elsewhere in the 

universe. 

Over the years ,  there has been much speculation on the origin 

of the planets . Were they captured by the Sun from interstellar 

space? Were they formed when a passing star pulled a great 

loop of matter out of the Sun to cool and condense into planets? 

Or were they the incidental results of a giant, spinning d isk of 
gas and dust, called the solar nebula? 

No one knows for sure which ,  if  any, of these concepts is 

correct, but the last one, based on a solar nebula, seems to 

explain best many features of our solar system.  For example, 
the fact that all nine planets revolve around the Sun in orbits 

close to the same plane would be a natural consequence of their 

accumulation from matter already revolving in a disk . The fact 

that most of them rotate in the same direction as their revolution 

is also easily understandable . And the fact that the four inner 

planets are largely rock while the outer ones appear to be mostly 

ice ,  with Jupiter and Saturn having a great deal of hydrogen 

and helium, seems to be consistent with the idea that the inner 

nebula would be too hot for ice to form, while the outer nebula 

would not (figure 1 ) .  

Impressed by these and other facts ,  theorists have developed 

a detailed theory of the origin of planets, which fits some (but 
by no means all) of the facts quite well . Fred Whipple and Fred 
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Stages i n  the fonnation of the solar systen1 : ( 1 )  a frag1nen t. of an 
in terstel lar cloud col lapses ; (2) i ts  s pi n  causes i t  to forn1 a d isk ; (3 )  the 

tnaterial in  the d isk  gathers in to bodies of planetary size ; (4) the S u n ,  
a t  the cen ter  o f  the systen1 , heats t.he re 1na ini n g  gas a n d  d ust ,  re1novi ng 
i t  fro1n the  syste 1n and lea,·i n g  t he planets i n  their  present  fonn . (Fro 1n 
Cosmir Evolution, by G .  Field ,  G.  Versch u u r, and C.  Ponnan1 perun1a,  
Ho ughton M i fflin . I 978) 
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Franklin describe this possible theory in this book ,  but I will 

review quickly the main points ,  for they are crucial to our search 

for planetary systems elsewhere in the universe . 

The primordial solar nebula contained perhaps 0 . 1 solar mass 

of  gas and dust . From the known chemical composition of  the 
Sun and stars, the amount of heavy elements (oxygen,  silicon,  

iron,  magnesium) likely to be in the form of d ust can be calcu

lated . Then from observations of  interstellar dust clouds,  the 

original size of  dust grains can be estimated at 1 0-5 centimeters .  

From the density o f  grains,  a calculation can be made o f  the 

time required for them to collide and stick ;  and from the num
ber of gas molecules (largely hydrogen and helium) , the rate at 

which the larger grains would fall under gravitation to the 

midplane of the disk can be determined . When the density of 

the dust grains is found to exceed a certain value, their mutual 

gravitation would be sufficient to pull them together in kilo
meter-sized obj ects . These ,  in turn , would collide and accumu

late to form the inner planets and the cores of the major planets . 

Jupiter and Saturn probably attracted enough gas from the 

surrounding nebula to attain their observed sizes and compo

sitions.  Unfortunately this theory is not exact enough to predict 

the distances of the known planets from the Sun or to tell us 

whether there are unknown planets beyond Pluto . It does , how
ever,  suggest trends in the chemical compositions of planets , 

which can be tested against observation .  

What interests us  here most, however, i s  the general charac
teristic of  the theory-its universality .  The theory does not re

quire anything special of the Sun or its gaseous surroundings . 

On the contrary , the general mass, rate of revolution , and chem

ical composition of the solar nebula are what would be expected 

when any star like the Sun forms. Therefore the theory predict� 
that many stars like the Sun should have planets . This predic

tion , if verified, would open up a whole new branch of  astron

omy. I f  we can find other planetary systems, their properties 

will tell us which properties of the solar system (such as masses , 
compositions , and distances of planets) are common to various 

planetary systems and which are accidental in or unique to our 

system.  To progress,  the planetary theorist sorely needs more 

examples of  planetary systems.  

Astronomers have not yet found a single other planetary 
system in the universe . Why not? The answer is to be found in 

the limitations of our present instruments. Even Jupiter, our 
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largest planet, is only a tenth the size and a hundredth the 

surface area of the Sun . Because of its great d istance from the 

Sun ( 1 000 solar radii) it intercepts only 2 . 5  X 1 o-s of the Sun's 

radiation and, of that, reflects only about 40 percent . Hence a 
distant observer on a planetary system elsewhere would see 

Jupiter as a faint object only a billionth as bright as i ts parent 

star. As seen from the d istance of even the nearest star  (a 
Centauri, which also happens to be a first-magnitude star very 
much l ike the Sun, 4 l ight-years from Earth) Jupiter would be 

of twenty-third magnitude ; and its orbit would be 4 seconds 

of arc in radius . Not surprisingly then searches with large tele

scopes for Jupiter-like objects near other stars have been un

successful . Although twenty-third magnitude objects are 

detectable (though barely) with the largest telescopes, none 

would be detectable as close as 4 seconds of arc from a first 
magnitude star such as a Centauri because the light scattered 

out of the stellar image would completely obscure the planet. 

