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Preface

This is the story of a major advance in science, the discovery of fossil radi-
ation left from the early stages of expansion of the universe — the big bang.
Colleagues in informal conversations now only vaguely recalled led us to
realize that this story is particularly worth examining because it happened
in what was then a small line of research, and one that still is relatively
simple compared to many other branches of physical science. That makes
it well suited for an examination of how science actually is done, warts and
all, in all the details — usually too numerous to mention — recalled by many
of the people who did the work.

All the main steps in this story — the prediction, detection, identification,
and exploration of the properties of the fossil radiation from the big bang —
have been presented in histories of science. But these histories do not have
the space (or the aim) to give an impression of what it was like to live through
those times. We sense a similar feeling of incompleteness in many histories
of science written by physicists, as well as by professional historians and
sociologists. And there is a well-established remedy: assemble recollections
from those who were involved in the work. An example in the broader field
of cosmology — the study of the large-scale structure of the universe — is
the collection of interviews in Origins: the Lives and Worlds of Modern
Cosmologists (Lightman and Brawer 1990). We follow that path, but in
more detail in a more limited line of research.

Early studies of the fossil radiation involved a relatively small number
of people in what has proved to be a considerable advance in establishing
the physical nature of the universe. This means we could aim for complete
coverage of recollections from everyone involved in the early work who is
still with us. We did not reach completeness: we suppose it is inevitable
that a few colleagues would have reasons not to want to take part. We are
fortunate, however, that almost everyone we could contact was willing to

xi



xii Preface

contribute recollections. All are well along in life now, but they have not
slowed down; all had to break away from other commitments to complete
their assignments. We are deeply indebted to the contributors for taking the
time and trouble to make this collection possible, and for their patience in
enduring the lengthy assembly of the book.

We are grateful to participants also for help in weeding out flaws in the
introductory chapters, the collection of essays, the concluding chapter and
Appendix which both treat what has grown out of the early work, and the
Glossary that is meant to guide the reader through the story. We have also
benefited from advice from those who started working in this subject more
recently and have taken part in its growth into the present large and active
science we outline in the concluding chapter. Their stories are important, but
to keep the numbers manageable in the style of this book we had to impose
a limit to recollections from people who were involved in this subject before
1970. That is when activity started gathering strength for the next leaps of
technology and theory in increasingly large research groups.

Rashid Sunyaev was an invaluable guide to contacting contributors in
Russia. We are grateful for help in the discussion in Chapter 3 of early mea-
surements of the microwave radiation background from Eiichiro Komatsu
and Tsuneaki Daishido, who led us to Haruo Tanaka’s recollections of his
work in Japan, from James Lequeux, who recalls early work in France,
Virginia Trimble, who gives a picture of Gamow’s thinking, and Jasper
Wall, who led us to Covington’s work in Canada. We have descriptions
of the origins of the critical radiation energy spectrum measurements from
Mark Halpern, Michael Hauser, and Ed Wishnow, and of the development
of ideas on the distortion of the radiation spectrum from Ray Weymann.
Ed Cheng helped us trace the origins of the WMAP satellite mission. We
thank Steve Boughn, Josh Gundersen, Shaul Hanany, Gary Hinshaw, Norm
Jarosik, Al Kogut, Paul Richards, John Ruhl, Suzanne Staggs, and Juan
Uson for their help in entering and correcting the tabulation of experiments
in Table A.3 in the Appendix, though of course all remaining errors are of
our doing. We are grateful to Neta Bahcall, Joanna Dunkley, Brian Gerke,
Toby Marriage, Jerry Ostriker, Will Percival, Bharat Ratra, David Spergel,
Paul Steinhardt, and Ned Wright for help and advice on the cosmological
tests; Michael Gordin for his instructions on similar collections of personal
histories in other fields of science and on the lessons to be drawn from
them; Mike Lemonick for help with his interview of David Wilkinson and his
guidance to the art of communicating science; and Tatiana Medvedeva and
Marina Anderson for their translations. Ned Conklin, Michael Fall, Masataka
Fukugita, Martin Harwit, Michael Hauser, Malcolm Longair, Alison Peebles,
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Bharat Ratra, and John Shakeshaft were particularly helpful guides to the
presentation of the science and history of this subject, and to a substantial
reduction of the error rate. They certainly do not share the blame for our
remaining flaws of commission and omission.

Some steps toward the organization of this project ought to be recorded.
Bernie Burke, Lyman Page, Jim Peebles, Alison Peebles, Tony Tyson, Dave
Wilkinson, Eunice Wilkinson, and Bob Wilson met in Princeton on 9 Febru-
ary 2001, for an informal discussion over dinner of the story of the detection
and identification of the fossil radiation. Wilson’s written notes agree with
Peebles’ undocumented recollection of the general consensus that the story
is worth telling. But we all returned to other interests. In a second attempt
to get the project started, George Field, Jim Peebles, Pat Thaddeus, and
Bob Wilson met at Harvard on 8 August 2003. This led to a proposal that
was circulated to some 12 proposed contributors. (The number is uncertain
because we did not keep records.) It yielded three essays — they are in this
collection — but attention again drifted to other things. The third attempt
commenced with a discussion between Bruce Partridge and Jim Peebles in
September 2005 at the Princeton Institute for Advanced Study. That dis-
cussion led to a blunt actuarial assessment: if the story were to be told in a
close to complete way it would have to be done before too many more years
had passed. That generated the momentum that led to completion of the
project.

We sent a proposed outline of the book with an invitation to contribute
to 28 people on 7 December 2005. As one might expect, the outline for
the book continued to change after that as we better understood what we
were attempting to do. A more unsettling change is that although we had
given the list of contributors careful thought, we continued to identify people
who ought to contribute: we have in this book some dozen additions to the
December 2005 list. A simple extrapolation suggests we have forgotten still
others: we likely have not been as complete as we ought to have been. We
hope those we inadvertently did not include will accept our regrets for our
inefficiency. We hope all who did contribute to this book, in many ways, are
aware of our gratitude.

Many of the figures were made for this book, whereas some were made by
the contributors many years ago. Where we have reason to think a figure
was published elsewhere and the rightsholder is not the contributor we have
obtained permission to reproduce. We apologize in advance for any omissions
in this procedure.
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1

Introduction

This is an account of the discovery and exploration of a sea of thermal
radiation that smoothly fills space. The properties of this radiation (which
we describe beginning on page 16) show that it is a fossil, a remnant from
a time when our universe was denser and hotter and vastly simpler, a very
nearly uniform sea of matter and radiation. The discovery of the radiation
left from this early time is memorable because, as is often true of fossils,
measurements of its properties give insights into the past. The study of
this fossil radiation has proved to be exceedingly informative for cosmology,
the study of how our universe expanded, cooled, and evolved to its present
complicated condition.

The discovery of the fossil radiation grew out of a mix of lines of evidence
that were sometimes misinterpreted or overlooked, and of ideas that were
in some cases perceptive but ignored and in other cases misleading but
entrenched. In the 1960s, it was at last generally recognized that the pieces
might fit together and teach us something about the large-scale nature of
the universe. We introduce the accounts of how this happened by explaining
the lines of research that led up to the situation then. The story of what
happened when the pieces were put together in the 1960s is told through the
recollections of the people in the best position to know — those involved in
the research. We have essays by most who took part in the recognition that
this fossil exists, its properties may be measured, and what is measured may
inform us about the nature of the physical universe. This did not happen all
at once; nor was it done by a single person; nor was it always done knowingly.
The collection of essays tell what happened in all the richness and complexity
we suppose is typical of any activity that people take seriously.

The last part of this book describes how the developments in the 1960s
led to the search and discovery of methods of accurate measurement of
the properties of the fossil radiation and of methods of interpreting what
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is measured. This part of the story is told in a more orderly way — it is
concerned with research directed to the solution of relatively well-posed
problems — but it is no less rich. It shows how advances in technology and in
the strategies of its application can dramatically increase our understanding
of the world around us.

Look into the details of any other significant development in science and
you are likely to find a story as rich and complicated as the discovery and
exploration of the fossil radiation. Thus we offer this example of a particular
advance of science as a lesson on the nature of the scientific enterprise. We
can tell the story of the fossil radiation in finer detail than is usually done
because this is a small slice of science, much of which played out not that
long ago, with a relatively small number of actors. And because cosmology
still is a relatively new science, it has not yet become exceedingly technical:
we can explain the developments in words accessible to a nonspecialist who
is willing to read carefully.! We believe this account is an instructive example
for anyone who takes an interest in the nature of science and how it has led
to our present understanding of the physical world.

The stories of search and discovery that scientists usually tell each other
in books and scientific journals are much more schematic than what is pre-
sented here. Scientists as well as historians and sociologists complain about
the distortions and simplifications that slight the wrong paths taken and
understate the painstaking learning curves that experimentalists, observers,
and theorists follow as they sometimes find better paths. But “tidied up”
stories do serve a purpose in helping us keep track of the central ideas as
well as reminding us that our subject does have a history. As a practical
matter this is about the best scientists generally can do. Those who know
what actually happened seldom are willing to take the time from research
to tell it in detail; even if they did the rest of us would have little time to
spare to read about it; and when we did we would find it difficult to pick out
the threads that led to advances rather than dead ends. But it is important
to have some examples that take the opposite tack: explore what happened
in detail. This is our purpose in describing the discovery and exploration of
the properties of the fossil radiation left from what we will term the “hot
big bang.”

The contributors to our set of recollections of what happened when the
clues to the fossil radiation were put together in the 1960s have had a broad

L There are equations, for the pleasure of those who like them, but the equations that appear in
the main text are not needed to understand the situation: the accompanying words are meant
to convey the sense of the ideas. The more specialized mathematics and comments in footnotes
and the Glossary are intended for specialists.
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variety of careers. Some continued in this line of work after 1970, but many
have gone on to other things. Some were led to work on cosmology, the
study of the large-scale nature of the physical universe, by the elegance of
the issues: does the world as we know it last forever, or if not does it end
in fire or ice? Others were reluctant to get involved because the data one
could bring to bear on such questions were so exceedingly limited. Some were
drawn to cosmology by the challenge of making a particular measurement
or calculation. Others became involved by accident, not realizing that their
work would become important to the study of the expanding universe. We
have descriptions of what it was like to be a student then, or to be further
along into a career in science, along with accounts of how the contact with
this subject shaped careers and lives.

Our set of recollections cannot be complete because some of the actors are
no longer with us. That includes Yakov Zel’dovich, who led a research group
in the USSR that came close to the discovery of the radiation and, after its
discovery, contributed much to the exploration of its significance. We have
also lost Francesco Melchiorri, a pioneer in the use of bolometers to mea-
sure the radiation. In the USA losses include George Gamow, Ralph Alpher,
and Robert Herman. Their pioneering work in the 1940s and 1950s on the
thermal properties of the early universe is central to the history related in
Chapter 3. On the experimental side losses include Robert Dicke, Allan Blair,
and David Wilkinson. Bob Dicke suggested that Wilkinson and Peter Roll
search for this fossil radiation, using technology he had invented two decades
earlier. Al Blair with colleagues at the Los Alamos National Scientific Lab-
oratory was one of the pioneers in the measurement of the fossil radiation
above the atmosphere. Dave Wilkinson, his colleagues and students, and
in turn their students, have played a leading part in the measurements of
the properties of the radiation, from the time of its discovery and contin-
uing through to the two spectacularly successful satellite missions, Cosmic
Background Explorer (COBE) and WMAP, which have given us precision
measures that imply demanding constraints on the large-scale nature of the
universe. In England we have lost the pioneers of the steady state cosmol-
ogy, Fred Hoyle, Hermann Bondi, and Thomas Gold, and a close associate,
Dennis Sciama. In the late 1960s Sciama became persuaded by the evidence
for a hot big bang, while Hoyle continued to lead the spirited exploration of
alternatives to the relativistic big bang cosmology. We do have recollections
by close associates; they are a valuable part of the story.

We are saddened by the loss of two contributors to the collection of essays.
Don Osterbrock, at the University of California in Santa Cruz, was among
the first to recognize evidence that most of the helium in stars is a fossil from
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the early universe. This helium is closely related to the fossil radiation, but
the observational indications are very different. Our explanation of his think-
ing commences on page 59; his recollections start on page 86. Ron Bracewell
at Stanford University took an early lead in the development of the strategy
for the measurements of the small departures from an exactly smooth sea of
radiation. These measurements have proved to be exceedingly useful guides
to how the concentrations of matter in galaxies and clusters of galaxies grew,
in the process disturbing the radiation. His recollections begin on page 385.
The technique he and his student Ned Conklin pioneered reappears in later
generations of experiments. That is illustrated in Figure 5.6 on page 429. The
recollections by our colleagues Don Osterbrock and Ron Bracewell, along
with the other contributors to this volume, will edify generations to come.

Our guidance to contributors in the first round of invitations is summa-
rized in the statement that

We invite your account of personal experiences. What did you know then about
cosmology and what did you think of it as a branch of physical science? What
issues of research or lines of thought led you by plan or serendipity to be involved
with the idea of a primeval fireball (as it was then called)? What were your reactions
to the discovery of the radiation, and what effect did the discovery have on your
research?

We have made no attempt at documentation in these recollections, which
we suspect would have been sparse compared to the density and complexity
of the set of essays. We might have done better by going into the field to add
interviews to the essays, and maybe even digging through notes and letters,
though none of that is a practical plan for us. Lightman and Brawer (1990),
in Origins: the Lives and Worlds of Modern Cosmologists, interviewed sev-
eral of the people who contributed to these essays, and their questions are
similar to ours, though not confined to as narrow a range of time and topic.
They had the advantage of being able to ask a series of questions. But one
may respond differently in an interview than to an invitation to write an
essay, and we think we see the difference in the comparisons of what people
who appear here and in Origins have to say. An analog of the follow-up
question in an interview is the sharing of recollections of dates and events
by some of our contributors. Apart from gentle hints, and a few corrections
of well-documented points, we have not contributed to this interaction, or
otherwise attempted to enhance the content or coherence of the essays.
The essays are informed by a considerable variety of philosophies of the
theory and practice of science. To this must be added the variety of what
the contributors happened to be doing in the 1960s, what they later con-
sidered worth recording in this volume, and what they happen to remember
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or are able to recover from fragmentary records. But in our opinion these
recollections are the best feasible basis for an understanding of what actu-
ally happened and why. In science one seeks significant patterns in complex
situations. We hope the reader will enjoy the opportunity of applying this
tradition to the set of essays.

The research in the 1960s on fossils from the big bang grew out of what
had happened earlier. In Chapter 3 we trace the histories of ideas and meth-
ods of measurement from early developments in the 1940s up to the general
recognition in the 1960s that one may put these ideas and methods together.
Our account of the science before 1960 is selective: we pay particular atten-
tion to those developments in cosmology that have proved to be relevant
to the interpretation of a fossil from the early hot stages of expansion of
the universe, the sea of radiation, along with a related fossil, the lightest
of the chemical elements. This chapter concludes with a broader assessment
of the state of the theory and practice of cosmology in the early 1960s: the
observations and ideas that were more widely discussed and those that might
have merited closer attention.

Our account of events leading to the situation in the 1960s is presented
in the standard style for scientists that we mentioned earlier: we almost
exclusively report what appears in the published scientific literature of the
time (with a few exceptions that we hope are clearly apparent), and we
present the development of our subject as a generally linear and orderly
advance of knowledge. That is not the whole story by any means: we have
omitted wrong steps that no longer seem relevant and all the other rough
places that the essays are meant to illustrate. But, as we have remarked,
this linear presentation is a well-tested and efficient way to present the main
elements of the science. And because cosmology up to the 1960s was a small
science, and only a small portion of that was concerned with fossils from
the early universe, we have the space to explore the more interesting of the
steps we now see were in wrong directions. This is important: mistakes are
an inevitable part of advances in the enterprise of science.

There was an interplay of theory and practice in the science of cosmology
leading up to the 1960s, including the first steps to the modern theory taken
in the 1920s. But the scant observational basis allowed considerable and
perhaps even unhealthy room for speculation undisciplined by observation.
Even in the 1960s it was not at all unreasonable to doubt the progress toward
checking ideas by piecing together an empirically based theory of the physical
universe from our limited view in space and time. An example is in the
foreword to the book General Relativity and Cosmology by Robertson and
Noonan (1968). In the foreword the physicist W. A. Fowler wrote “Within
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its limitations special relativity is faultless. Whether this be true of general
relativity remains to be seen. Cosmology is mostly a dream of zealots who
would oversimplify at the expense of deep understanding. Much remains to
be done — experimentally, observationally and theoretically. Relativity and
Cosmology — Robertson’s legacy made manifest by Noonan — surveys the
fruit of past endeavors and is an almanac for the harvests to come.”