All other stars are even farther away than a Centauri, and as a 

result, any planetary image would be too faint to be detected 
even with the largest telescopes .  (For an example of the obscur

ation of a faint object by the l ight of a nearby bright star, see 

the photograph of Sirius and its white dwarf companion in 

chapter 2 ,  Kenneth Brecher.)  
What, then,  can be done? One is to search with the space 

telescope (ST) , a 24-meter diffraction-l imited telescope to be 

launched into Earth orbit on the space shuttle in 1 985 by NASA 

(figure 2) . Because it is above the Earth's atmosphere, ST will 

produce much sharper images,  perhaps only 0':025 in radius .  
This should help in the search at least for large planets with 

large orbits because the l ight from both the star and the planet 

then would be more concentrated and more easily resolved into 
two dis tin ct images.  

But more also can be done from the ground . As Jupiter 
swings around the Sun on its twelve-year orbit ,  its gravitational 
pull displaces the Sun by about 1 solar radius.  From a d istance 
of 30 light-years , astronomers would see this as a periodic dis
placement of the stellar image by 0�'0005 . Even though atmo
spheric blurring smears the stellar image over a much larger 
area, because of recent  improvements in technology , the posi
tion of its center can be determined with a precision of + O': 00 1 ,  
or only somewhat larger than the value required for detection 
of the perturbations caused by a Jupiter-like planet around a 
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An artist's conception of the space telescope , scheduled for launch in 
1 98 5 .  ( Courtesy N ASA) 

star 30 light-years distant . Furthermore,  for relatively modest 

cost, the precision could be increased to + a: ooo 1 (figure 3) . 

Why are we so interested in planetary systems in the first 

place? After all , less than 1 percent of the material in the solar 

system ended up in these cold chunks of matter orbiting the 

Sun . The answer, perhaps, is  l ife . Throughout the ages human
kind has speculated about l ife on other worlds .  Unfortunately 

the other worlds in our own planetary system seem barren .  For 

example , Mars must have had water once , but any remaining 

moisture seems locked in permafrost , and there is no sign of  

life a t  the random spots where the Viking landers put down 

(figure 4) . And the best guess is that no other planet in the solar 

system has any better  chance than Mars of harboring l ife .  

Beyond the solar system,  the question of  l ife i s  completely 

open.  Certainly the conditions on a rocky planet orbiting an

other Sun-like star could well support l ife with l ight, liquid 

water, carbon, nitrogen,  and trace elements. But given the dif
ficulty of  detecting planets, the chance of making d irect obser

vations of l ife forms seems hopeless. I f  the l ife forms were 

intelligent,  it would be different, for intelligent l ife ,  at least on 

Earth, has a way of making its presence known over interstellar 
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Figure 3 
A schematic representation of  a si1n ple planetary syste 1n .  Both the 
planet (small open circle) and the star ( large open circle) orbit their 
comn1on ce nter of mass . Even though the planet may be invisible in 
the telescope , the resulting n1otion of the parent  star can be detected . 
(Diagra1n from Mercury ; copyright © 1 980,  Astronomical Society of 
the Pacific) 

distances .  Since the 1 930s,  human-generated radio signals

mostly in the form of commercial radio and television broad
casts , including soap operas, game shows, and sports events

have been propagating into interstellar space at the speed of 

light. Today the first radio signals are about 50 light-years dis
tant, and they have probably reached some ten thousand stars . 

In addition to these accidental messages, a coded communique 

sent in 1 974 from the world's largest radio telescope at Arecibo , 

Puerto Rico, and powcrf ul enough to be detected by another 

Arecibo on the other side of the Milky Way, has now traveled 
6 light-years into space (figure 5) . 

Assuming that similar signals from other worlds might be 

directed our way, Frank Drake began a search for extraterres

trial intelligence ( SETI) in 1 96 1 .  So far these attempts have 
been without success . But the efforts have been at a very low 

level ,  constrained by the ability of radio astronomers to bootleg 

time on big telescopes . I t  has been proposed to start a serious 
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The surface of Mars as seen from Viking I .  There is no s ign of l ife at 
this s ite . ( Photograph from NASA) 

effort :  a full-time search with a specially designed receiver a 
million times more sens itive than any used so far. Who knows 

what SETI might find? Even if only primitive signals are iden

tified,  we would at least identify the parent star, the orbit of the 

inhabited planet, and perhaps some of its characteristics . This 

could be another way to find out about planets . The discovery 

that we are not alone in the universe would totally eclipse such 

narrow scientific considerations,  of course.  As is often the case 
in astronomy, the discovery would raise far more questions than 

it answers . 

Is the theory of stellar evolution wrong? No one has ever  seen 

below the Sun's surface . But just as seismologists have learned 

about the interior of the Earth from earthquakes , astronomers 

have learned about the interior of the Sun from observations of 

its surface . To make sense of these observations ,  astronomers 

use theoretical models of the Sun and stars based upon simple 

physical principles . The first is that the inward force of gravity 

must be balanced by the outward push of pressure associated 

with the high temperature of the solar interior. The second is 
that the same high temperature drives energy through the outer 

layers of the Sun , to emerge at its surface as sunlight, and the 
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Figure 5 
The 300-meter radio telescope constructed in a natural depression in 
the hills near Arecibo , Puerto Rico . (Courtesy National Astronomy and 
Ionosphere Ce nter, ope rated by Cornell University under contract with 
NSF) 
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rate of this energy transfer can be calculated from the properties 

of hot gases .  The third is that the energy thus lost from the 

interior must be made up by the nuclear energy released when 

four hydrogen nuclei (protons) fuse to form a single helium 
nucleus ; this too is a calculable process . 

These principles, expressed in precise mathematical form, 

lead to equations that can be solved to yield predictions for the 

Sun's radius and luminosity , both of which can be observed . 

Although there are uncertainties in the theoretical assumptions 

(such as the rate at which hot gases absorb radiation) , the most 
reasonable assumptions lead to agreement with observations of 

the solar luminosity and radius . Does this mean the actual solar 

interior is like that of our models ,  with a central density about 

one hundred times that of water,  and a central temperature of 

about 1 5  mill ion degrees? Perhaps . But  there is a major 

problem. 
For a given solar model ,  the number of  electron neutrinos 

(elusive subatomic particles) that must be produced as a by

product of the nuclear reactions in the solar interior can be 

calculated . Since neutrinos are so penetrating that they can 

easily escape directly from the interior o f  the Sun, they should 
be detectable at Earth ; however, an experiment to detect them 

disagrees substantially with prediction , and this has led to what 

has been called the solar neutrino problem .  Indeed the discrep

ancy between theory and observation has far-reaching implica
tions because the same models for describing the Sun have been 

applied to all stars and are the basis for our ideas about stellar 

evolution . 

The abil ity of neutrinos to penetrate matter makes them ex
tremely difficult to detect. In  fact, to do so , Ray Davis of Brook

haven National Laboratory has had to exert great efforts over 

ten years . His experiment consists of placing a large tank con

taining 1 00 ,000 gallons of tetrachloroethylene , a common clean

ing fluid , some 1 500 meters deep in the Homestake Gold Mine , 

at Lead , South Dakota (figure 6) . (The great depth is to shield 

the experiment from all particles but solar neutrinos.)  The ac

tive element of the experiment is chlorine and about 25 percent 
of natural chlorine is the isotope 37Cl , whose nucleus contains 

seventeen protons and twenty neutrons . A solar neutrino of 

sufficient energy has a finite probabil ity of striking one of the 

neutrons in 37 Cl and converting it to a proton;  the result is an 

argon nucleus of eighteen protons and nineteen neutrons (37 Ar) . 
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Figure 6 
The solar neutrino experiment, Homestake Gold Mine, Lead, South 
Dakota. The tank contains tetrachloroethylene, a comn1on cleaning 
fluid.  (Photograph from Brookhaven National Laboratory) 

The nucleus of 37 Ar is unstable ;  in a period of  typically thirty

four days , one of  its protons reaches out to interact with one of 

the electrons orbiting the nucleus and combines to form a neu

tron again and, in the process, emits energy . Thus Davis peri
odically flushes out his tank looking for any argon produced by 

solar neutrinos . Over the years he has perfected the technique 

so that he can locate single atoms .  A solar neutrino flux pro

duction rate of one argon atom every forty days in h is tank is 

defined as a solar neutrino unit or SN U.  (Since scientists are no 

less susceptible to bad punning than anyone else , the query ,  
" What SN U? " is inevitably heard at scientific conferences .) 

The best theoretical prediction for the solar neutrino ft ux is 
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7 or 8 SN U;  the best estimate of  the experimental counting rate 

in Davis's tank is 2 or 3 SNU,  about a factor of  three smaller. 

Is  this a d isaster for astrophysical theory , or can the d iscrepancy 
be easily explained away? We do not know . 

Some of the parameters assumed in the theory are uncertain . 

Furthermore , the side branch in the nuclear reaction chain in 
the Sun that produces neutrinos energetic enough to be cap

tured by chlorine is highly tern perature sensitive . Thus with a 

few changes in the assumptions regarding absorption coeffi

c ients ,  nuclear reaction rates ,  or the efficiency of  thermal con

vection in the Sun's outer layers, we could change the 

tern perature calculated for the solar interior enough to bring 
theory into line with experiment. On the other hand, the theory 

as it now stands has been used to describe the interiors of all 

types of stars . More important, this theory of stellar interiors 

predicts the shape of  the Hertzsprung-Russell d iagram (see fig
ures 2-4 in chapter 7 ,  John Huchra) from which the ages of 

stellar clusters have been derived .  In short, virtually all of what 

we assume about stellar evolution has been called into question 

by the solar neutrino problem , and solving it is crucial for 

astronomy . 