When Fowler wrote this sensible assessment of the hazards of the enter-
prise of cosmology in the 1960s he may have been aware of the detection of
the sea of radiation we now know is a fossil. (The detection is noted in this
book, on page 390, but there is no mention of its possible significance for
cosmology.) But in the mid-1960s Fowler was skeptical of the proposal that
the radiation is a fossil from the past rather than something produced by
processes operating in the universe as it is now. He was right to be cautious,
and he was right also to caution that the use of Einstein’s general relativ-
ity theory to describe the large-scale nature of the universe is an enormous
extrapolation from the tests of this theory. At the time, experimental tests
of general relativity were not very demanding, even on the length scale of
the Solar System. If the observational and experimental basis for cosmology
were as schematic now as it was in the 1960s, the discovery of the sea of
radiation still would be an interesting development, but perhaps much less
important to science than it has proved to be. That is because the measured
properties of this radiation are a considerable part of the suite of evidence
that now tightly constrains ideas about the large-scale nature of the universe,
including stringent tests of aspects of general relativity theory applied on
the enormous scales of cosmology. Fowler gave an accurate prediction of the
present situation: much has been done, and it has yielded a rich harvest.

The counterpoint to the confusion of research on the frontiers of science
is the development of webs of evidence that can become so tightly and thor-
oughly crosschecked that we can be confident they are good approximations
to aspects of objective physical reality.” Chapter 5 shows an example of
how an interesting issue, here the interpretation of the sea of radiation, can
drive the development of new methods of measurement that build on earlier

2 It is worth pausing to consider what is meant by this sentence. Research in physical science has
made enormous progress by operating under the assumption that there is an objective physical
reality that operates by rules we can discover, in successively improved approximations. The
great advances of science reinforce the assumption: this is not an issue scientists generally
consider worth discussing. The reality defined this way does evolve, of course. In quantum
physics an isolated system may be in a definite state that does not have a real and definite
energy until isolation is broken and a measurement forces the system to a real energy level. Here
the older notion of reality is abandoned; we have a better approximation. The cosmology we
are discussing is a physical science that operates by the standard and established conventions,
including the highly productive working assumption of an objective physical reality, whose
definition may evolve as we learn what questions we should be asking.
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experience and teach us new things about the world around us. As experi-
mentalists learned how to overcome the many obstacles to the spectacular
precision of later measurements of the fossil radiation, they in turn drove
theorists along their own learning curves on how to characterize the uni-
verse the measurements were revealing. The theoretical side of cosmology is
guided by ideas of elegance, as is true of all physical science. But our ideas
of elegance are informed by what observations and experiments teach us,
and the ideas in turn inspire new observations.

By the beginning of the 21st century, at the time of writing this book,
the interplay of theory and practice had produced a cosmology that passes
a demanding network of experimental and observational tests. It is not
practical to tell how this happened in the detail we could devote to the
developments in the 1960s: too many people were making key contributions
to too many lines of evidence. In Chapter 5 we return to the less realistic but
more efficient linear style of presentation of Chapter 3 in describing what
has been learned from precision measurements of the energy distribution
of the fossil radiation and of the nature of its spatial distribution. This is
supplemented by a tabulation in the Appendix of the series of experiments
by which people learned how to make the measurements that so usefully
characterize the radiation. A full account of how cosmology grew into the
well-established science of the early 21st century would require tracing devel-
opments of other lines of evidence, some of which predate the idea of a hot
big bang. We offer only the very condensed summary of this other work
in Section 5.4. The course we have chosen leaves room instead for a closer
study of how the science of the microwave radiation was done.

We have tried to make this worked example of science accessible to inter-
ested nonspecialists. We begin in the next chapter with explanations of the
basic concepts of the established cosmology: what is meant by an expanding
universe and a hot big bang, what can be said about the contents of the uni-
verse, and how the contents affect the history of its expansion. As we have
mentioned, there are equations, but the text is meant to convey the sense of
the discussion. The Glossary gives definitions of the jargon that appears in
the essays and, inevitably, in the introductory and concluding chapters. The
Glossary also is meant to serve as a guide to the somewhat complicated rela-
tions among ideas and issues. We offer references to the scientific literature
for those who want to get into the really technical details. The citations are
by the names of the authors and the date of publication, and the references
to the literature are listed in the bibliography at the end of the book. The
page numbers at the end of each reference in the bibliography serve as a
supplementary index.
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A gentler but still authoritative introduction to cosmology is in Steven
Weinberg’s (1977) The First Three Minutes. Helge Kragh’s (1996) Cosmol-
ogy and Controversy is a broader survey of the rich history of research in
cosmology, and it is based on a broader variety of sources. We think of
Kragh'’s style as intermediate between our more narrowly focused presenta-
tions in Chapters 2 and 3 and the full-blown details and complex panorama
of recollections in the essays in Chapter 4. The reader will find that the
essays are not fully concordant with these other accounts, careful though
they are, or even with each other. Human events are complicated, and we
have not sought to enforce a single vision of this example of research. Experts
may find much of the science familiar, but unless they have long memories
they would be well advised to look over Chapter 3, because the situation in
cosmology in the early 1960s was very different from what grew out of it.
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A guide to modern cosmology

The universe is observed to be close to uniform — homogeneous and
isotropic — in the large-scale average.' That means we see no preferred cen-
ter and no edge to the distribution of matter and radiation, and what we
see looks very much the same in any direction. Stars are concentrated in
galaxies, such as our Milky Way. The galaxies are distributed in a clumpy
fashion that approaches homogeneity in the average over scales larger than
about 30 megaparsecs (30 Mpc, or about 100 million light years, or roughly
1 percent of the distance to the furthest observable galaxies).

Space between the stars and galaxies is filled with a sea of electromag-
netic radiation with peak intensity at a few millimeters wavelength and with
spectrum — the energy at each wavelength — characteristic of radiation that
has relaxed to thermal equilibrium at a definite temperature, in this case
T = 2.725K. This thermal radiation is much more smoothly distributed
than the stars, but its temperature does vary slightly across the sky.? (The
temperature differs by a few parts in 100,000 at positions in the sky that are
separated by a few degrees.) The evidence developed in this book is that the
radiation is a fossil remnant from a time when our expanding universe was
much denser and hotter, and that the slight temperature variations were
caused by the gravitational pull on the radiation by the increasingly clumpy
distribution of matter in galaxies and clusters of galaxies.

We offer in this chapter a guide to basic ideas behind the interpretation
of the radiation. We begin by explaining the concept of a universe that

L This situation is termed the “cosmological principle.” It is an assumption that Einstein (1917)
introduced and is now observationally well supported.

The distributions of mass and this thermal radiation are seen to be close to homogeneous by the
special class of “comoving” observers who are at rest relative to the mean motion of the matter
and radiation around them. An observer moving with respect to this frame sees gradients in the
distributions of matter and radiation. This definition of a preferred motion is not a violation
of relativity theory, which of course allows observation of relative motion, here relative to the
comoving rest frame defined by the contents of the universe.

2
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is homogeneous and expanding in a homogeneous and isotropic way. Sec-
tion 2.2 describes the meaning of thermal radiation and its behavior in this
expanding universe. In the concluding section we present a list of the main
known forms of matter and radiation in the universe as it is now. This inven-
tory figures in the analysis of the properties of fossil remnants from the early
stages of expansion of the universe: the thermal radiation and isotopes of
the light chemical elements. The origins of ideas about these fossils in the
1960s are described in Chapter 3 and in the essays in Chapter 4.

2.1 The expanding universe

The expansion of the universe means that the average distance between
galaxies is increasing. Figure 2.1 shows an early use of a model that helps
illustrate the situation. Imagine you live in only two spatial dimensions on
the surface of a balloon. Do not ask what is inside or outside the surface
— you are confined to your two-dimensional space on the rubber sheet of
the balloon. In your two-dimensional space you see a uniform distribution
of galaxies: there may be local clustering, as we observe in the real universe,
but the mean number of galaxies per unit volume (which in this example
is an area) is the same everywhere. As the balloon is blown up the galaxies
move apart. Another caution is in order here: the galaxies themselves are
not expanding. An observer at rest in any galaxy sees that the other galaxies
are moving away, at the same rate in all directions, as if the observer were
at the center of expansion of this model universe. But an observer in any
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Fig. 2.1. A sketch of Willem de Sitter on the occasion of his explanation of the idea
of an expanding universe in a Dutch newspaper in 1930. His body is sketched as
the Greek symbol lambda, or A, which represents Einstein’s cosmological constant.
As will be discussed, this constant was taken seriously then and came back into
fashion.
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other galaxy would see the same motion of general recession in all directions.
The key point illustrated here is that this model universe is expanding but
has no center of expansion: expansion is happening everywhere in the two-
dimensional space. In the cosmology of our universe an observer in any
galaxy in our three-dimensional space sees the same effect: the other galaxies
are moving away.

A little thought about this expanding balloon model may convince you
that an observer at rest in a galaxy sees that galaxies at greater distance r
from the observer — measured along the balloon surface — are moving away
at greater speed v. The recession velocity is proportional to the distance,
following the linear relation

v = H()T'. (21)

The same argument, and this linear relation, applies to the expansion of the
three-dimensional space of our universe.

Equation (2.1) is called Hubble’s law, after Edwin Hubble (1929), who
was the first to find reasonably convincing evidence of this relation. The
multiplying factor, Hy, is called Hubble’s constant.?

The speed v of recession of a galaxy is inferred from the Doppler effect.
Motion of a source of light toward an observer squeezes wavelengths, shifting
features in the spectrum of the source toward shorter — bluer — wavelengths,
while motion away shifts the spectrum to the red, to longer wavelengths.
The spectra of distant galaxies are observed to be shifted to the red, as if
the light from the galaxies were Doppler shifted by the motion of the galaxies
away from us. This is the cosmological redshift.

You will recall from the balloon model that in this expanding universe an
observer in any galaxy would see the same pattern of redshifts, and hence
also observe Hubble’s relation v = Hor. It is of course a long step from the
observation that the light from distant galaxies is shifted to the red to the
demonstration that all observers in our universe actually see the same gen-
eral expansion. But the proposition can be tested; that is one of our themes.

A numerical measure of the redshift is the ratio of the observed wavelength
Aobs Of a spectral feature in the light from a galaxy to the wavelength Ay
of emission at the galaxy. In an expanding universe the ratio Aops/Aem Of
observed and emitted wavelengths is greater than one. Astronomers subtract
unity from this ratio, defining the cosmological redshift 2 as

3 Tn equation (2.1) Hp often is called the “constant of proportionality.” That can be confusing,
because in the standard cosmology this factor of proportionality changes with time.
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)\obs
z=——1. 2.2
. (22)
Thus when the redshift vanishes, z = 0, the wavelength is unchanged.

The redshift z does not depend on the wavelength of the spectral fea-
ture used to measure it. That means we can define a single measure of the
wavelength shift by the equation

Aobs a(tobs)

l+z=—7= . 2.3
/\em a(tem) ( )

The radiation was emitted from the galaxy at time te, and received by the

observer at the later time t,,s. The parameter a(t) defined in this equa-
tion depends on time, but it does not depend on the wavelength, because
we have observed that Agps/Aem does not depend on the wavelength. The
parameter a(t) serves as a measure of how the wavelength of radiation mov-
ing from one galaxy to another is changing now and has changed in the
past.

Now let us consider how distances between galaxies change with time. As
the universe expands the distance d between a well-separated pair of galaxies
increases. Very conveniently, the theory says that the distance is stretched
in the same way as the stretching of the wavelength of light moving from one
galaxy to the other. That means the distance d(t) between two galaxies —
any pair of well-separated galaxies — is increasing as d(t) o a(t). Thus we
call a(t) the expansion parameter.” When its value has doubled the mean
distance between galaxies also has doubled. It follows that the mean number
density of galaxies decreases as the universe expands, as

n(t) o< a(t) 3, (2.4)

as long as galaxies are not created or destroyed.

In short, if we knew a(t) we would have a measure of the history of the
expansion of the universe. It is an interesting exercise for the student to
calculate the rate of change of the distance d(t) between a pair of galaxies
in terms of a(t); check that the result agrees with Hubble’s law in equation
(2.1); and find Hubble’s constant Hy in terms of the present values of a(t)
and its first time derivative. The rest of us may move on.

4 To reduce confusion we urge the reader to bear in mind that our standard of length — be it
a meter or a megaparsec — is fixed. Large-scale distances measured in terms of this standard
are increasing. On the other hand, objects like ourselves or meter sticks are not expanding.
A galaxy that is not accreting or losing matter is not expanding either. Its size is fixed by
the gravity that is holding it together. The same is true of a gravitationally bound cluster
of galaxies. The expansion parameter a(t) describes the increasing distances between galaxies

which are well-enough separated that we can ignore the local clumping of mass in galaxies and
clusters of galaxies.
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The standard cosmology of the early 21st century is based on Einstein’s
general relativity theory, the commonly accepted and successful theory of
gravity. The use of this theory in the early days of cosmology was speculative,
because there were few significant observational tests. But general relativity
strongly influenced thinking, as follows.

In general relativity the rate of expansion of the universe changes as the
universe expands. The gravitational attraction of the mass of the universe
tends to slow its expansion. If the cosmological constant term mentioned in
the caption in Figure 2.1 is present, and positive, then it tends to speed the
expansion. The resulting acceleration — the second time derivative — of the
expansion parameter a(t) in equation (2.3) is represented by the equation

2
% = —%ﬂGpa + %Aa. (2.5)
Newton’s constant of gravity is G and the mean mass density, averaged over
local irregularities, is p. The minus sign in front of this mass density term
signifies the gravitational effect of the mass: it tends to slow the rate of
expansion of the universe. Einstein’s cosmological constant appears in the
last term. The style has changed here: people nowadays write it as an upper
case Greek lambda, A, reserving the symbol A for wavelength. (Note also
that in Figure 2.1 the artist drew A backward from the current convention,
but in a style similar to Einstein’s way of writing it.) If A is positive it
opposes the effect of gravity. If A is positive and large enough it causes the
rate of expansion to increase, or accelerate. The evidence reviewed in the
last chapter of this book is that this is the situation in the universe now.

Einstein (1917) found that his original form of general relativity theory,
without the A term, cannot apply to a universe that is homogeneous and,
as he supposed, unchanging. You can see that from equation (2.5): if the
universe were momentarily at rest then in the absence of the A term the
attraction of gravity would cause the universe to start collapsing. That led
Einstein to adjust the theory by adding the cosmological constant term,
which he could choose so that the attraction of gravity and the effect of a
positive A just balance: the right-hand side of equation (2.3) vanishes. That
allows the static universe that made sense to him (since he was writing
before Hubble’s discovery). It takes nothing away from Einstein’s genius
to notice that he overlooked the instability of his model universe: a slight
disturbance would reduce or increase the mass density p, and that would
cause the universe to start expanding or contracting. (More generally, a
local departure from exact homogeneity would grow and eventually make
the universe much more clumpy than is observed.)
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Aleksandr Friedmann (1922), in Russia, was the first to show that gen-
eral relativity theory allows Einstein’s homogeneous universe to expand or
contract. He had the misfortune to do it a few years before there was a
hint from astronomical observations that the universe is in fact expanding.
Georges Lemaitre (1927), in Belgium, rediscovered Friedmann’s result and
recognized that it meant Einstein’s static universe is unstable. Lemaitre also
saw that the expansion of the universe might account for the astronomers’
discovery that the spectra of galaxies are shifted toward the red, perhaps
by the Doppler effect. Figure 2.1 shows de Sitter’s explanation of Lemaitre’s
idea. De Sitter is quoted as saying, “what causes the balloon to expand?
That is done by the lambda. Another answer cannot be given.” De Sitter is
explaining Lemaitre’s idea that the universe was in Einstein’s static condi-
tion, and that some disturbance had allowed the A term to push the universe
into expansion.

Lemaitre (1931) soon saw that the expansion could instead trace back to
an exceedingly dense early state that he termed the “primeval atom.” The
evidence is that the universe did expand from a state that was dense, as
Lemaitre proposed, and hot. We will use the more familiar term for it, the
hot big bang.’