For these reasons it is desirable to conduct other neutrino 
experiments .  Since the element gallium ( in particular, the iso

tope 71 Ga) is sensitive to neutrinos of lower energy, produced 

in a nuclear reaction that is not so temperature dependent, a 

gallium detector could directly test the hypothesis that solar 

energy is produced by fusion of  hydrogen to helium,  indepen
dent of the temperature of the solar interior .  A gallium detector 

is being built now at Brookhaven ;  it is a collaborative project 

involving groups in Germany and Israel and at Princeton's In
stitute for Advanced Study and the University of  Pennsylvania. 

If our theory is basically correct, except for one or more of  

the assumed parameters ,  the gallium experiment will tell us  and 

identify the new range of parameters . Standard theory assumes 

that the Sun formed from an interstellar cloud whose chemical 

composition was uniform . However, it is possible that at various 

times over i ts 4 . 5-billion-year life ,  the Sun has passed through 

dense interstellar clouds and thereby accreted matter on its 

surface that is somewhat richer in heavy elements than is its 
interior .  If so, the interior of  the Sun may have a somewhat 

lower abundance of  heavy elements than does the outermost 

layer we observe . This would result in a cooler interior, because 
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the solar gases would then be more trans parent than theorists 

have assumed . 
Standard theory also assumes that the electron neutrino is a 

si1nple particle . This assumption stems from nuclear physics ,  

where until recently it  has been the s implest explanat{on for a 

large number of phenomena. The suspicion has grown,  how

ever, that the electron neutrino bears an extremely intimate 

relationship to its cousins, the µ neutrino and the T neutrino

so intimate, in fact, that each type changes into the other and 

back again within a millionth of a second.  Such neutrino oscil

lations, which are suggested by some contemporary theories of  

particle physics, may be supported by experiments with neutri
nos at nuclear reactors . These experiments, however, are very 

difficult and have not yet been confirmed . I f  they should turn 

out to be correct, they would have immediate consequences for 

the solar neutrino problem.  For example, even before leaving 

the Sun , the electron neutrinos could be converted to a random 
mixture of electron , µ, and T neutrinos . Since the chlorine in 

the Davis experiment is sensitive to only one of  the three types,  

the factor-of-three discrepancy would be immediately ex

plained . In fact, the gallium experiment could take on added 

significance because its capture rate can be accurately predicted 

from only the observed total energy production rate in the Sun,  
without any detailed knowledge of the interior temperature . 

Any serious discrepancy between the gallium experiment and 

the theory would then have to be attributed to neutrino oscil

lations , which themselves are of great interest to physicists . 
In fact, neutrino oscillations could have other rather dramatic 

implications for astronomy. I t  is believed that neutrinos ,  l ike 
the photons we now see as the cosmic microwave background 
radiation , were created in large numbers during the first three 
minutes in the life of the universe . Normally it is assumed that 
neutrinos , also like photons,  have a zero rest mass and therefore 
must always move at the speed of l ight .  But if neutrino oscilla
tions are found , the neutrino rest mass must be finite .  Present 
laboratory results imply only that the rest mass is very much less 
than that of an electron . But s ince galaxies could be affected by 
the gravitational attraction of such heavy neutrinos,  then from 
the observed rnotions of the galaxies,  we can deduce that the 
neutrino rest n1ass must be less than 3 x l 0-4 that of the 
electron. Even so small a value would be of  great interest to 
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astronomers because the heavy neutrinos would make up much 

of the mass in the universe now thought to be invisible . 

In what form is the hidden mass in galaxies ? Since Newton it has 
been possible to derive the mass of  an astronomical body ( that 
is ,  the total amount of matter within it) from observing the 

motion of a second body in its gravitational field . Thus the mass 

of the Sun can be derived from the orbit of any of its planets, 

and the mass of any planet can be derived from the orbit of  

any of its satellites .  

Briefly the method consists of equating the centrifugal accel

eration acting on a body in a circular orbit ( proportional to the 

square of the orbital velocity and inversely proportional to the 
radius of  the orbit) to the gravitational acceleration on the body 

(proportional to the mass of the gravitating body and inversely 

proportional to the square of the radius of the orbit) . Thus the 

mass of the gravitating body must be proportional to the square 
of  the orbital velocity and to the radius of  the orbit .  Both of  

these quantities can be easily observed in  the solar system since 

the periods and radii  of planetary and satellite orbits are known 

from direct observation,  and the orbital velocity is simply the 
c ircumference of  the orbit divided by the period . From just 

such calculations, we know the mass of  the Sun is 2 x 1 033 

grams . 

Remarkably enough , astronomers also have been able to weigh 

many other stars in spite of their enormous distances from 

Earth .  The method depends on discovering pairs of stars that 

are in orbit around each other. In some cases,  the radius of the 

orbit is large enough to resolve with a telescope so that the 
astronomer sees two individual stars .  By watching them over a 

long time, the observer can determine an orbital period, and if 

the distance of the pair can be found (so that the angular 

separation of the two stars can be converted to an orbital radius) , 
the masses can be determined . 

More often ,  however, the two stars are so close that the two 

images merge into one . Yet, surprisingly , even in such cases,  it 

is possible to deduce stellar masses .  When the combined l ight 
from the pair is passed through a spectrograph, the spectra of  

the individual stars can be separated, and a Doppler shift arising 

from the orbital motion can be observed .  (See chapter 5, Harvey 

Tananbaum, for an explanation of  the Doppler shift . )  Thus the 
orbital velocity is directly observed .  Because the shifts oscillate 
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Figure 7 
Radial velocities determined i n  the eclipsing binary syste1n µ., Herculis .  
From the amplitude of the veloci ties a nd the period of  the system,  the 
masses can be determi ned . 

back and forth as each star first approaches and then recedes 

from us in its orbital motion , we can obtain the orbital period 

(figure 7) . Even though the orbital radius cannot be directly 

observed in such cases (since by definition the stellar images 

cannot be resolved) ,  it can be calculated from observations of 

the orbit velocity and of  the period . Then the mass can be 

deduced by using velocity and radius .  

With this technique, i t  has been shown that stars of nearly the 

same luminosity and temperature as the Sun have nearly the 

same mass, as predicted by the theory of stellar structure .  It has 

also been found that many stars form a natural sequence , with 
the stars more massive than the Sun being brighter and hotter 

and those less massive being fainter and cooler. The existence 

of this main sequence is also predicted theoretically from cal

culations of the rate at which stars burn their hydrogen into 

helium (see figure 2 ,  chapter 7 ,  John Huchra) . 

But not all stars fal l  on the main sequence . For stars of a 

given ten1perature , there are also stars that are much brighter 
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("giants") and much fainter ("white dwarfs") than the Sun.  
They, too ,  are natural stages in stellar evolution . More recently , 

stars too faint to be seen have been detected by completely 

d ifferent means . Neutron stars are observed either as radio or 

as x-ray sources .  Their masses are , as expected,  comparable to 

that of  the Sun .  And in one case , the remarkable x-ray source 

Cygnus X- 1 ,  it can be inferred that a black hole must be present 

that emits no l ight at all .  This mass is calculated to be about 1 0  

solar masses ,  as determined from the motion of  its visible 

companion . 

Thus five types of  stars are known :  giants , main-sequence 

stars , white dwarfs,  neutron stars , and black holes. Although 

their visual luminosities depend on their state of evolution and 

surface temperature , typical luminosities in solar units are of 

the order of 1 0 ,000, 1 ,  1 /  1 0 ,000, negligible , and zero , respec

tively .  Thus, in any mixture of stellar types, the light tends to 
be dominated by giants,  with some contribution by main-se

quence stars ,  and only negligible contributions by white dwarfs,  

neutron stars , and black holes. 

These ideas can be put to the test by observing globular 

clusters . Here hundreds of thousands of stars evidently orbit a 

common center under the influence of  their mutual gravitation . 

(See figure 1 ,  chapter 7 ,  John Huchra. )  The mass of  the cluster 
can be inferred from its observed size , and the orbital velocities 

of its members can be determined by Doppler shifting of the 

spectra . The mass can be compared with the observed luminos

ity by calculating a mass-luminosity ratio (M /L) ,  defined as the 

mass ( in solar units) divided by the luminosity (also in solar 

units) . The typical result for a globular cluster (M /L := 0. 8) 

suggests that the cluster contains primarily stars like the Sun . 

But this cannot be true because the integrated spectrum of 

globular clusters is similar to that of  a giant star, not the Sun, 

thereby suggesting that giants contribute most of  the light. On 

the other hand,  M/L for giants is only about 1 o-4•  This enigma 
is resolved by painstaking observations of each of several 

hundred stars in a cluster. When these stars are plotted on a 

temperature-luminosity diagram (as in figure 3 ,  chapter 7 ,  by 

Huchra) , a well-defined sequence of stars is found, with both 

giants and main-sequence stars present.  Although only the 

brighter main-sequence stars are usually detected,  the numbers 

increase rapidly as one goes to fainter stars, much as has been 

found to be the case with the stars near the Sun .  When the 
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relative nurnbers of giants and main-sequence stars are com
pared , the observed NI /L ratio can be explained : the cluster 

must be a composite system in which most of  the mass is con

tributed by large nu1nbers of relatively faint main-sequence stars 

but in which most of the luminosity is contributed by a few 

relatively bright giants . Of course , this also explains why the 

composite spectrum is like that of a giant . 
This success in describing the composition of  globular clusters 

suggests applying the same approach to galaxies .  Like globular 

clusters, galaxies appear, at least superficially, to be made up of  

large numbers of stars . Their spectra can be explained as  a 

composite of  various types of  stars, largely giants . And in the 

nearest galaxies ,  such as the Magellanic Clouds and the Andro

meda Nebula (Messier 3 1 ) ,  the brightest stars can be individually 
resolved , and they do appear to be l ike the giants in our own 

galaxy . 

It is helpful to make a distinction between spiral galaxies l ike 
our own or Andromeda ,  which appear to be huge disks of stars , 

interstellar gas ,  and dust in orbit around a relatively gas- and 

dust-free nucleus (figure 8) and the much rarer, giant, spherical 
galaxies like Messier 87 ,  which appear to be relatively free of  

gas and dust and composed of  stars distributed in  a spherical 

volume (figure 9) . 