It was soon recognized that the expansion of the universe does not require
the cosmological constant, provided one is willing to live in a universe that
expanded from a big bang. Einstein accordingly proposed that we do away
with the A term. The physicist George Gamow (1970) quotes Einstein as
saying that his introduction of A was his biggest “blunder.” We might sup-
pose Einstein meant that if he had stayed with his original theory, and
kept to the idea that the universe is homogeneous, he could have predicted
that the universe is evolving, either expanding or contracting. It is a curi-
ous historical development that Einstein’s cosmological constant is back
in style, for the reasons indicated in Chapter 5. The reasons are different
from Einstein’s original argument, but we imagine Einstein might not have
been too disturbed by that. The cosmological constant was his invention,
after all.

The names “primeval atom” and “big bang” are meant to indicate that, if
the A term does not prevent it, general relativity theory predicts that there

5 The evidence Mitton (2005) assembles is that Hoyle coined the term “big bang” in a lecture
on BBC radio in March 1949. Mitton quotes Hoyle: “We come now to the question of applying
the observational tests to earlier theories. These theories were based on the hypothesis that
all matter in the universe was created in one big bang at a particular moment in the remote
past.” The connotation of a localized explosion is unfortunate — the theory deals with evolution
of the near-uniform observable universe from a dense early state — but its usage is firmly
established.
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was a time in the past when the expansion parameter a(t) in equation (2.3)
vanished. The effect may be easier to see qualitatively by imagining the
expansion of the universe running backward in time. The distances between
galaxies are smaller in the past, and approach zero as a(t) approaches zero
going back in time. This means there was a time when the density of matter
was arbitrarily large. If the effects of gravity and A are ignored then the
recession speed v of a galaxy does not change, and in this case one sees from
equation (2.1) (remembering that distance traveled is speed times time) that
the distances between galaxies vanished at time H ! in the past, or about
10 billion years ago.® This marks the moment of formally infinite density.
It is conventional to speak of this moment as the beginning of the history
of the universe as we know it, when a = 0. We include ourselves among the
many who suspect that better physics to be discovered, perhaps within the
concept of cosmological inflation, will remove this singularity, and teach us
what happened “before the big bang,” or “at the big bang,” or whatever is
the suitable term.

In the early 1960s another world view was under discussion. In the steady
state cosmology proposed by Bondi and Gold (1948) and Hoyle (1948) mat-
ter is continually created — at a rate that would be unobservably small in the
laboratory — and collects to form young galaxies which fill the spaces that
are opening up as older galaxies move apart. The mean distance between
galaxies — about 10 million light years (or about 3 Mpc) for relatively large
ones such as the Milky Way — thus would stay constant. The universe on the
whole would not be changing: there would be no singular start to the expan-
sion and no end of the world as we know it. Einstein’s (1917) original world
model, taken literally, has no beginning or end of time either. But, if energy
were conserved, all the stars would eventually exhaust their supplies of fuel
and die, or if energy were not conserved and stars shone forever, space would
become filled with starlight. The steady state cosmology offers an elegant
solution: the expansion of the universe dilutes away the starlight and the
dead stars, and continual creation supplies matter for unlimited generations
of new stars. But this is not the way our universe operates. Part of the story
of how that was established commences on page 51, where we consider the
state of research in cosmology in the early 1960s. Chapters 4 and 5 describe
what happened after that, and the role of the thermal radiation that fills
space in teaching about the evolution of the universe. Let us consider now
some properties of this radiation.

6 For this reason H(;l is called the Hubble time, or the Hubble length measured in light travel
time.
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2.2 The thermal cosmic microwave background radiation

A warm body radiates; you can feel the thermal radiation from a hot fire.
In a closed cavity with walls that are at a fixed temperature the radiation
in the cavity relaxes to a spectrum — the intensity of the radiation at each
wavelength — that is uniquely determined by the temperature of the walls.
The time it takes for the radiation to relax to this thermal spectrum depends
on how strongly the walls absorb and emit radiation. If the walls are perfectly
absorbing — black — the relaxation time is comparable to the time taken by
the radiation to cross the cavity. That suggested a commonly used name:
blackbody radiation is radiation that has relaxed to thermal equilibrium at
a definite temperature. The thin line in Figure 2.2 shows the spectrum of
blackbody radiation at temperature

Ty = 2.725K, (2.6)

above absolute zero. This is the thermal radiation — the cosmic microwave
background radiation, or CMBR — that fills space.

Max Planck proposed the first successful theory for the spectrum of black-
body radiation in 1900; it was also the first step into the new field of quantum
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Fig. 2.2. The spectrum of radiation that uniformly fills space, with greatest inten-
sity at millimeter — microwave — wavelengths. In this book this is termed the CMBR.
The thin line in this figure is the theoretical Planck blackbody spectrum of radiation
that has relaxed to thermal equilibrium at temperature Ty = 2.725 K. The thick
line running over the peak shows the measurements by the NASA COBE and UBC
COBRA groups. They are not distinguishable in this figure. The symbols represent
other measurements at more widely spaced wavelengths. This plot was made by
David Wilkinson in 1992.
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physics. Richard Tolman (1931) noticed that radiation in a homogeneous
universe could relax to a thermal spectrum, if there were enough matter to
absorb and reemit the radiation energy often enough to cause it to relax to
equilibrium. In effect, the whole universe could be the blackbody “cavity.”
He also showed that the expansion of a homogeneous universe would cool
the radiation. Most importantly, Tolman showed that once the radiation
has relaxed to thermal equilibrium the expansion of the universe preserves
the characteristic blackbody spectrum, with no further need for matter to
promote or maintain thermal equilibrium. The expansion of the universe
causes the temperature to decrease in inverse proportion to the expansion
parameter in equation (2.3), that is,

T oca(t)™!. (2.7)

To summarize, blackbody radiation uniformly filling an expanding uni-
verse stays blackbody; only the temperature of the radiation changes as the
universe expands. This is the essential signature. Since, as we now discuss,
the spectrum of radiation filling our universe is close to thermal we have
evidence that conditions were at one time right for relaxation to thermal
equilibrium.

Figure 2.2 shows measurements of the intensity of the CMBR. It peaks
at a microwave wavelength near 2mm. The thick black line running over
the peak shows measurements of the intensity at a densely sampled range
of wavelengths. These measurements were made above the atmosphere, to
avoid radiation from molecules in the air, independently from the National
Aeronautics and Space Administration (NASA) COBE satellite (Mather
et al. 1990) and from a UBC (University of British Columbia) rocket flight
(Gush, Halpern and Wishnow 1990). The measurements are very close to —
and not measurably different from — Planck’s blackbody spectrum over a
wide range of wavelengths.

The universe we see around us is close to transparent at wavelengths near
the peak of this radiation. We know that because distant galaxies that are
sources of radio radiation are observed at these wavelengths. This means that
the universe as it is now cannot force radiation to relax to the distinctive
thermal spectrum shown in Figure 2.2. And this means that the universe
has to have evolved from a very different state, one that was hot and dense
enough to have absorbed and reradiated the radiation, forcing it to relax
to its blackbody spectrum. That is, contrary to the classical steady state
cosmology, we have evidence that this cosmic microwave radiation is a fossil
remnant from a time when our universe was very different.
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One learns from fossils what the world used to be like. The fossil microwave
background radiation is no exception: we have learned a lot from the close
study of its properties. The evidence is that the thermal radiation played an
important role in the history of the universe, including the thermonuclear
reactions that produced light elements in the early stages of expansion and
the dynamics of the growth of the mass clustering that we observe as galaxies
and concentrations of galaxies. The study of both aspects, the radiation
as a signature of what things were like and as a dynamical player in what
happened, are recurring themes, in the recollections in Chapter 4 of research
in the 1960s and in the subsequent developments described in Chapter 5 of
the detailed measurements of the radiation and what the measurements have
taught us. Our discussion of these themes begins with an inventory of other
dynamical players: what does the universe contain in addition to the fossil
thermal radiation?

2.3 What is the universe made of?

The world is full of many things, and we surely have discovered only a small
fraction of them. But we do have credible evidence about what things are
made of and about the amounts of the types of mass involved. Table 2.1 lists
contributions to the total mass of the universe by some of the more inter-
esting and important types of matter and radiation.” The numbers in the
middle column, which usually are termed “density parameters,” are frac-
tions of the total. The last column lists the mean mass density in each
componemt.8

People, planets, and stars are made of baryons — the neutrons and protons
in atomic nuclei of the chemical elements — with enough electrons to keep
the electric charge neutral. The mass in the inner parts of our Milky Way
Galaxy is largely in baryons in stars. The same is true of the central parts of
the other large galaxies. The outer regions of the galaxies contain baryons,
mostly in the form of plasma, but there is more mass in dark matter, which is
not baryonic. In the average over much larger scales the biggest contribution
is shown as the entry for the first component in the table, dark energy. This
is the new name for Einstein’s cosmological constant, A.

The gravitational action of dark energy is illustrated in Figure 2.1. In gen-
eral relativity theory the positive pressure of a fluid adds to the gravitational
7 Fukugita and Peebles (2004) discuss the observational basis for these mass estimates and

their uncertainties and also give estimates of the masses in a considerable variety of other

components.
8 The total mass density summed over all components is such that, in general relativity theory,

space sections at constant world time are not curved. Spacetime is curved, but space sections
at constant time have close to Euclidean geometry.
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Table 2.1. Cosmic mass inventory

Mass Mass density,

Category fraction® gem ™3
The dark sector

Dark energy 0.74 7.2 x 10739

Dark matter 0.21 2.0 x 10730
Thermal big bang remnants

Electromagnetic radiation 0.00005 5x 10734

Neutrinos 0.001 1x 10732
Baryons®

Diffuse plasma 0.042 4 x 10731

Stars 0.0022 2 x 10732

Stellar remnants 0.0005 4 x 10733

Atoms and molecules 0.0008 7 x 10733
Stellar radiation

Electromagnetic 0.000002 2 x 1073

Neutrinos 0.000003 3 x 10735
Gravitational radiation from

gravitational collapse 0.00000003 3 x 10737

“Energies have been converted to their equivalent masses.
This includes enough electrons to make matter electrically neutral.
Source: Adapted from Fukugita and Peebles (2004).

attraction produced by the mass equivalent of its energy. Near the end of
the life of a massive star the pressure grows large, and that contributes to
the final violent relativistic collapse of its central parts to a black hole. But
pressure can be negative: the tension in a stretched rubber band is in effect
a negative pressure. This negative pressure slightly reduces the gravitational
attraction produced by the mass associated with the energy of the rubber.
Einstein’s A acts like a fluid that has nearly constant energy density, and
pressure that is negative. In this case the negative pressure is large enough in
magnitude that its gravitational effect overwhelms the gravitational attrac-
tion of the energy (as opposed to the exceedingly small effect of the tension
of a rubber band). The result is a contribution to the gravitational field that
pushes matter apart.” The name “dark energy” comes from the intuition felt
by many that A has something to do with an actual energy density, and that,
like other forms of energy, A need not be exactly constant. But all we can
say with confidence is that this term is needed to make sense of the evidence
whose collection and analysis is the subject of Chapter 5.

9 It is best left as an exercise for the student to see why this push has little or no effect on how
the dark energy itself is distributed, and why the negative pressure allows the energy density
in this component to remain nearly constant as the universe expands.
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The second component in the table is dark matter. It acts like a gas of
particles that move freely, apart from the effect of gravity. Fritz Zwicky
(1933) seems to have been the first to notice the dark matter effect. As dis-
cussed in a little more detail in the next chapter (in footnote 13 on page 31),
he found that the observed mass in stars in the Coma Cluster of galaxies
(named for the constellation in which it appears in the sky) is much too
small to gravitationally confine the motions of the galaxies deduced from
the Doppler shifts of the galaxy spectra. It seemed unlikely that the cluster
could be flying apart, because the distribution of galaxies near the center
of the cluster is smooth and quite compact. But what might be holding the
cluster together?

Zwicky’s effect has since been found to apply to the other rich clusters:
the cluster galaxies are moving too rapidly, and the plasma in the cluster is
too hot, to be held by the gravity of the mass present in the galaxies. The
same applies to the motions of stars and gas in the outer parts of individual
galaxies outside clusters. The mass that is needed to hold clusters together,
and to do the same for the outer parts of individual galaxies, used to be
known as “missing mass.” It is now termed “dark matter,” but we still do
not know what it is, apart from one clue. The evidence we will be describing
is that the dark matter cannot be baryons, for that would contradict the
successful theories for the origin of the light elements and of the properties
of the CMBR. The evidence instead is that the dark matter is a gas of
freely moving nonbaryonic particles. Discovering the nature of these mystery
particles, and the nature of the dark energy — Einstein’s A — is a wonderful
opportunity for search and discovery by the generations after us.

The second category in the table is the thermal electromagnetic radiation
and neutrinos left from the hot big bang. The radiation — the CMBR — has
the spectrum shown in Figure 2.2. This radiation now contains about 400
thermal photons per cubic centimeter. The mass equivalent to the mean
energy of one of these photons is so small that the radiation mass density
adds only a trace to the total. But you will recall that the cosmological
redshift (shown in equation 2.2) reduces the photon energy as the universe
expands. In the early universe the thermal photons were energetic enough
that their mass densities were the largest contribution to the total. (This is
discussed in more detail in footnote 9 on page 29.)

The energetic photons in the early universe took part in the creation and
annihilation of neutrinos by the reactions to be discussed in the next chap-
ter. That would have produced a thermal sea of neutrinos. The number of
neutrinos plus antineutrinos in each of the three families is now 3/11 times
the number of thermal photons, or about 100 neutrinos per cubic centimeter
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at the present epoch. The present energy density is larger in these fossil neu-
trinos than in the radiation however, because the neutrinos have rest masses.
(The experimental evidence that neutrinos have masses is clear, but the val-
ues of the masses are only loosely bounded. The number in the table for
the present neutrino mass density is an order-of-magnitude estimate. But
we can be sure there is not enough mass in the known families of neutrinos
to serve as the dark matter: we need another kind of mystery particle.)

The third category is the baryons. The total mass density in this form
is inferred from arguments that again are discussed through this book. The
inference (but at the time of writing not a demonstration by detection) is
that most of the baryons are in the form of diffuse plasma, the first entry
in this category, because this amount of baryons in any other physically
reasonable state would have been observed. There is a trace amount of this
plasma in the disks of spiral galaxies such as the Milky Way. There is a larger
amount in hotter plasma in clusters of galaxies, and a still larger amount
in plasma gravitationally bound to the outer regions of individual galaxies.
There also is a sea of diffuse plasma spread through the enormous spaces
between the galaxies. The relative amount in the last two forms is not well
established.

The second component in the baryon category in Table 2.1 is the mass in
stars that are radiating energy by nuclear burning — the nuclear reactions
that convert hydrogen to helium and heavier elements — in their central
regions. The stars in the nearly spherical bulges of spiral galaxies such as the
Milky Way formed when the universe was much less than half its present age.
Most of the stars in elliptical galaxies, which have at most an inconspicuous
disk, also are old. The stars in the disk of the Milky Way have a broader
range of ages. Stars are still forming at substantial rates in the disks of spiral
galaxies and in lower mass galaxies such as the Magellanic Clouds, largely
out of the neutral atoms and molecules entered as the fourth component in
this category. But the overall rate of star formation is markedly lower now
than it was when the universe was half its present age. There is a large mass
of baryons in diffuse plasma, but this plasma is cooling too slowly to supply
baryons for ongoing star formation at the past high rate.

As the energy supply in a star is exhausted some baryonic matter is ejected
in stellar winds and explosions and some is left in stellar remnants: white
dwarfs, neutron stars, and black holes. The third component in the baryon
category is an estimate of what has accumulated in these remnants. There
are baryons in many other fascinating forms, including planets and people,
but they are thought to amount to a very small fraction of the total, as
indicated in the last entry.
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The fourth category is the accumulated energy released by stars in elec-
tromagnetic radiation — starlight — and neutrinos. The larger amount of
energy in neutrinos is a result of the copious emission accompanying the
collapse of dying massive stars. These energy densities are averages over
large scales. We receive more than average starlight (after correction for the
Sun) because we are in a galaxy of stars, the Milky Way. This local energy
density in starlight happens to be comparable to what is in the CMBR, but
the two have little else to do with each other.

The fifth category is an estimate of the energy density in gravitational
radiation produced during the formation of black holes by the gravitational
collapse of mass concentrations or by the merging of black holes. Several
of the contributors to Chapter 4 mention their interest in detecting this
gravitational radiation, but that is another story.

As we have said, the tasks of discovering the physical natures of dark
energy and dark matter are at the time of writing golden opportunities for
research for future generations. One of our tasks in the rest of this book
is to consider the lines of reasoning and observation that have led to the
conclusion that we do have credible evidence that these dark components
really exist. We begin in the next chapter with an account of the early
development of ideas that led to the identification of two very helpful fossils
from the early universe: the thermal CMBR and the isotopes of hydrogen
and helium.



3
Origins of the cosmology of the 1960s

To understand the essays in the next chapter about what happened in the
1960s you have to appreciate the nature of research in cosmology then. To
understand the nature of this research you have to consider its history. Fig-
ure 3.1 illustrates the major steps leading to one big advance in cosmology,
the identification of the CMBR as a fossil remnant from the big bang. This
figure was made by members of Princeton Gravity Research Group. David
Wilkinson was its main author, he used it in lectures on cosmology start-
ing in 1968, and it is a good illustration of his style. Another version was
eventually published (in Wilkinson and Peebles 1983).

The figure maps relations among the topics we discuss in this chapter. The
map is complicated because the story is complicated, but there are a few
themes. We begin with the first of these, the development of the idea that
the abundances of the stable isotopes of the lightest elements, hydrogen and
helium, were determined by thermonuclear reactions in the early hot stages
of expansion of the universe (with modest adjustments for what happened
in stars much later). We consider next the line of thought that led Dicke
to persuade Roll and Wilkinson to search for the CMBR. We then turn to
the development of the means of detecting and measuring the properties of
the radiation left from the hot big bang. We conclude this chapter with an
assessment of what people were thinking and doing in cosmology in the early
1960s, at the start of the time surveyed by the essays in the next chapter.

3.1 Nucleosynthesis in a hot big bang

Hydrogen is the most abundant of the chemical elements (apart from places
like Earth where the heavier elements have collected and condensed), helium
amounts to about 25% by mass, and only about 2% of the baryon mass is
in heavier elements. What produced this mix? In the 1930s people were

23
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Fig. 3.1. This illustration of how the CMBR was and could have been identified was
made in 1968 by David Wilkinson with other members of the Princeton Gravity
Research Group.

exploring two main lines of thought, that the chemical elements might have
formed in stars or in the early universe. The former was suggested by the
growing evidence that the Sun and other stars radiate energy released by the
fusion of atomic nuclei into heavier nuclei. One could imagine that the heavy
elements produced in stars by this nuclear burning were ejected by stellar
winds or explosions and that the debris formed new stars and planets. The
other picture assumes that temperatures and densities in the early stages of
expansion of the universe were large enough to have forced nuclear reactions
among atomic nuclei that produced a mix of elements (that might have
been adjusted by what happened later in stars). The later well-tested theory
combines these ideas: the heavier elements originated in stars while most of
the helium is a fossil remnant of the hot big bang, along with the thermal
CMBR.

We review here the main steps in the development of the hot big bang
part of this theory. Alpher and Herman (2001) describe the history and
present recollections of the introduction of main features of the concepts by
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them and their colleagues in the 1940s and 1950s. Kragh (1996, Chapter 3:
Gamow’s Big Bang) presents helpful details about the events and the people
involved in the research. The essays in Chapter 4 add to the story of what
happened later, in the 1960s.

The earliest discussions of element formation in the big bang picture
considered the idea that the relative abundances of the chemical elements
and their isotopes might have been determined by relaxation to thermal
equilibrium at some hot early stage of expansion of the universe. The
concept can be compared to that of the blackbody radiation discussed
in Chapter 2. We remarked that at thermal equilibrium the intensity of
the radiation at each wavelength is determined by just one quantity, the
temperature. At equilibrium the relative abundances of the elements and
their isotopes would be fixed by two quantities, the temperature and the
density of matter. The analysis by von Weizédcker (1938) showed that the
situation has to be at least a little more complicated than that. He found
that a rough fit to the observed pattern of abundances of the elements
would follow if particle reactions generally ceased to be important — the
pattern of element abundances were close to “frozen in” — when the expand-
ing universe had cooled to a temperature of about 7 ~ 2 x 10" K, but
that residual reactions after that would have to have shaped the varia-
tion of the abundance from one atomic weight to the next in the middle
part of the periodic table to that characteristic of a lower temperature,
T ~ 5 x 10? K. Chandrasekhar and Henrich (1942) repeated the analysis.
Their more complete computations based on better data for the nuclear
physics and element abundances indicated that the abundances of the heav-
ier elements would had to have been frozen at about von Weizécker’s higher
temperature, while the abundances of the lighter elements were determined
by an approach to thermal equilibrium later, at about von Weizéacker’s lower
temperature. For our purpose the important thoughts are that the early
universe might have been hot, expanded and cooled at a rate characteris-
tic of thermonuclear reactions, and left an interesting variety of chemical
elements.

The physicist George Gamow took the leading role in improving these
thoughts. Gamow (1942) and Gamow and Fleming (1942) argued that the
picture of near thermal equilibrium seems less plausible than a distinctly
nonequilibrium process in an expanding universe. That might involve a
“rapid breaking-up of the original superdense nuclear matter...Even in
ordinary uranium-fission a number of free neutrons are being emitted in
each breaking-up process, and this number most probably increases in the
case of the more violent fission of superheavy nuclei. Neutrons produced
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this way will turn spontaneously into protons, and will contribute to a larger
abundance of hydrogen” (Gamow 1942).

All these papers assumed we live in an expanding, evolving universe (in
von Weizacker’s case one that is finite but large enough to include the most
distant observed galaxies) but did not explicitly take account of the relativis-
tic theory for the rate of expansion. Gamow (1946) took this important step.
He remarked that in the early stages of an expanding universe the mass den-
sity would be large, and that would make the rate of expansion rapid:' “we
see that the conditions necessary for rapid nuclear reactions were existing
only for a very short time, so that it may be quite dangerous to speak about
an equilibrium state” of the kind people had considered earlier. Gamow
(1946) also noted that the positive electric charges of atomic nuclei tend
to slow their fusion by pushing the nuclei apart, while the free neutrons he
had mentioned earlier (Gamow 1942), which have no electric charge, react
rapidly with protons and heavier atomic nuclei. That is wanted for a rapid
build-up of the elements. One notices a roughly parallel development of ideas
here and in the nuclear weapons program: both were thinking about neutron
production and capture (a point Smirnov elaborates beginning on page 92).

Gamow’s (1946) proposal was that the heavy elements were built by the
“coagulation” of neutrons followed by nuclear beta decays that convert neu-
trons to protons (the decays being accompanied by the emission of electrons,
or what is known as “beta” or “#” radiation). Ralph Alpher, who was
Gamow’s graduate student, made the coagulation idea more specific. In his
doctoral dissertation (at The George Washington University, Alpher 1948a)
the proposal is that the elements were built up by sequences of radiative cap-
tures of neutrons (that is, neutron capture accompanied by the emission of a
photon, a quantum of electromagnetic radiation) and nuclear beta decays. In
a preliminary report of this building-up idea, by Alpher, Bethe and Gamow
(1948), Hans Bethe’s name was added to produce an approximation to the
first three letters of the Greek alphabet.

I The expansion rate has to be large to escape the strong gravitational attraction of the large
mass density. One sees from equation (G.1) on page 518 that when the mass density is really
large its value fixes the expansion rate, because the mass density term is by far the largest in
the right-hand side of this equation. If the mass density is dominated by matter with relatively
low pressure then when the density has dropped to the value p the model universe has been
expanding for the time

t=890p~ /2 s, (3.1)

where the value of p is measured in gcm™3. If the mass density is dominated by radiation the
time is three quarters of the value in this equation. The shorter time follows because the mass
density in radiation falls more rapidly with the expansion of the universe than does the mass
density in matter (for the reason in footnote 9 on page 29), and a larger earlier density requires
a greater expansion rate to escape the stronger gravitational pull.
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Alpher (1948a) and Alpher, Bethe and Gamow (1948) could cite a piece of
evidence for their picture. They pointed out that in the building-up process
the more readily an atomic nucleus of given mass and charge can absorb a
neutron, to be promoted to a larger mass, the lower the expected cosmic
abundance of that species of nuclei. And from measured nuclear reaction
rates they concluded that if the elements were built up by exposure to a gas
of neutrons that is hot — moving with velocities characteristic of a tempera-
ture of about 10° K — it would produce relative abundances of the elements
that suggest a promising match to what is observed.” This encouraging result
is still seen to apply in part of the periodic table, and the interpretation is
the neutron capture building-up process, but transferred from the hot big
bang to exploding stars, in what has become known as the “r-process.” And
basic parts of this building-up picture figure in the now well-tested theory for
the origin of the lightest elements — the isotopes of hydrogen and helium — in
the hot big bang. This was a memorable advance. But we must consider the
introduction of several other important ideas.

Alpher (1948a,b) pointed out a problem with the theory. We remarked in
footnote 1 that the relativistic big bang cosmology sets a relation between
the mass density and the expansion rate. The condition that the rate of cap-
ture of neutrons produces a significant but not excessive amount of heavier
elements sets another relation between the mass density and the expansion
rate when the building-up reactions were at their peak. And there is a third
condition, that the process must be completed in a few hundred seconds,
before the neutrons have decayed.® Alpher showed that it is not possible to
satisfy these three relations by the choice of two quantities, the characteris-
tic matter density and characteristic expansion time when the building-up
process occurred.”

2 Alpher pointed out that if the velocities were much smaller than this then large rates of res-
onance capture by some nuclei would spoil the anticorrelation of element abundances and
neutron absorption cross sections; if much larger the radiation would tend to break up the
nuclei.

In these exploratory discussions Gamow and Alpher generally left open the origin of the neu-
trons, and more broadly what was happening prior to the build-up of the elements. Alpher,
Bethe and Gamow (1948) did note that the density of the universe might never have exceeded
the density at element build-up, “which can possibly be understood if we use the new type
of cosmological solution involving the angular momentum of the expanding universe (spinning
universe).” On the origin of the neutrons, Gamow (1942) remarked that the fission of uranium
produces free neutrons, and that the “rapid breaking up of the original superdense nuclear mat-
ter” might produce a large proportion of them. The simpler solution soon recognized is that if
the universe had expanded from a very high temperature then heavy nuclei would have ther-
mally evaporated and free neutrons would have been produced by the thermonuclear reactions
to be discussed.

In a little more detail the problem Alpher identified goes as follows. The condition that the
build-up process produces an interesting but not excessive heavy element abundance is that

the product ovnt is of order unity. Here o is the radiative neutron capture cross section, v
is the relative velocity of neutron and nucleus, n is the number density of nuclei, and ¢ is
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Alpher (1948a) also pointed to an effect that was missing in the calcu-
lation, which turned out to be the solution to his problem. The neutron
gas was supposed to be hot (for the reason indicated in footnote 2), the
hot matter ought to be accompanied by thermal blackbody radiation at the
same temperature, and the mass density in this radiation would be much
larger than the mass density in matter. But it was Gamow (1948a, with
more detail in Gamow 1948b) who put these points together and solved
the problem:” the large mass density in radiation speeds the expansion of
the early universe so the build-up process can happen before the neutrons
decay. This is the first analysis of the modern picture of the role of thermal
radiation in element formation in the early universe.’

Gamow’s argument begins with the thermal blackbody radiation present
in a hot big bang. There would be a time, early enough in the expansion,
when the temperature was high enough that the radiation would evaporate
the atomic nuclei of any heavy elements, producing a gas of free protons
and neutrons. As the universe expanded and cooled heavier elements could
start to form in appreciable amounts, starting with captures of neutrons
by protons to make deuterons (the nuclei of the stable heavy isotope of
hydrogen). Each capture would be accompanied by the release of a photon
(a quantum of electromagnetic radiation; at this energy usually written as
7) in the reaction”

n+ped+y. (3.2)

the expansion time, all evaluated during the build-up process. The measurements in nuclear
reactors by Hughes (1946), as summarized by Alpher (1948a), indicate that the product ov
is not very sensitive to v, and for the lightest nuclei amounts to ov ~ 10719 cm3s~1. If the
mass density is dominated by baryons then equation (3.1) gives nt? ~ 1039 cm =3 s2. It would
follow from these two relations that build-up had to have occurred when the universe had been
expanding for about ¢t ~ 103 years. But that is absurdly large compared to the neutron lifetime,
about 15 minutes.
The Alpher, Bethe, and Gamow paper, which was submitted for publication on February 18,
1948, did not take note of the problem. They instead wrote that it “is necessary to assume” a
much larger value of nt, that allowed the build-up process to happen at ¢ ~ 20s, well within the
neutron lifetime. Alpher’s thesis, which was accepted in April 1948, has a reasonable value of nt
from the point of view of nuclear physics, and the consequent problem with the neutron lifetime.
Gamow’s paper, submitted on June 21, 1948, does not mention the problem but it presents
the solution: take account of the mass density in radiation, which considerably increases the
expansion rate. The published version of Alpher’s dissertation, submitted July 2, 1948, states
the problem but not Gamow’s solution. It can take time to straighten out ideas.
In the physical situation assumed in the calculations by von Weizacker (1938) and Chan-
drasekhar and Henrich (1942) it is implicitly assumed that the baryons, being at near thermal
equilibrium, are in a sea of blackbody radiation at the same temperature. We have found no
one who took notice of the consequences of the presence of the mass density in this radiation
prior to Gamow (1948a).

Gamow’s nonequilibrium calculation for this reaction assumes thermal equilibrium for the
radiation but not for the relative abundances of the atomic nuclei. This is consistent: the
interactions between radiation and electrons are fast enough to guarantee that the radiation
remains very close to thermal, while the reaction in equation (3.2) is slow enough to break
equilibrium.
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The two-headed arrow means the reaction can go either way: a sufficiently
energetic photon can break up a deuteron. Gamow noted that the critical
temperature for the survival of deuterons, and hence the accumulation of
appreciable numbers of them, is

Torit ~ 10° K. (3.3)

At higher temperatures radiation breaks up deuterium as fast as it forms.
When the temperature has fallen below T¢;;; the dissociation reaction going
from right to left in equation (3.2) markedly slows because the cooler radia-
tion does not have many photons energetic enough to break apart deuterons.
This means deuterium starts to accumulate. As it does the deuterium can
rapidly burn to helium by particle exchange reactions.”

It is essential for the consistency of this picture that at the critical tem-
perature Te,i¢ in equation (3.3) the total mass density is dominated by the
energy of the thermal radiation that would accompany the hot plasma.” We
know the radiation temperature, T¢.it, when deuterons can start accumulat-
ing. The temperature tells us the mass density in radiation, which has to
be very close to the total mass density. As we have noted, the mass den-
sity sets the expansion rate. The expansion time, shortened by the mass
density in radiation, turns out to be comfortably less than the neutron life-

time, so neutrons could be available for the deuterium-producing reaction

8 The most important reactions are
d+d—3He+n, d+d—t+p, Z>He+n—t+p, t+d— ‘He+n, (3.4)

where tritium (¢) is the unstable isotope of hydrogen that contains two neutrons. The reaction in
equation (3.2) is slower, in conditions of interest here, because the electromagnetic interaction
is weaker. That means the rate of equation (3.2) controls the rate of formation of helium by
these reactions.

At the present epoch the mass density in radiation is smaller than in matter, as is indicated
in Table 2.1, but at the time of light element formation the mass in radiation was the largest
component. This is because the energy of each photon, and its equivalent in mass, decreases
as the universe expands, an effect of the cosmological redshift. The wavelength of a CMBR
photon is increasing, as A o« a(t), where a(¢) is the expansion parameter in equation (2.3) (and
in equation 2.4 for the density and equation 2.7 for the temperature). Thus the photon energy
is decreasing as € = hv = hc/A\ « a(t)~!, where c is the velocity of light and h is Planck’s
constant. The number densities of baryons and photons decrease as the volume of the universe
increases, in proportion to a(t)*3. Putting this together, we see that the mass densities in
baryons and radiation vary as

pm o a(t) "3, pr o< T o< a(t)™4, (3.5)

as the universe expands. The middle part of the second expression is inserted as a reminder
of a general relation: the energy density in thermal radiation at temperature T is u = a1,
where a is Stefan’s constant (not to be confused with the expansion parameter a(t)). When the
temperature had fallen to Terit (equation 3.3) the mass density would have been dominated by
the radiation. This mass density sets the time elapsed, tcpit >~ 230 s (from equation 3.1), from
a really hot beginning to T' = Tty it.-
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in equation (3.2). The matter density when the temperature has fallen to
Terit dictates how much deuterium could accumulate.