At first the spherical galaxies seem to resemble globular clus
ters . Because they are too distant for us to resolve the individual 

stars, information gathered along different lines of  sight at 

various projected distances from the galactic center is utilized . 

Again the Doppler spreading of  spectral features yields the 

orbital velocities of stars, which can be combined with the radial 
distance to give the mass contained w ithin each radius or, equiv

alently, the mass density at various radii .  The variations in lu

minosity density are also determined from the way the 

brightness decreases with projected distance . 

When the ratio of mass density to luminosity density is cal
culated close to the galactic center, M /L is of the order of 1 0  

solar units. This value is quite close to the composite for stars 
near the Sun , suggesting that the stellar population may be 

si1nilar to that near the Sun. However, the situation at greater 
distances from the center is anomalous . Outside the core of the 

galaxy, the luminosity density decreases like the inverse cube of  

the radius, while the mass density appears to decrease like the 
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The Andromeda Nebula, Messier 3 1 . (Courtesy Palomar Observatory, 
Cali fornia I nstitute of Technology) 

Figure 9 
The giant spherical galaxy Messie1: 8 7  in  the Virgo cluster of galaxies.  
Note the globular clusters arranged around it .  (Courtesy K itt Peak 
National Observatory) 
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inverse square of  the radius. I t  follows that the M /L ratio in

creases in proportion to the radius .  This fact alone proves that 

spherical galaxies cannot be a uniform mixture of stars of var

ious types. 
One must also study how the spectrum changes with distance 

from the center. When this is done, two results emerge . First, 

the spectrum is s imilar to giant stars at all d istances , and second, 

other subtle variations with distance indicate that the abundance 

of heavy elements decreases with increasing radius . The sim

plest interpretation is that there is a steady change in stellar 

population with radius . Since the mass is inferred from New

ton's laws but is not directly observed , the variation of M /L in 

spherical galaxies is an example of what has become known as 

the hidden mass problem,  one of  the key quest ions in astronomy 

today. 
Earlier I mentioned spiral galaxies . In such cases, the disk of 

the galaxy is observed to be rotating about the center of the 

galaxy, much as planets orbit the Sun. However, the observed 

orbital velocities do not decrease with radius, as would be ex
pected if all the mass were concentrated at the center, as in the 

solar system . Rather the velocity tends to remain constant with 

radius out to the largest distance at which it can be observed.  

Only recently, with the perfection of  radio astronomy tech

niques and new spectrographs on large optical telescopes,  has 
it been possible to observe this phenomenon at distances greatly 

exceeding that of the Sun from the center of the Milky Way 

galaxy , typically about I 0,000 parsecs . (A parsec is about 3 light
years .) In  many galaxies the phenomenon has been observed 
out to 20,000 parsecs and , in a few,  out to 40,000 parsecs or 

more . In no spiral galaxy observed does the orbital velocity 

decrease significantly at large radii .  This result requires that the 

mass within a given rad ius increase in proportion to the radius. 
Where is the matter responsible for the observed gravitational 

effect? Conceivably it could be located in the disk of the galaxy, 

but it has been shown mathematically that any disk this massive 

would be violently unstable . For this reason, it has been sug
gested that the mass responsible is actually distributed , as in the 

case of a spherical galaxy l ike Messier 87 ,  in a spherical volume 
centered on the center of the galaxy . In  such a case , one can 

calculate how the rnass density should decrease with radius in 

order to account for the observations . Interestingly enough, it 
must decrease inversely as the square of the radius, just as was 
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found in spherical galaxies .  Thus spiral galaxies are suspected 

to be similar to spherical galaxies in some respects . In  both, 

most of  the mass is distributed in a spherical volume . In spher

ical galaxies that is all there is , but in spiral galaxies there is also 

a d isk of material that contains only a small fraction of the mass 

but (because of its luminous stars) is much more readily visible 

than the spherical d istribution .  

There are other ways to determine the masses of  galaxies .  
Like stars , galaxies are sometimes observed in pairs , which are 

presumably orbiting each other with enormous periods ( 1 09 

years or more) . The Doppler shifts corresponding to the ex

pected orbital velocities are readily observable ; by combining 

them with the observed orbital radii ,  masses can be calculated .  

The corresponding M /L ratios are of  the order of  fifty , quite 

consistent with the increase of M /L with radius observed for 

isolated spherical and spiral galaxies .  

Galaxies often occur in groups of a dozen or so , which, in 

turn , are parts of giant clusters of  galaxies having a thousand 

or more members (figure 1 0) .  Again the total mass and lumi-

Figure 1 0  
The Coma cluster of  galaxies , a system containing over I 000 members , 
of  which the two supergiant ellipticals are most evident in th is picture. 
I n  addition, Coma contains large amounts o f  intergalactic gas at a 
temperature of I 00 million degrees, invisible in this picture but seen 
with x-ray telescopes. (Courtesy Kitt Peak National Observatory) 
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nosity of  the system can be determined . Values range from 

about 50 up to about 300, continuing the trend to the enormous 

distances ( 1 00,000 parsecs and more) between the galaxies in 

such systems. 