The density of neutrons and protons would have to have been large enough
to allow production of an appreciable amount of deuterium, but not so much
that it converts more hydrogen into heavier elements than is observed.'’
This consideration led Gamow to conclude that, if the neutron capture pic-
ture for element formation were right, then when the temperature in the
early expanding universe had fallen to T¢x the number density of baryons —
neutrons and protons — would have to have been neit ~ 10 cm™3.

Alpher and Herman (1948) took the next bold step: from the conditions
required for element production in the early universe, predict the present
temperature of the fossil radiation left from the hot early universe. When
the temperature was T, and elements heavier than hydrogen could start
accumulating, Gamow had found an estimate of the baryon mass density
nerit that would allow production of a reasonable abundance of the heavier
elements. The mass density and temperature drop as the universe expands,
in the proportion n o T® (as one sees in equation 3.5). This means that
when the temperature drops by a factor of 10 the mass density in matter
drops by a factor of 1000. And one can similarly compute the temperature
when n has dropped to its present value. Alpher and Herman found that,
at present matter density,"!

po=10"3"gem ™3, (3.6)
the radiation temperature would be
Ty ~5K. (3.7)

In view of all the uncertainties this is strikingly close to what was measured
many years later, Ty = 2.725 K.

One should not take the consistency of numerical values for the theory and
measurement of T too seriously, because there were problems with estimates
of the mass density in equation (3.6). It was later learned that an error in
the early estimates of the scale of distances to the galaxies introduced a

10 As in the discussion in footnote 4, the Gamow condition is expressed as GecritNeritVeritterit ~ 1,
where ot is the radiative capture cross section for equation (3.2), verit is the relative
neutron—proton velocity, and n¢ijt and tcpit are the baryon number density and the expansion
time, all evaluated when the temperature is T' = T¢yi¢.

Alpher and Herman (1948) did not state this quantity. It is the mass density the group used
in other papers, including Gamow (1946), Alpher (1948a,b), and Alpher and Herman (1949).
Within rounding error it agrees with the indication in Alpher and Herman (1948) that the mass
densities in matter and radiation are equal at 7' = 600 K. There is the complication that their
reported application of the Gamow condition yields a matter density at Tcit that extrapolates
to Tp = 20 K at mass density 10739 gecm =3, not Ty = 5 K. Either there is an error in the paper
or they adopted a present mass density well below the value they and Gamow generally used.

11
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considerable overestimate of all the mass density measurements.'” Also, it
was known at the time that different methods yield quite different values
for the mass density.'® The point of lasting value is that in the hot big bang
cosmology there is a relation between measurable conditions in the universe
as it is now and conditions in the early universe when light elements could
have been produced. The details of this relation have since been refined,
as will be described, but this consideration by Alpher and Herman remains
part of our standard cosmology.

There are several names to describe physical conditions in the early
expanding universe, at the epoch of light element formation. In the published
version of his thesis, Alpher (1948b) offered this opinion:

According to Webster’s New International Dictionary, 2nd Ed., the word “ylem”
is an obsolete noun meaning “The primordial substance from which the elements
were formed.” It seems highly desirable that a word of so appropriate a meaning
be resurrected.

Alpher’s ylem left us fossils, the light elements and the thermal cosmic
background radiation (CMBR).

Gamow recognized that the thermal radiation in the ylem would be
present after the early episode of element formation, and it would remain
an important dynamical actor.'* Alpher and Herman (1948) went further:
they clearly stated that the thermal radiation would be present now. And

12 Hubble’s distance estimates were low by a factor of about 7.6. A mass density estimate from
that time, corrected for the distance scale while leaving all other data unchanged, should be
divided by the factor 7.62, which would divide the predicted present temperature of the CMBR
by the factor 7.62/3 ~ 4.

The range of estimates of the mass density is an early indication of the dark matter prob-
lem. Hubble (1936) reported that the mean mass density is no less than about ppin =
1 x 1073 gecm ™3 and may be as large as pmax = 1 X 10728 gem 3. Gamow and colleagues
used the lower value; Alpher (1948a) attributes it to Hubble (1936, 1937). It corresponds to the
density parameter (defined in equation G.1) Qnin, = 0.002. This number, which is independent
of the distance scale, is comparable to the mass density in stars entered in Table 2.1. That
makes sense, because Hubble’s lower mass density used observations of the masses in the lumi-
nous parts of individual galaxies, which are dominated by the mass in stars and include most
of the stars. Hubble’s larger estimate, pmax, corresponds to density parameter Qmax = 0.2. It
is comparable to the total mass density in matter entered in the table. This also makes sense,
because Hubble based it on the mass per galaxy in clusters of galaxies, which he attributed
to Smith (1936) (though Zwicky (1933) had made the point earlier). We know that clusters
contain a close to fair sample of baryonic and dark matter, so the cluster mass per galaxy
multiplied by the number density of galaxies gives a pretty good measure of the cosmic mean
mass density. If Alpher and Herman had used pmax, it would have increased their estimate of
To by the factor ~ 100!/3, which happens to about cancel the effect of the distance error. Let
us notice, however, that the Gamow condition relates the CMBR temperature to the baryon
mass density. The baryon mass is smaller than the total represented by Hubble’s pmax, which is
dominated by nonbaryonic dark matter, and larger than Hubble’s pyin, which does not include
the plasma in and around groups and clusters of galaxies.

The paper Gamow (1948a) presents an estimate of the time — well after element formation
— when the mass densities in matter and radiation were equal and, as Gamow recog-
nized, the expanding universe became unstable to the gravitational growth of nonrelativistic
concentrations of matter that eventually became galaxies.
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in subsequent papers (Alpher and Herman 1949, 1950), they converted the
present temperature to the present mass density in radiation, producing
the first estimates of the third quantity in Table 2.1. Less easy to judge is
whether they saw indications of the experimental methods to be described
later in this chapter that might have been capable of detecting the radiation.
Burke, on page 182, gives an assessment of the experimental situation.

The next important refinement in the theory is the process that fixes the
relative number n/p of the neutrons and protons that enter the first step of
element-building in equation (3.2). In the paper Gamow (1948a) the value
of n/p is left open: Gamow was content to establish orders of magnitude.
Hayashi (1950), on the other hand, recognized that in this hot big bang
cosmology n/p may be computed from well-determined physics, as follows.

When the temperature in the early stages of expansion of the universe
was above about 10K (and, by the argument in footnote 1 on page 26,
the large mass density of the radiation caused the universe to have been
expanding for about a second), the radiation was hot enough to produce
a thermal sea of electrons and their antiparticles, positrons, and a sea of
neutrinos and antineutrinos (v and ), mainly by the reactions

Y+y et e, et te vt (3.8)
These particles convert protons to neutrons and back again by the reactions
p+e —n+v, nt+et —p+v, nepte +0. (3.9)

At temperatures above 10! K the reactions drive the ratio n/p of numbers
of neutrons and protons to its thermal equilibrium value,

Do QT (3.10)
P

at temperature 7.'° Here Q = (m,, —mp)c2, where m,, —m,, is the difference

of mass of a neutron and of a proton, and k is the Boltzmann constant.
Hayashi found that as the universe expanded and cooled below 10'° K the

reactions in equation (3.9) slowed to the point that the value of n/p froze,

15 To be more accurate, we should note that the equilibrium value of n/p also depends on the
lepton number, which is the sum of the numbers of e~ and v particles minus the sum of the
numbers of et and ©. The reactions in equations (3.8) and (3.9) do not change the lepton
number: its value had to have been set by initial conditions very early in the expansion of the
universe. Equation (3.10) assumes the absolute value of the lepton number density is small
compared to the number density of CMBR photons. A positive and large lepton number sup-
presses n/p, and a strongly negative lepton number increases n/p. This point figures in the
cold big bang model we discuss beginning on page 35. The present observational constraints
are consistent with the small lepton number assumed in equation (3.10). To be even more
accurate we should take notice of the three families of neutrinos, but that does not figure in
the history in this chapter.
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and then n/p more slowly decreased as neutrons freely decayed to protons
(by the last reaction in equation 3.9 going to the right). By the time the
temperature had dropped to T¢i; the ratio of neutrons to protons (n/p)
would have fallen to ~0.2. In the standard cosmology most of the neutrons
present at this time combined with protons to form deuterons, and most
of the deuterium burned to the heavy isotope of helium, ‘He, with a trace
amount of the lighter isotope *He.

The paper Alpher, Follin and Herman (1953) presents a detailed appli-
cation of Hayashi’s idea. Their analysis of how the ratio n/p varies as the
universe expands and cools is essentially the modern computation. Enrico
Fermi and Anthony Turkevich (in work that is not published but is reported
in Gamow (1949), ter Haar (1950), and in more detail in Alpher and Herman
1950, 1953) worked out the chains of particle exchange reactions that burn
deuterium along with neutrons and protons to helium and trace amounts
of heavier elements. These analyses essentially completed the formulation of
all the pieces of what was much later established as the standard model for
the origin of most of the isotopes of hydrogen and helium, along with the
CMBR.

We can reconsider now the question in footnote 3 on page 27: what was
the nature of the universe before the build-up of the light elements? The
theory just described assumes the expansion traces back to temperatures
above 10'°K, when the distributions of the radiation and the baryons are
supposed to have been very close to spatially uniform — homogeneous even on
small scales. The baryon density at that epoch is chosen to fit the observed
light abundances. That is one way to determine the value at the present
epoch listed in Table 2.1. (Another way is examined in Chapter 5.) The
baryons have to have been created, but that is assumed to have happened
still earlier, at much higher temperatures than we are considering. Gen-
eral relativity theory gives the rate of expansion of the universe. The early
expansion is rapid, but at temperature 10'° K the exchanges of energy among
particles and radiation are even faster. This means conditions then would
have forced relaxation to thermal equilibrium, including the thermal ratio
of neutrons to protons. Thus for the purpose of the theory of light element
formation that commences at T ~ 10 K we need only these assumptions:
we need not enquire about conditions at still earlier times. The question is
fascinating, of course, and there are ideas: a favorite is the inflation picture
(described in Guth 1997 and outlined on page 520). But for the story of the
CMBR we need not consider the weight of evidence of whether inflation is
a useful approximation to what actually happened in the exceedingly early
universe.
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We are very interested in the development of the empirical checks of these
ideas on how the CMBR got its thermal spectrum (shown on page 16),
and how the light elements formed. In the 1960s it was not at all obvious
whether we would be able to find convincing tests, or, if we did, whether
these ideas would pass the tests. People felt free — perhaps even compelled —
to cast about for other ideas that might be philosophically attractive and
perhaps better approximate reality. The debate over these alternatives is an
important part of the story of how we arrived at the standard cosmology.
We turn now to some of the ideas.

3.2 Nucleosynthesis in alternative cosmologies

The evidence developing in the 1950s was that the heavier elements were
produced in stars. If so, might the stars also produce light elements? If that
were so, helium production in a hot big bang could be a problem: it might
produce too much helium. But that was easy to fix: adjust the prediction by
adjusting the assumptions in the big bang model, or go to an alternative cos-
mology, the steady state picture for example. We review here some of the
alternatives people were considering. The point to notice is that in 1960 the
relativistic hot big bang model for the universe was not the obviously best
possibility: there were other ideas that were arguably as elegant. We needed
observations to show the way through the thickets of elegance. Our purpose
in this book is to trace the development of a large part of the evidence.

Let us consider first what came of the proposal that the heavy elements
were formed in the big bang along with the light elements. A problem with
this idea is that there is no stable atomic nucleus with mass 5 (that is, a
total of five neutrons plus protons). That means the abundant isotope of
helium, with mass 4, cannot capture a neutron and then another one and
subsequently decay to an isotope of lithium by the emission of an electron.
This strongly suppresses the build-up of elements heavier than helium dur-
ing the rapid expansion of the early universe. Alpher (1948b) remarks on
the problem, and a like situation at mass 8, in the published version of his
doctoral dissertation. The analysis mentioned above by Fermi and Turke-
vich failed to find a nuclear reaction that might carry significant nuclear
burning in the early universe past the mass-5 gap. But Gamow (1949) noted
a possible way out that is worth considering even though it proved to be
wrong: false steps can be edifying.

Gamow’s idea was that if the mass density in baryons when the tempera-
ture of the universe was Ty were much larger than previously considered,
and n/p were smaller (as, it was later realized, follows from Hayashi’s 1950
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analysis of equation 3.9), then after all the neutrons had combined with pro-
tons to form heavier elements a substantial fraction of the baryons would
be left as protons, the nuclei of hydrogen atoms. That agrees with what is
observed: hydrogen is the most abundant element. The larger matter den-
sity in the early universe would cause faster nuclear burning of deuterium,
and perhaps that could push nuclear burning past mass 5 to make the heav-
ier elements. We see another consequence that attracted no attention then:
when the matter density had dropped to the present value the radiation
temperature would have been much lower than in the hot big bang Gamow
had introduced earlier.

Hayashi and Nishida (1956) presented an analysis of this idea. They
considered the possibility that the baryon number density at temperature
T = 10'9K is at least a hundred million times what is assumed in Gamow
(1948a) and Alpher and Herman (1948). That lowers the present tempera-
ture of the CMBR by a large factor, which Hayashi and Nishida would not
have counted as a problem because the CMBR, was not known. They took
account of the helium-burning reactions

He +'He —~*Be+7, ®Be+'He —2C+~, 2C+'He -%0+~, (3.11)

which by then were known to be important in the evolution of stars after all
the hydrogen in the central regions had burned to helium. In this “cool” big
bang model universe, Hayashi and Nishida found significant production of
carbon and oxygen. The deuterium abundance coming out of this model is
much too small, according to what is now known, and the helium abundance
is too large, though not by a large factor.'®

This cool big bang universe produces helium in an amount that might not
have seemed unreasonable at the time. It also produces a not insignificant
amount of heavy elements. Layzer and Hively (1973) pointed out that the
heavy elements produced in such a cool big bang might form dust grains
that were able to absorb and reradiate starlight effectively enough to have
produced the thermal CMBR spectrum out of starlight. Here is an example
of an idea that is interesting but was not pursued, and as it happened later
proved to be not viable. The light element abundances are wrong, and the
picture cannot account for the relation between the large-scale distributions
of matter and the CMBR that is discussed in Chapter 5.

Zel’dovich (1962, 1963a,b, 1965) proposed lowering the temperature all the
way, to a cold big bang in which element production is left entirely to the
16 That is because almost all the neutrons that survive to the time when the temperature has

fallen to Tiyit are burned to helium, and the value of n/p when deuterium starts accumulating
is not very sensitive to the density of matter.
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stars. He was led to this picture by his impression that the helium abundance
in some stars is quite small.'” His evaluation of the Gamow condition (in
footnote 10 on page 30) led him to conclude that a hot big bang cosmology
could only account for the low helium abundance if the present-day universe
were hot, Ty ~ 30K (at his estimate of the present baryon mass density,
10729 gem™3; Zel’dovich 1963a), well above what was later observed. That
is because a higher temperature today, at a given present mass density,
implies a lower matter density at T, which means fewer nuclear reactions
that produce less helium, as Zel’dovich thought was required.'® He argued
that this high present temperature is unlikely because it would imply strong
scattering of the thermal photons by fast-moving electrons, unacceptably
limiting lifetimes of cosmic ray electrons.

Later developments on this issue are very relevant to our story. In a note
added in proof in a paper published later that year Zel’dovich (1963b) stated
that the latest data “indicate the temperature of intergalactic thermal radi-
ation is below 1°—0.5°K,” which would add to his arguments for a cold
big bang. Zel’dovich (1965) later mentioned the likely source of these data,
Ohm (1961). The origin of Ohm’s landmark paper, which actually could be
read to suggest the presence of a sea of microwave radiation, is outlined
in Section 3.5 beginning on page 44; Hogg describes the situation in more
detail in Chapter 4 (beginning on page 70). Novikov (p. 99) explains why
he and Doroshkevich, who were members of Zel’dovich’s research group,
were particularly interested in Ohm’s paper. Novikov and Smirnov describe
Zel’dovich’s reaction to news of the identification of the CMBR. His reaction
is illustrated also in Zel’dovich’s letter to Dicke quoted on page 196. But this
happened later: in 1963 Zel’dovich saw a good case for a cold big bang. It
is worthwhile considering how he found what seemed to be a viable theory.

In Zel’dovich’s cold model the very early universe contained equal num-
ber densities of protons, electrons, and neutrinos, all very nearly uniformly
distributed, and cold, meaning the particle energies are as low as possible.
This means one has to consider the effect of the exclusion principle that

17 Zel’dovich (1963a) mentions evidence of stars with helium abundance Y as low as 2.5% by mass.
He adds the careful statement (in the English translation) “We cannot make any estimate of
the reliability of these results.” But the paper proceeds on the assumption that Y is not more
than about 0.1. Osterbrock (p. 86) describes the evidence known then that Y is larger than
that.

Smirnov’s account of Zel’dovich’s suggestion that he reanalyze element production in a hot big
bang, and perhaps increase the challenge for a hot case, commences on page 94. The results,
in Smirnov (1964), showed that the small primeval helium abundance he thought he should
be aiming for could be accommodated in the hot big bang picture by lowering the matter
density at a given radiation temperature, as Zel’dovich had proposed, but that would imply
an unacceptably large abundance of deuterium. This is because at the lower densities Smirnov
considered neutrons and protons combine to form deuterium, but the burning of deuterium to
helium is incomplete.

18
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limits the allowed number densities of electrons and neutrinos at a given
energy. The high density of electrons in this cold early universe would cause
the electrons to occupy all their available states up to a large energy. The
energetic electrons would normally force themselves onto protons to make
neutrons, by the first reaction going to the right in equation (3.9). But that
is not allowed here because it would require the production of neutrinos, and
in this picture all the neutrino states with the energy allowed by the reaction
are already taken.'” In this universe star formation would commence with
nearly pure hydrogen. This is yet another interesting universe that proves
not to be the one we live in.

Hoyle and Tayler (1964) knew that the helium abundance is large, and
greater than seemed reasonable for production in stars. They too reconsid-
ered the hot big bang model, but they also pointed to another possibility.
In the steady state cosmological model the universe always has been as it
is now: there would be no fossil helium. Hoyle and Tayler suggested that
the helium could have been produced in the “little bangs” of very massive
exploding stars. The evolution of temperature and density within a very hot
exploding star is similar to the evolution in an expanding universe, so ele-
ment formation is similar too. Worth noting here is that the energy released
by the conversion of hydrogen to the observed amount of helium would pro-
duce radiation energy density comparable to what is in the CMBR.?" Here
is an elegant unified theory of the origins of helium and the CMBR, but
it is yet another universe that we know is not ours. Like cool and cold big
bangs, it cannot account for the measured properties of the thermal CMBR
discussed in Chapter 5.

Still another alternative, which could eliminate fossil helium while leaving
us with the fossil CMBR thermal radiation, was the idea that the laws of
physics might change as the universe expands. An example of particular
interest then (and now) is that gravity, which is weak now, might have been
stronger in the past, making the early universe expand too rapidly to allow

19 Another way to put this is that Zel’dovich assumed the lepton number mentioned in footnote 15
on page 32 is positive and large enough to force the equilibrium ratio of neutrons to protons
at high density and low temperature to a value close to zero. Zel’dovich’s idea of adjusting
the cosmic lepton number can be extended to a hot big bang model; it changes the relation
between the helium abundance coming out of the big bang and the CMBR temperature. The
evidence now is that the lepton number is negligibly small (Steigman 2007).

Suppose, for example, that 25% of baryon matter density p = 10729 gcm ™3, a value often
discussed then, were burned from hydrogen to helium, with the conversion about 0.005 times
the mass in helium to radiation (depending on what fraction of the released nuclear binding
energy is lost to neutrinos, redshift, and maybe remnant black holes). Using the relation between
temperature and blackbody radiation energy density in footnote 9 on page 29, we see that this
energy is equivalent to radiation temperature 7' = 6 K. This line of thought is discussed further
on page 58 and in the contributions by Faulkner (beginning on page 251) and Burbidge and
Narlikar (beginning on page 267).
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time for any appreciable build-up of the elements. This idea was inspired by
the following consideration.

A measure of the relative strengths of the gravitational and electromag-
netic interactions is the ratio of the gravitational and electric forces of
attraction between an isolated electron and proton:

fel e?

The charges of a proton and electron are 4+e and —e, their masses are my

Jorae _ Gmemy 510, (3.12)

and me, and G is Newton’s gravitational constant. Since both forces vary in
the same way with the separation of the particles, this ratio does not depend
on the separation. Its small value — gravity is a very weak force compared to
electricity — led Dirac (1938) to ask whether the strength of the gravitational
interaction might be decreasing: maybe gravity is exceedingly weak now
because the universe is very old. Alpher (1948a) mentioned the idea, and a
consequence: if gravity were stronger in the past then the rate of expansion
of the early universe would be larger than is predicted by general relativity
theory (because stronger gravity then required a larger rate of expansion
to escape the gravitational pull). That would affect the computations of
element formation. Alpher quoted Teller’s (1948) argument against the idea:
if gravity were significantly stronger when Earth was young then the Sun
would have been significantly hotter, making early life on Earth impossible.
But beginning in the 1950s Pascual Jordan and Robert Dicke reconsidered
Teller’s argument and concluded that the observations might instead suggest
that the strength of gravity is evolving. The important consequence of this
line of thought for the purpose of our story is its effect on Dicke’s thinking
about the early universe.

Dicke felt that Dirac’s proposal is an appealing illustration of another
idea, which he, Dennis Sciama, and others termed Mach’s principle.”" Fol-
lowing earlier discussions, Ernst Mach (1883) had asked what determines
the motion of a body that is moving freely and without rotation. It seemed
unlikely to Mach that this free or inertial motion is an intrinsic world feature;
he supposed rather that inertial motion is determined by motion relative to
all the rest of the matter in the universe.?” It seemed likely to Dicke that if

21 Sciama (1959) and Dicke (1964) review their thoughts on what Mach’s principle might mean
for cosmology. These ideas still attract attention, but have not been fixed within a definite
theory. The term Mach’s principle accordingly means different things to different authors.

Mach’s arguments played an earlier role in the development of cosmology. Einstein considered
them to be one of the guides to his general relativity theory: matter is the source term in the
field equation that determines the geometry of spacetime, roughly what Mach and others had in
mind. But the theory allows a universe in which there is an island of matter in a spacetime that
is arbitrarily close to flat at arbitrarily great distance from the matter. A particle could escape
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inertial motion were determined by what all the rest of the matter around
us is doing then the same may be true of other aspects of physics, includ-
ing gravity. Perhaps the thinning of the mass distribution around us as the
universe expands causes the strength of gravity to decrease.

Jordan’s thoughts about Dirac’s proposal led him to the idea of an adjust-
ment of general relativity to a scalar-tensor gravity theory in which the
number in equation (3.12) decreases as the universe expands. The first ver-
sion of this new theory is in Jordan (1952). Jordan (1962) summarizes ideas
about possible observational consequences, largely on Earth’s evolution.
Dicke’s reading of Mach’s principle led to the exploration of the scalar-tensor
theory in Brans and Dicke (1961). Dicke was taken with the idea that, in
this theory, gravity in the very early universe could have been so strong that
the universe was expanding so rapidly”® that there was no production of
elements heavier than hydrogen. That led to the comment in the letter from
Dicke to Sciama quoted on page 199: at the time Dicke thought there is a
good case for a hot big bang that left the fossil CMBR, but no helium before
nuclear burning in stars (Dicke 1968).

The Jordan—Brans—Dicke theory is another example of an idea that fas-
cinates but fails, at least in its original intended application: we have tight
experimental limits on any possible variation of the strength of the gravi-
tational interaction or on many other conceivable departures from general
relativity theory. Interesting ideas tend to be durable, however. This the-
ory, and the idea that numbers such as the one in equation (3.12) may vary
with time, continues to figure in debates about the physics of the very early
universe.

In the 1950s and earlier it was logical to consider yet another departure
from what had become conventional ideas: perhaps our universe of galaxies
is not close to homogeneous. Perhaps the observed tendency of matter to

this island of matter, move arbitrarily far away, and yet retain its usual inertial properties.
If the particle were large enough to house an observer with a gyroscope, the observer could
determine whether the particle is spinning by referring to the motion of the gyroscope. But
spinning relative to what? Einstein (1922a,b) noted that this situation is possible within general
relativity theory, but he argued that if the universe were constructed this way “then Mach was
wholly wrong in his thought that inertia, as well as gravitation, depends upon a kind of mutual
action between bodies” (Einstein 1922a, p. 109). The problem is avoided if, as Einstein (1917)
had proposed, matter uniformly fills space — apart from local irregularities. This picture of a
homogeneous universe came to be known as the “cosmological principle.” There are isolated
island universes of matter, the galaxies. But the cosmological principle has proved to be a good
approximation to the observed large-scale mass distribution. We do not know whether Einstein
arrived at the right picture for the large-scale structure of the universe for the right reason.

If this seems counterintuitive consider, as we have remarked earlier, that stronger gravity would
more rapidly slow the rate of expansion, so the expansion rate would have had to have been
larger to allow the universe to reach its present state. A more formal argument is in the first
part of equation (G.1) increasing G when the mass density is large would make the expansion
rate a/a larger than in standard physics.
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be concentrated in galaxies, which are in turn found in groups and clusters
of galaxies, extends in a hierarchy of clusters within clusters to the largest
observable scales. Charlier’s (1922) map of the distribution of the galax-
ies shows that this clustering hierarchy picture is a better fit to what was
then known than Einstein’s homogeneous universe. An alternative, in von
Weizécker’s (1938) discussion of how the elements may have formed, is that
the universe of galaxies is bounded and expanding into empty asymptot-
ically flat spacetime. Observers tended to like these pictures because the
galaxies are distributed in a decidedly clumpy way. Thus a report by Oort
(1958) on the observational situation commences with the sentence, “One of
the most striking aspects of the universe is its inhomogeneity.” We remarked
in footnote 22 that Einstein disliked the idea, but other theorists found it
attractive: Charlier (1922, 1925) and Klein (1958) presented well-reasoned
arguments in favor of large-scale departures from a homogeneous mass dis-
tribution. These arguments are worth reading, but they are not much heard
now because the other side won by the weight of the evidence.

Oort (1958) remarked on one of the pieces of evidence: the counts of
progressively fainter galaxies increase about as expected in a homogeneous
universe. (The relation is shown in equation 3.18 on page 55). By the early
1960s the distributions of radio sources and the X-ray background radiation
were observed to be close to isotropic across the sky. Radio waves and X-rays
seem to propagate through intergalactic space without significant scattering.
That means they could only be seen to be isotropic if we were in a special
place, close to the center of the expanding cloud, which seems unreasonable,
or else if the universe were close to homogeneous.?* The network of evidence
discussed in Chapter 5 shows that on the scale of the Hubble length mass
density fluctuations amount only to a few parts in one hundred thousand.
Einstein’s picture of a reasonable universe, one that is close to homogeneous,
was right.

These are examples of how elegant ideas may lead us astray or to aspects
of reality. Let us consider next an arguably questionable idea that led to a
decidedly interesting part of reality.

3.3 Thermal radiation from a bouncing universe

A big step toward sorting out all these ideas was the discovery of a fossil:
the sea of microwave radiation that smoothly fills space. The chain of ideas
and events that brought this radiation to the attention of the community
includes the thought that our expanding universe might have bounced from

24 The argument is given in more detail in Peebles 1971, p. 40.
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a previous collapse. As we will discuss, the bounce might be expected to
have filled space with thermal radiation.

The notion of a bouncing or oscillating universe certainly was not ignored.
Lemaitre (1933) had expressed the feeling that, from a purely aesthetic
point of view, a universe that successively expands and contracts to exceed-
ingly small size has “un charme poétique incontestable et faisaient penser
au phénix de la légende.” De Sitter (1933) was not so positive: “Person-
ally T have, like Eddington, a strong dislike to a periodic universe, but
that is a purely personal idiosyncrasy...” But he noted that a collapsing
universe is unstable against the growth of departures from homogeneity,
meaning different regions arrive at high density at different times. In a patch
that does not become too dense most stars may avoid collisions; they may
instead pass each other and move apart to join the new general expan-
sion. Alpher, Bethe and Gamow (1948) suggested consideration of a bounce
resulting from the net angular momentum of the universe. Wheeler (1958)
put it that the bounce in an oscillating universe might be compared to “a
glove which is turning itself inside out one finger at a time.” Hoyle and
Narlikar (1966) considered another variant: perhaps the universe is in a
steady state overall, but “pockets of creation” set a part of the universe
into a local oscillation. But the important notion for our purpose is Tol-
man’s (1934) remark that a bounce could produce entropy, largely in the
form of a sea of thermal radiation. Weinberg (1962) found a related result:
neutrino emission and absorption in an oscillating universe would drive the
distributions of low energy — and massless — neutrinos and antineutrinos
to the form characteristic of thermal equilibrium. And at roughly the same
time Robert Dicke (in an unpublished discussion that is described more
completely in the essays in Chapter 4) made Tolman’s picture of the produc-
tion of thermal electromagnetic radiation during a bounce more tangible, as
follows.

Dicke noted that the nuclear burning of four protons — the nuclei of hydro-
gen atoms — to form the nucleus of one helium atom in a star releases
enough energy to produce roughly a million starlight photons. The burning
of helium to heavier elements produces still more starlight photons. These
starlight photons are shifted toward the red as the universe expands. If the
expansion eventually stopped and the universe collapsed back to high den-
sity then during the collapse the starlight photons would be shifted toward
the blue, to greater energy. If the blueshift were large enough then just a few
blueshifted starlight photons would have enough energy to break apart each
heavy atom, reducing it to protons. These protons would serve as fuel for
nuclear burning in new generations of stars in the next cycle of expansion
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and collapse. The rest of the starlight photons would be thermalized, that is,
turned into what we observe as the CMBR.?> A few hundred bounces could
make the observed energy density in thermal radiation out of starlight in
a universe like ours, if the bounces conserved the numbers of baryons and
photons.

Dicke had hopefully put aside, as a possibly minor nuisance, the devel-
oping evidence that general relativity is an incomplete theory of spacetime
going forward in time to relativistic collapse to a black hole, and maybe
incomplete also going backward in time to the big bang. Ellis (p. 379) recalls
the gathering storms of the relativistic singularity theorems. The problem
is still with us: general relativity cannot give a complete description of the
arbitrarily remote past of our universe. But the general idea of a bouncing or
quasiperiodic universe continued to attract interest (Steinhardt and Turok
2007). And it proved to be interesting enough in the 1960s that Dicke was
able to persuade two members of his Gravity Research Group, Peter Roll
and David Wilkinson, to build an instrument capable of detecting a sea of
thermal microwave radiation.

News of the Roll-Wilkinson experiment reached Arno Penzias and Robert
Wilson at the Bell Telephone Laboratories in Holmdel, near Princeton
University. Hogg (p. 70) and Penzias and Wilson (pp. 144-176) recall the
communications experiments that led to the detection of more microwave
radiation than could be accounted for from known sources in and around
their instruments. The essays in Chapter 4 recall how the news came to the
attention of astronomers who saw that the radiation could account for
the curious behavior of cyanogen molecules in the gas between the stars.
The astronomers’ puzzle and its resolution is our next topic.

3.4 Interstellar molecules and the sea of microwave radiation

We come now to methods of detecting the sea of microwave radiation, the
CMBR, and we begin with interstellar molecules that serve as “thermome-
ters.” This provided a measure of the temperature of the radiation some two
dozen years before its presence was recognized.

25 Tn the language of thermal physics, Tolman (1931) had shown that the homogeneous and
isotropic expansion of a universe filled with free thermal radiation is a reversible process: it
conserves entropy. Tolman remarked that a bounce might be violent enough to be irreversible,
producing entropy. Dicke gave an explicit example. Tolman’s result follows in a free gas of
particles with energy proportional to a power of momentum, as in photons or nonrelativistic
particles, though the cooling rates as the universe expands are different. A rapid transition
from a relativistic to nonrelativistic gas is irreversible. Yakubov (1964) computed the resulting
entropy production in Zel’dovich’s cold big bang model.
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The function of a species of interstellar molecule as a thermometer follows
from some results from quantum physics. The energy of an isolated object
such as an atom or molecule has discrete — quantized — allowed values: it
has a ground level with energy Fjy, a first excited level with energy Fi, a
second level at Fo, and so on. The energy levels of an object as large as a
person would be fantastically closely spaced if we were able to truly isolate
someone, but it can’t be done: we interact — exchange energy — too strongly
with our environment. The effect of the quantization of energy is clear and
distinct on the much smaller scale of atoms and molecules, however.