Finally, there are approximate methods of  deter1nining the 

amount of mass distributed over even greater distances- I 06 

parsecs and more . These methods involve applying the usual 

relation between radius and velocity to a s tatistical collection of  
distances and velocities of galaxies to obtain their masses .  The 

result is that M /L averages about 250 for large volumes of  

matter, which appears to be consistent with results from the 

other methods and has fascinating cosmological implications .  

From the observed numbers of  galaxies and their typical lumi

nosities ,  one can calculate that each cube 1 06 parsecs on a side 

(a cubic megaparsec) typically contains a luminosity of 4 x 1 08 

times that of  the Sun . If  M /L is 250,  the same cube contains 1 01 1  

solar masses .  
According to the General Theory of Relativity , the expansion 

of the universe is constantly decelerated by the gravitational 

effect of the matter it contains . In fact ,  for the best current 

estimate of the Hubble constant of expansion (see chapter 7, 

John Huchra)-90 kilometers per second per megaparsec of  

distance-the density of  matter required to  halt and reverse 
the expansion at some time in the future is 2 x 1 0 1 1  solar masses 

in a cubic megaparsec .  Thus current evidence from the dynam

ics of galaxies suggests that the amount of  matter associated 

with galaxies is roughly half that required to stop the expansion . 

Is it just a coincidence that this number is so near unity, when 
it could equally well have been one hundred or one one-hun

dredth? Could it actually be unity , and we have made errors in 

finding its value to be one-half ?  No one yet knows the answers 
to these questions. 

A more pertinent question concerns whether the hidden mass 

takes the same form in all galaxies.  In view of the similarity of  

its distribution in various types of  galaxies, we may make the 
simple hypothesis that it does . But what form ? 

Possible forms of hidden matter are suggested by the standard 

theory of stellar evolution .  Stars are born out of interstellar gas ,  

burn their hydrogen as main-sequence stars , and then,  if  they 

are more massive than the Sun,  evolve through a giant phase 

into white dwarfs ,  neutron stars , or black holes ,  depending on 
their initial mass . Giants are too bright to account for hidden 
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mass , but all the other steps in this evolutionary pattern should 

be r0nsidered.  

Interstellar gas. Searches for hydrogen atoms and molecules in 

the outer parts of galaxies have failed ,  so any hydrogen present 

must be ionized (broken into protons and electrons) . Recently , 

orbiting ultraviolet telescopes have discovered such gas in our 

galaxy and in the Magellanic Clouds , but the amounts of gas 
involved are negligible . 

Main-sequence stars. MIL for individual stars increases rapidly 

as one goes to fainter stars , reaching I 00 only for stars whose 

surface temperature is less than 2400 degrees Kelvin . Such stars, 
of spectral type M 8, are very numerous near the Sun, but they 

are not numerous enough to make the overall MIL approach 

I 00 ; in fact, the local value averaged over all stars is only about 

8 .  To explain the MIL in the outer parts of galaxies,  there must 

be a rapid increase in the relative numbers of faint main-se
quence stars as one goes away from the center of the galaxy . 

This would happen if for some reason the stars that form in 

the outer parts of the protogalaxy have smaller masses on av

erage than those in the inner parts ; but no one knows why this 

should be so . 

White dwarfs, neutron stars, black holes. These candidates 

are similar in having negligible luminosities and in being the end 
products of  stellar evolution . It  is known that white dwarfs ,  

which would be expected to contribute more mass than do 

neutron stars or black holes ,  contribute less than one-sixth of 

the total mass near the Sun . To generate MIL = I 00 would 

require a seventy-fold increase in the number of  white dwarfs .  

Since white dwarfs are formed as the result o f  the evolution of 
massive stars , the outer parts of  galaxies would have to have far 

more massive stars than are found in the solar neighborhood . 

Such massive stars would eject the products of  nucleosynthesis 

into space , so that more heavy elements in the outer parts of 

galaxies would be expected , rather than less , as is observed . 

Thus white dwarfs appear to be an unlikely explanation for 
hidden mass, and neutron stars and black holes are even less 

likely ones . Of the four types of stars other than giants, only 

faint main-sequence stars seem candidates for contributing the 

hidden mass . 
There is ,  however, another possibility : massive neutrinos. The 

solar neutrino problem might be solved if we could find evi
dence for neutrino oscillations . Recall that neutrino oscillations 
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can occur theoretically only if the neutrino rest mass is more 

than zero. From the physical conditions existing in the early 

universe , we suspect that the n umber of  neutrinos m ust be 

about equal to the number of photons in the cosmic background 
radiation . Since the latter is directly observable , one can calcu

late that there must be about 1 00 neutrinos per cubic centimeter 

throughout the universe, or 3 x 1 075 neutrinos per cubic mega
parsec. The hidden mass in such a volume is 1 0 1 1  solar masses, 

or 2 x 1 044 grams . Suppose that the hidden mass were made 

up of massive neutrinos .  Then the rest mass of each neutrino 

would have to be 2 x 1 044 grams divided by 3 X 1 075 , or 7 X 
I 0-32 gram, which is equal to 1 . 3 x 1 0-4 electron mass. Such an 

extremely small mass cannot now be measured in the laboratory, 

so there are no experiments either to confirm or to deny such 
a value . 