In a dilute gas of molecules bathed in blackbody radiation at temperature
T, absorption and emission of the thermal radiation causes the ratio of
numbers of molecules in the first excited energy level and the ground level
to relax to the value given by the equation

M~ (B1-Eo)/kT (3.13)

no
This has the same form as equation (3.10) for the thermal equilibrium ratio
of numbers of neutrons to protons in the early universe, but here applied at
much lower energies and temperatures and much later in the history of the
expanding universe. Because the energy levels might be labeled by the spin
angular momentum quantum number, this expression is said to give the spin
temperature corresponding to a measured ratio ny /ng.%%

The ratio nj/ng for a species of molecules in interstellar space can be
measured by comparing the strength of absorption of light from a back-
ground star by the molecules in the two energy levels. Starlight photons
may be absorbed by a molecule in its ground level, with energy Ejy, leav-
ing the molecule in some highly excited level, with energy FE,. The photon
has to supply the energy difference, F, — Fy. From Planck’s condition
E = hv we see that this absorption produces an absorption line at fre-
quency v, = (Ey — Ep)/h in the spectrum of light from the star. A starlight
photon with the lower frequency v, = (E, — E1)/h can be absorbed by a
molecule in the first excited level, E1, which again leaves the molecule at
energy F,. This produces a second absorption line, at frequency vp. The
ratio of the amount of absorption at the two frequencies is a measure of the
value of ny /ng. Since the energy difference Ej — Ey is known, equation (3.13)
gives us a temperature. Thus, we have a thermometer.

There is the problem that the spin temperature measured by the ratio
n1/ng is determined not only by the effective temperature of electromagnetic

26 Tt is conventional to use this spin temperature as a measure of the ratio n1/ng even when the
ratio is determined by energy exchanges that are not at all close to thermal equilibrium.
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radiation bathing the molecules, but also by the interstellar particles that
are colliding with the molecules we are studying and knocking them from
one energy level to another. In effect the molecules are coupled to two heat
reservoirs, radiation and interstellar particles, at different temperatures.
The molecule cyanogen (CN, a carbon atom bound to a nitrogen atom)
in interstellar space has two useful properties. First, it recovers quickly from
collisions with particles. That means interstellar particles have relatively lit-
tle effect on mj/ng: this thermometer is more sensitive to the temperature
of the radiation than to the temperature of the interstellar matter. Sec-
ond, the CN energy levels are well spaced for the measurement of radiation
temperatures near that of the CMBR. The energy difference F; — Ey for
CN corresponds to the microwave wavelength 2.6 mm, which you can see is
close to the peak of the spectrum in Figure 2.2. The spin temperature of
interstellar CN thus provides a very convenient thermometer for the CMBR.

McKellar (1941) used equation (3.13) to translate observations of absorp-
tion of starlight by interstellar CN molecules in the two lowest levels to the
spin temperature:

T ~23 K. (3.14)

With hindsight, the inference we would draw is that interstellar CN
molecules are bathed in radiation at about this temperature. But that was
not suggested by McKellar or by Adams (1941), who made the measure-
ments. Herzberg (1950) comments that this temperature “has of course only
a very restricted meaning.” The restriction he had in mind likely is that,
as we have said, the excited levels of CN might be populated by particle
collisions rather than radiation.

Astronomers are accustomed to dealing with complex situations that
require them to remember and evaluate the possible significance of many
curious things. In the early 1960s some knew that the observed excitation
of CN by interstellar particles would require a curiously large collision rate.
And after the proposed identification of the CMBR astronomers were quick
to remember McKellar’s spin temperature and recognize its possible rela-
tion to the hot big bang cosmology. How that happened is one of the threads
running through the essays.

3.5 Direct detection of the microwave radiation

A direct detection of the CMBR uses a receiver that operates at some range
of frequencies and an antenna that defines a beam, that is, the range of
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Fig. 3.2. A Dicke microwave radiometer. From the left E. Beringer, R. Kyhl, A.
Vance, and R. Dicke. Dicke is holding in front of the horn antenna a “shaggy dog,”
a good approximation to a source of blackbody radiation at room temperature.
(From Five Years at the Radiation Laboratory, MIT, 1946.)

directions in the sky from which the radiation is received. The first two”’

direct detections, in experiments at the Bell Telephone Laboratories and
then at Princeton University, had a feature in common: both used antennas
shaped like a horn or funnel. A waveguide at the small end of the horn leads
to a detector. The early example in Figure 3.2 shows the horn in the Dicke
radiometer described by Dicke et al. (1946). A horn antenna can suppress
radiation coming from directions well away from the main beam. That is
important because the ground is a strong source of microwave radiation,
and the system must be well shielded from this unwanted ground noise.?”
Hogg describes two horns used in the Bell communications experiments that
detected the CMBR;; these horns appear in Figures 4.1 and 4.2. Figures 4.22
and 4.23 shows the Princeton horn. The sizes are very different, but that
is not important because the received energy flux from an isotropic sea of
radiation does not depend on the horn size.?”

27 Other histories of this subject mention earlier experiments that may have detected the CMBR.
We note on page 63 that we have not been able to substantiate any.

Since the properties of horn antennas are important for the study of the CMBR we add here
a few details. An example of the suppression of unwanted radiation incident from directions
well away from the main beam of the horn is shown in Figure 4.13. The horns in Figure 3.2
and in the subsequent detections of the CMBR by the Bell Laboratories and Princeton groups
have rectangular collecting areas. A reflector at the end of the Bell Labs horn brings radiation
to a horizontal waveguide from a beam that may be swung across the sky. In communications
applications using this Bel Labs design the waveguide is vertical and the beam horizontal.
Burke (p. 179) compares this design to a scoop. Modern horns for measurements of the CMBR
tend to have circular cross sections, as in a funnel.

The solid angle of the antenna beam — the angular area in the sky from which radiation is
directed to the detector — is inversely proportional to the collecting area of the antenna. The
product of the solid angle and the collecting area determines the rate of collection of radiation
energy from a source that is broader than the solid angle. This product is independent of

28

29



46 Origins of the cosmology of the 1960s

Unwanted radiation — noise — also originates in the receiver. The Bell Lab-
oratories experiments used low-noise solid-state maser amplifiers developed
there for the purpose of communication. The Princeton experiment used a
detector with much larger noise, and they used a technique Robert Dicke pio-
neered to deal with it: rapidly switch the receiver between the antenna and
a reference “load” that produces thermal radiation at a known temperature.
The difference of the detector response subtracts the radiation originating
in the detector and amplifier. The time average beats down the fluctuations
in the difference. The Dicke radiometer thus yields a measurement of the
difference Ty — 1] between the wanted sky temperature 7Ty and the known
load temperature 1.

The low noise of the Bell Laboratories’ receivers allowed the engineers to
make useful estimates of the noise originating in the maser amplifier and
add it to estimates of the noise from all other known sources of radiation:
the atmosphere, the ground, the antenna, and the waveguide leading from
the antenna to the amplifier. That sum could be compared to what was
detected. A persistent discrepancy between what was detected and expected
led Penzias and Wilson to take the final step: use a cold reference load to
check the amount of radiation originating in the system (that adds to what
is incident on the antenna). The results forced them to conclude that there is
a source of radiation outside the system that they could not identify. Hogg,
Penzias, and Wilson recall these events in the next chapter.

As this was happening Roll and Wilkinson, just 30 miles away in Prince-
ton, were building an instrument to search for a possible sea of microwave
radiation. They recall in the next chapter that Dicke had proposed this
project to test the idea of a hot big bang; we reviewed his thoughts in Sec-
tion 3.3. Roll and Wilkinson also used a cold load. The difference was that
their instrument rapidly switched between sky and cold load, so as to com-
pensate for the drifting level of the relatively large noise originating in the
detector. Penzias and Wilson needed only to switch occasionally because
their system noise was much lower.

Dicke had invented the instrument Roll and Wilkinson were building, a
Dicke radiometer, as part of war research at the Radiation Laboratory at the

the horn size. The small horn in Figure 3.2 has poor angular resolution: Figure 3.3 shows the
broad response of this radiometer to the relatively narrow warm objects. A larger collecting
area gives better angular resolution, that is, sensitivity to compact sources. Figure 4.9 shows
a dish reflector antenna, where incident radio or microwave radiation is directed by one or
more reflecting surfaces — as in a dish — to a much smaller feed horn antenna leading to the
detector. The size of a primary reflector can be made larger than the size of a horn, improving
angular resolution. But that sometimes comes at the expense of poorer rejection of radiation
incident from directions well away from the source, including ground noise, which can be a
serious problem for observations of the CMBR.
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Massachusetts Institute of Technology. An early application was the mea-
surement of the emission — and hence absorption — of microwave radiation
by the atmosphere, which at the time limited the push to develop radar at
shorter wavelengths for better resolution.?’

Figure 3.3 is Dicke’s illustration®' of the sensitivity of his radiometer. In
this example, the reference load was at room temperature, and the switching
was done by a wheel that swung the load into and out of the waveguide con-
necting the detector and the antenna. Later measurements used electronic
switching and loads with temperatures that are colder and more closely
matched to the CMBR temperature. A Dicke radiometer “sees” thermal
microwave radiation wherever the horn is pointed, whether at the ground,
or people, or the atmosphere. The strip-chart recording in Figure 3.3 shows
the variation in the response when the antenna was pointed at the sky and
at chimneys that were in use and so slightly warmer than their surroundings.

The top line in Figure 3.3, measured with the antenna scanning at an
angle of 75° from the zenith, indicates a more or less uniform temperature
of about 125 K. Variations in the temperature from one part of the sky to
the other are small, less than about 10 K. This means the instrument used
at MIT was capable of detecting temperatures as small as 10 K. Note also
that the temperature measured well away from hot chimneys increases as
the angle from the zenith is increased from 75° to 90°. Some of the increase
in detected temperature at the larger zenith angle is the result of larger
microwave emission by the Earth’s atmosphere. This effect is the basis for
a measurement of the radiation emitted by the atmosphere, as follows.

When the instrument is aimed closer to the horizon, it looks through
a longer path through the atmosphere. The longer path length means the
atmosphere produces more radiation along the line of sight.*? By measur-
ing how the temperature of the received radiation varies with the angular
distance from the zenith, or with distance through the atmosphere, one
30 Since microwave emission from the atmosphere is another important part of the story it is
worth remarking here that if material at a nonzero temperature absorbs radiation then it
also emits radiation. It is the balance of absorption and emission that produces blackbody
radiation. Atmospheric absorption of radiation means that ground-based measurements of the
microwave background have to deal with radiation produced by the atmosphere. Wilson, on
page 163, and Wilkinson, on page 203, emphasize another point to bear in mind. The standard
technique used by radio astronomers to measure the radiation received from an object outside
the atmosphere is to compare the energy flux received when the detector beam is on the source
to the flux received when the beam is directed to a point in the sky slightly off the source. The
subtraction eliminates a good deal of the noise from the atmosphere as well as from the ground
and detector. But this technique does not work for observations of the temperature of CMBR
because it is uniformly distributed across the sky.

The data were taken by Dicke in the summer of 1945. A redrawn version of this figure is in
Lawson and Uhlenbeck (1950).

In the approximation of the atmosphere as a plane-parallel slab of emitting material the
detected atmospheric emission varies with the secant of the zenith angle.
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Fig. 3.3. Illustration of the ability of a Dicke radiometer to detect thermal radia-
tion. Below is a sketch of the skyline of Cambridge in 1945, seen from the roof of
Temporary Building 20 on the MIT campus. Above is a strip-chart recording of the
response of the radiometer to objects at different temperatures. Warmer objects
are recorded as deflections down on the chart, to higher temperature. The metallic
dome at F is cool because it reflects the beam from the cooler sky.

can extrapolate to what would be detected in the limit where the distance
through the atmosphere vanishes — where there is no atmospheric emis-
sion. This would be the observed temperature of space beyond the Earth’s
atmosphere.>?

Dicke et al. (1946) used this “tipping experiment” method to establish
that “there is very little (<20°K) radiation from cosmic matter” at the

33 We should add that some of the variation in measured temperature shown in Figure 3.3 results
from what radio astronomers term “side-lobe pickup.” An antenna does not produce a sharply
defined beam on the sky. Rather, there are subsidiary diffraction maxima, known as “side
lobes,” that allow radiation to leak into the receiver from substantial angles away from the
direction of the main beam. As the zenith angle increases, these side lobes pick up more and
more radiation from ground that is at a temperature of about 300 K. Side-lobe pickup bedeviled
early attempts to detect the small variations in the CMBR, temperature across the sky produced
by the lumpy mass distribution.



3.5 Direct detection of the microwave radiation 49

microwave wavelength (near 1cm) they measured. Ironically, this paper
appears in the same volume of the journal Physical Review as Gamow’s
1946 letter on element formation in the early stages of expansion of a big
bang cosmology. Gamow was not yet discussing a hot big bang, however —
the first publication on that subject was in 1948 — so it is not surprising that
neither paper made reference to the possible significance of the other. The
bound Dicke and colleagues placed on how hot space might be is well above
what would be expected in the cool big bang situation Hayashi and Nishida
(1956) later analyzed. It is not far from the situation Gamow (1948a) pro-
posed and Alpher and Herman (1948) calculated, however. And it is not far
from what was later found to be temperature of the fossil radiation from the
big bang, Tp = 2.725 K. But the connection between what Dicke’s radiome-
ter can measure and what might be expected from a hot big bang was not
noticed for another two decades.

In the course of research on other subjects in the 1950s and early 1960s
measurements equivalent to the Dicke et al. (1946) tipping experiment were
repeated, and the CMBR eventually detected and recognized. Detection
happened first as a byproduct of research at Bell Telephone Laboratories on
the development of low-noise maser amplifiers for communication systems
(De Grasse et al. 1959; Ohm 1961; Jakes 1963).

Figure 3.4 shows a particularly detailed tipping measurement from this
communications program. These data are from Project Echo, which demon-
strated communication by microwave signals sent from the ground and
reflected back to the ground by a satellite (a large balloon with a con-
ducting surface). The paper on this measurement (Ohm 1961) presents the
following numbers. When the Echo receiver was pointed to the zenith it
detected microwave radiation equivalent to blackbody radiation at temper-
ature Tiystem = 22.2 £ 2.2K at 2390MHz (12.6-cm wavelength). When
the instrument was tipped away from the zenith the system tempera-
ture increased because it was looking through more atmosphere. From
that variation Ohm could estimate that the atmosphere contributed the
equivalent of Tty = 2.3 £ 0.2K in the direction of the zenith. This plus
estimates of the radiation originating in the instrument and that entering
the horn antenna from the ground was, in this experiment, estimated to
total Tiocal = 18.9 £ 3.0 K. The difference,

Texcess = Lsystem — Tlocal =3.3+3.7 Ka (315)

is a measure of what might be entering the atmosphere from cosmic sources.
This is a considerable improvement over the Dicke et al. (1946) measure-
ment, Texcess < 20 K. The measured value in equation (3.15) is consistent



50 Origins of the cosmology of the 1960s
150 : , , ; ,
Measured sky |
temperature P
100 (W. W. Snell)
N [— [
80 ‘ =T Theoretical |-
- A sky
60 temperature —
C (D.C.Hogg) |-
S0 Measured | o~ /
c 40 system = v
= o temperature L— /
Q
30 —
E (maser) 7‘%{ /
e /]
I pe
@ 20
= / Frequency = 2390 mc
515 / night of feb. 16, 1961 |
3 r antenna beamwidth =
[ 1.25degrees
g10
£ - //
28 Theoretical 7
eoretica
6 sky /
- temperature
: |
4 /
L ! / Measured sky
3 . . il temperature
2 M 1 1 1 1 1 1 1 1 1 1
90 70 50 40 30 20 10 8 6 5 4 3 2 10 08 06 04 02 0 -02
(Zenith) Elevation angle in degrees (Horizon)

Fig. 3.4. A tipping measurement (Ohm 1961). The top curve shows the sum of
the microwave radiation flux from the detector, ground, atmosphere, and whatever
comes in from above the atmosphere. The lower curve is the result of subtracting
estimates of what came from the instrument and ground. Reprinted with permission
of Lucent Technologies/Bell Labs.

with the Alpher and Herman (1948) estimate of the Gamow condition (in
equation 3.7), within the uncertainties. It is also close to the CMBR tem-
perature (equation 2.6). But it is also formally consistent with zero. Hogg
(p. 72) describes the situation in more detail.