I f  conventional physics is correct ,  the most likely explanation 

for the hidden mass of the universe is faint main-sequence stars , 

whereas a possible hypothesis based on new physics would be 
that it is in massive neutrinos . How can astronomers find out 

which hypothesis is correct? This seen1s l ike a very difficult task, 

since the mass is by definition hidden . We must think of  new 

ways to detect these forms of matter. 
One approach is based on the fact that examples of faint 

main-sequence stars near our solar system are active ; that is ,  

they have emission lines like those of the solar chromosphere , 

x-ray emission like that of the solar corona, and flares like those 

on the solar surface . These phenomena are thought to be man

ifestations of magnetic fields generated by turbulent motions 

within the star and whose energy dissipates to heat the outer

most layers of the star .  I n  short, a significant fraction of the 

total energy produced by the star is released not in the form of  
the infrared radiation , which is characteristic of the low surface 

temperature of the star, but in the ultraviolet and x-ray parts of 

the spectrum characteristic of gases in the 1 00,000 to 1 million 

degree range . This fortuitous fact might make large numbers 
of such stars located in the outer parts of galaxies visible as a 

diffuse glow of ultraviolet or x-rays , particularly inasmuch as 

the background in those parts of the spectrum against which 

the radiation must be detected is much lower than in the 
infrared . 

It  is much harder to test observationally the neutrino hypoth

esis ; however, it has been suggested that massive neutrinos 
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would be subject to decay . The most likely decay mode would 

be into two photons,  each of which would carry away an energy 
equal to half the rest mass . The peak of  the expected l ight 

distribution would be at about 400 angstrom units, in a part of 

the spectrum that can be observed only by spacecraft .  ( Because 

any radiation at wavelengths shorter than 9 1 2  angstrom units 
would be attenuated by interstellar hydrogen,  holes must be 

found in the interstellar medium through which to observe .) 

Observations of this type are being planned.  

There i s  also an approach based on the theory of the early 

universe . According to the big-bang model, almost all the free 
neutrons produced in the big bang combined with protons to 

form deuterons , the nuclei  of  the chemical element deuterium.  

In  turn, most of  the deuterons reacted further to  form helium, 
a result we see today in that 25  percent of the matter in stars 

and interstellar space is helium. However, some of  the deuter

ons escaped this reaction in the rapidly expanding early uni

verse and should now be present as deuterium atoms.  In fact, 

these atoms are observed today in interstellar space . Their num
ber is about 1 .4 x 1 0-5 of  the number of  hydrogen atoms . 

According to the theory , the deuterium-hydrogen ratio is con
trolled by the density of normal matter in the universe because 

the greater the density of  matter,  the less deuterium would 

escape reacting. Since some deuterium may be destroyed in 

stars , the observed interstellar abundance yields a lower l imit on 

the abundance of deuterium produced in the big bang, and 
hence an upper limit on the amount of normal matter in the 

universe . This upper limit is only about 20  percent of the 

amount of hidden mass inferred by observations of galaxies. 

Thus there is evidence that whatever the hidden mass is ,  it 

cannot be normal matter.  This argument appears to rule out 
faint main-sequence stars while allowing massive neutrinos to 

comprise the hidden mass .  

By no means has the sky yielded up all its mysteries .  Even if 

we put aside the profound question of  cosmic intelligence, there 

remain questions whose answers would surely unleash new ef

forts in the pursuit of knowledge . When the tenth planet is 
reported,  our chances of attain ing a correct theory of the origin 

of the solar system will increase . When the gallium experiment 

yields the flux of low-energy solar neutrinos , we will know 

whether it is the basic physics or the theory of stellar evolution 

that needs to be revised .  And when new techniques are applied 
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to studies of the outer parts of galax ies ,  we will know what form 
most of the matter in the universe takes and therefore be chal

lenged to develop new theories of the universe . As we have 

witnessed throughout history, the dynamic interplay of predic

tion and proof will press forward the frontiers of  science .  
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Granulation ,  so lar,  9 1 ,  93 ,  94 
Gravity 

black hole form ation and , 1 3 8- 1 4 0 
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Gri ndlay , Jonathan E . ,  1 5 3 
Grossman,  L. , 62 
Gu rsky , He rbe rt , 1 5 3 

Hak uc ho satellite , 1 63 ,  1 66, 1 67 ,  1 72 

Halley , Edmond ,  9, 1 85 
Heise, J oh n ,  1 53 
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PSR 1 9 1 3 + 1 6, 2 7  

Ptolemy ,  Claudius,  1 3  
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sunspots of, 9 1 ,  92 , 94, 99 

uses of studies of, 45-46 

Sunspots, 9 1 ,  92, 94, 99 
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mass-luminosity ratio for, 2 29 

Wil l ,  Clifford ,  2 6  
Wilso n ,  0. C . ,  1 06 

Winds ,  solar, 99- 1 00 

245 



246 I N DEX 

Xe non, 63 
X- ray bursters, 1 49- 1 7 2,  207 

accretion-d isk formation in, 1 6 1 -

1 62 
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