The measurement was repeated in the Telstar Project that demonstrated
transmission of a television signal from the ground to a satellite that rera-
diated the signal back down to the ground. Jakes (1963) reported that (at
7.2-cm wavelength) “The over-all system noise temperature was measured
to be somewhat less than 17°K pointing at the zenith, which included about
4.5°K for waveguide losses, 2.5°K sky noise, 2.5°K for antenna side lobes
and heat losses and 5°K for the maser.” The sum and difference — which
Jakes does not state — amounts to

Texcess = system — j—iocal =25K. (316)
This is close to the central value of the range of estimates of Tiycess from
Project Echo, and again close to the CMBR temperature.
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The consistency of central values of Texcess from the Echo and Telstar sys-
tems did not force attention to the idea that there might be a detectable
sea of extraterrestrial microwave radiation: a reader of these papers could
imagine that local sources of radiation had been slightly underestimated.
That might be what Ohm (1961) had in mind in writing that “the ‘+’
temperature possibilities of Table I1” listing local noise contributions “must
predominate.” We know in hindsight that there was no need to assume the
system temperatures in the Echo and Telstar systems were systematically
underestimated, and that the contribution of radiation entering the horn
antenna from the ground likely is an overestimate. All this became clear
later in the 1960s when Penzias and Wilson added a low-temperature cal-
ibrator to the Telstar system, for the purpose we mentioned on page 46
and they explain in Chapter 4. That made the difference Tiycess between
what was detected and what was expected from the instrument, ground and
atmosphere a clear and pressing issue for them. It then became a pressing
issue for the cosmology community.

The next chapter presents recollections of Dicke’s reaction to this issue
that are consistent with the idea that when he asked Roll and Wilkinson
to look for the CMBR he did not know the Bell experiments suggested
excess noise. We have no evidence whether he was even aware of these com-
munications experiments. But memories are complicated: Dicke’s younger
colleagues recall having to remind him that in 1946 he had published a
measurement that placed a limit of 20 K on the CMBR temperature.

The broader reaction in the science community to this issue of excess noise
was conditioned by the state of research in cosmology in the early 1960s.
We consider this next.

3.6 Cosmology in the early 1960s

The book Cosmology by Hermann Bondi (in two editions, Bondi 1952 and
1960a) gives a good picture of research in this subject at the time they
were written. Bondi reported the vigorous debate on the relative merits
of the steady state and relativistic big bang cosmologies, and he assessed
the state of observational tests of these and the other ideas then under
discussion about the large-scale nature of the universe. He also painted a
vivid picture of the role of the philosophies that explicitly or implicitly
inform our approaches to theory and observation.

Bondi surveyed a broad range of fundamental issues about the basis for
physical cosmology. Is the universe really close to homogeneous in the large-
scale average? Though astronomers were not talking much about it, they
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knew that the nearby galaxies are distributed in a decidedly clumpy fash-
ion. Are the redshifts of the galaxies really due to the expansion of the
universe, as opposed to a “tired light” effect? Perhaps, as Zwicky (1929)
had remarked, light tends to shift toward longer wavelength as it moves
across the immense distances between the galaxies. If the redshift is in fact
an effect of expansion, how do we know the universe is evolving, as opposed
to the idea that continual creation of matter is keeping it in a steady state? If
the universe is evolving were the laws of microscopic physics really the same
now and in the remote past, when the universe is supposed to have been so
very different? In particular, is gravity now and in the past well described by
general relativity theory? If the relativistic cosmological model were a good
approximation, what would be reasonable values for its parameters? Does it
make sense to allow a possible role for Einstein’s cosmological constant, A
(with the property illustrated in Figure 2.1)? Einstein and de Sitter (1932)
noted that a realistic model for a homogeneous universe requires the mass
density term in equation (G.1), but the observations then did not require
nonzero values for either of the other two unknowns, the space curvature and
cosmological constant terms. The Einstein—de Sitter model makes the sim-
plifying assumption that we keep just the one term we know is required.
Einstein’s feeling about the A term appears in the second edition of The
Meaning of Relativity (Einstein 1945, p. 111), where he added the comment
that the cosmological constant is “a complication of the theory, which seri-
ously reduces its logical simplicity.” In the chapter added to the second
edition of his book Bondi (1960a) took note of the “outstanding simplicity”
of the Einstein—de Sitter case. But in this case, and other high mass density
solutions, the universe expanded from a state of enormously large density,
as in Lemaitre’s primeval atom. What would the universe have been doing
before that? Might we suppose the present expansion followed a bounce that
terminated an earlier collapsing state? And if our universe is evolving how
might it end, in a big freeze, as in the Kinstein—de Sitter case, or a big
crunch, as in higher density cases??*

This is a sobering list of issues,?” but it certainly does not mean that the
cosmology Bondi described was an empty science. People were assembling
observational evidence, in part out of simple curiosity, in part driven by the
goal of testing theoretical ideas, and the observations were in turn driving
theoretical developments. We consider first lines of research that were largely

34 Bondi (1952, 1960a) does not use the terms “big freeze” and “big crunch,” and avoids also
“primeval atom” and “big bang.” In Gamow (1952) the phrase for the latter is the “big squeeze.”

35 A review of the current and accepted answers to most of these questions might commence with
the discussion in Chapter 5 of this book.
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inspired by the steady state concept, and then the state of ideas about fossils
from a big bang.

3.6.1 The steady state cosmology and the cosmological tests

The steady state cosmology had a positive effect on research in cosmology
in the 1950s and early 1960s by stimulating work on observational tests
(many aimed at disproving the theory). It may have had the negative effect
of distracting attention from other issues; one sees in the next chapter that
the significance of measurements of the microwave background radiation was
first recognized in Zel’dovich’s group in the Soviet Union, where the steady
state picture received little attention. But the picture was heavily influential
elsewhere for reasons that merit our attention.

We noted the main ideas of the steady state cosmology on page 15: the
universe is in a steady state of expansion, and continual creation of matter
provides the material for the formation of young galaxies that fill the spaces
between the older ones as they move apart, keeping the mean number den-
sity of galaxies constant.?® This model was particularly well suited to the
state of research in cosmology in the 1950s because it makes definite pre-
dictions that one might design observational programs to test. An example
is the comparison of appearances of nearby galaxies with those observed
at great distance. Distant galaxies are observed as they were in the past,
because of the light travel time. In the big bang model distant galaxies,
being younger, may be expected to look different from their nearby counter-
parts. In the steady state model distant and nearby galaxies are the same
mix of young and old. That led Bondi (1960b) to state that if distant galax-
ies were observed to be systematically different from those observed nearby
then “the steady-state theory is stone dead.”

Here was an interesting opportunity: compare the appearances of nearby
and distant galaxies, and perhaps find a critical test of ideas about the nature
36 The model assumes homogeneity, isotropy, and a metric theory of spacetime. This means space-

time can be represented by the Robertson—Walker line element in equation (G.4) on page 526.

Since the Hubble parameter a/a = H has to be constant in a universe in a steady state the

expansion parameter has to scale as a o ef*. The physical curvature of a space section at fixed

world time is (aR) ™2, and to make that constant we require R~2 = 0. The line element thus
is fixed up to one locally measurable constant, H, to

ds? = dt? — 2H(da? + dy? + dz?). (3.17)

This happens to be one of the solutions de Sitter (1917) found (in a different coordinate labeling)
for a universe that is empty except for Einstein’s cosmological constant A, though there is no
A in the steady state model. Equation (3.17) also is close to the situation in the present-day
universe because the mass density is low and space curvature is small. In the limit of negligibly
small mass density (where A in equation 2.5 is dominant) H? = A/3. Equation (3.17) also
applies to the inflation scenario for the very early universe, but with a much larger value of H.
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of our universe. There are apparently young galaxies nearby. Hoyle and
Narlikar (1962) took that as an argument for the steady state picture, with
ongoing creation of galaxies. Gamow (1954), on the other hand, made the
now generally accepted point that the colors of most nearby galaxies are
much the same, consistent with a close to uniform age of most of the stars
in most of the present-day galaxies, and inconsistent with the broad mix of
ages of galaxies in the steady state picture.

Another aspect of the age issue is that in a big bang cosmology the universe
has expanded from densities and temperatures so large that stars could not
have existed. That means the oldest stars have to be younger than the time
taken for the universe to expand from high density to its present state. We
noted on page 15 that this expansion time might naturally be expected to
be about equal to the Hubble time, H; ! where Hj is Hubble’s constant
(defined in equation 2.1).*7 In the 1930s errors in estimates of distances to
galaxies led to an underestimate of Hj ! by a factor of about 8. That made
it awkward to reconcile a big bang age of the universe with the radioactive
decay ages of mineral deposits on Earth and in meteorites.?® In the steady
state cosmology there are galaxies of all ages, but that does not help much
because the mean age of a galaxy is just one-third of H L (It is an interesting
exercise to show this, following the discussion in footnote 36.) As Gamow
remarked, it is awkward to argue that the Milky Way is older than H; L
as would be required to reconcile radioactive decay ages of minerals with
the short Hubble time, because this galaxy looks like other nearby spirals,
not much older. By 1960 the major errors in the galaxy distance scale had
been identified, and Sandage (1958) had arrived at a larger value for H; !
(close to what was later established by the methods in Chapter 5 and the
Appendix). In the second edition of Cosmology, Bondi (1960a) greeted this
with the comment “it is not easy to appreciate now the extent to which
for more than fifteen years all work in cosmology was affected and indeed
oppressed by the short value” of the Hubble time H L

Sandage (1961) concluded that with the new value of H ! the big bang
cosmology could be older than the oldest stars, but that the fit is tight
and might require the postulate of a positive cosmological constant A (as

37 Tn an expanding model universe with A = 0 and negligibly small mass density the time ¢y since
the big bang is equal to the Hubble time H(;l. If A = 0 a significant mass density slows the
expansion, making to less than HO_I. In the Einstein—de Sitter model tg = 2H0_1/3. A positive
A acts in the opposite way, increasing to. In the cosmology established by the beginning of the
21st century the effects of mass density and A about cancel, making tg ~ HO_I.

38 Hubble’s (1936) distance estimates indicated Hy ' = 1.8 billion years. Patterson’s (1955) mea-
surements of the decay of uranium to lead isotopes showed that Earth and the asteroids are
about 4.5 billion years old.
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discussed in footnote 37). Sandage anticipated what happened: the evidence
collected in Chapter 5 convincingly shows the effect of a positive A. But
the central point in the 1960s was that observations of distant galaxies and
the measurements of isotope abundances accumulated by radioactive decay
in minerals in the Solar System yield similar ages. The coincidence from
such very different observations encouraged at least some to think that there
might be something to this expanding universe concept. A set of coincidences
of this sort from a considerable variety of measurements is presented in the
summary of cosmological tests in Section 5.4.

Another influential — and controversial — opportunity to challenge the
steady state cosmology was based on the counts of galaxies detected by
radio telescopes. Some galaxies are very strong sources of radio radiation, so
they can be seen at great distances, where the properties of spacetime can
affect what is observed.

Consider first a simple case: suppose the universe is not expanding, has
the flat geometry of Euclid, and contains a uniform spatial distribution of
galaxies that are not evolving. Then the count, N(>S), of galaxies that
appear brighter than S (that is, S is the rate of arrival of radiation energy
from the source per unit collecting area of the telescope) varies with S as®’

N(>8) o §73/2. (3.18)

This was a familiar and important relation. Hubble (1936) had shown that
counts of galaxies as a function of their optical brightness S fairly closely
follow this relation. Since the relation assumes a uniform distribution Hub-
ble’s counts encouraged the assumption that the distribution of galaxies is
close to homogeneous.

By the mid-1950s it was becoming clear that some galaxies are sources
of radio radiation strong enough to be detectable by radio telescopes. Ryle
(1955) presented the early estimate in Figure 3.5 of how the counts of these
objects vary with their radio brightness. The data in this early study indi-
cated that the counts increase with decreasing brightness S more rapidly
than in equation (3.18). In a big bang cosmology this need not be a prob-
lem. Since distant sources are seen as they were in the past, because of the
light travel time, one may account for the large number of faint sources by
39 In static flat space the energy flux density from a galaxy with luminosity L at distance r is

S = L/(47r?). The volume within this distance r is V = 4773 /3. If all galaxies had the same

luminosity, and their number density were n, the number of galaxies brighter than S would be

N =nV = 4mnr3/3 o< 13 o« S73/2 which is equation (3.18). Different galaxies have different

luminosities. To take that into account separate the galaxies into luminosity classes. The law

N o S73/2 applies to each class, so it applies to the sum over all galaxies. The expansion of

the universe, spacetime curvature, and galaxy evolution all change this relation when S is small
enough (7 is large enough).
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Fig. 3.5. The count N of radio sources brighter than S (marked I in this figure)
in 1955. The dashed line is the relation in equation (3.18) (Ryle 1955). The excess
counts between log I = 0.2 and 0.8 were the subject of considerable debate.

supposing that in the past many more of the younger galaxies were strong
sources of radio radiation. In contrast, in the steady state cosmology the
number density of radio sources has always been the same. Here the depar-
ture from the assumption of a static Euclidean universe causes the counts
N(>S) to increase with decreasing S less rapidly than in equation (3.18).
That is opposite to what was observed.

Ryle’s (1955) paper was greeted with great interest and controversy: do
radio source counts seriously challenge the steady state cosmology? Bondi’s
(1960a) comment in his second edition of Cosmology is limited to the state-
ment that “Further work on this promising field may be decisive.” For a
succinct and authoritative historical account of this debate, see Longair
(2006, p. 326). The influence of the issue on community thinking about cos-
mology is seen in the next chapter in comments by Burke (p. 178), Longair
(p- 239), Rees (p. 263), Burbidge (p. 269), Narlikar (p. 272), and Shakeshaft
(p- 290).
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An important change in the situation in the mid-1960s was the discovery
of quasars, some of which are detected as radio sources (hence an early name,
quasi-stellar radio sources). It was soon seen that quasars are considerably
more abundant at redshifts z > 0.5 than at low redshifts. The interpretation
proposed then, and later well checked, is that quasars were more abundant
in the past (Longair 1966; Sciama and Rees 1966). The use of Hubble’s law
(equation 2.1) to convert quasar redshifts to distances certainly could be
questioned (Terrell 1964; Hoyle 1965; Hoyle and Burbidge 1966), but that
has since been checked in a fairly direct way. When a quasar appears in
the sky close to a galaxy at lower redshift it is observed that the gas in
the galaxy produces absorption lines in the quasar spectrum. The quasar
clearly is behind the galaxy, not in front of it. And that agrees with the
conventional idea that larger redshift means larger distance. Cosmic evolu-
tion was a controversial issue in 1960. Now the measured low abundance of
present-day quasars is a clear example of the effect.

A line of research in the early 1960s that foreshadowed another important
advance was stimulated by Sandage’s (1961) survey of how the large collect-
ing area of the 200-inch Hale telescope might be used to test cosmological
models. Sandage considered counts of galaxies as a function of brightness in
visible light, an optical analog of Figure 3.5. But he concluded that with the
technology and astronomy at hand the best way to distinguish between the
steady state model and the family of big bang models was to measure
the relation between brightness and redshift of the most luminous galaxies,
all of which have close to the same intrinsic luminosity. This has come to
be termed the “redshift-magnitude” relation (after the astronomers’ mea-
sure of how bright an object appears in the sky, the apparent magnitude).
Equation (2.1) determines the redshift-magnitude relation at low redshifts.
Sandage was interested in what happens when the redshift is large, meaning
the apparent recession velocity is comparable to the velocity of light.

The steady state cosmology predicts a specific redshift—magnitude rela-
tion. As we have remarked, that had the virtue of giving the observers
something definite to aim for. The big bang model is much less predictive. It
has free parameters, such as space curvature and Einstein’s A, and it predicts
that the galaxies observed at great distances are younger and so maybe sys-
tematically different from nearby ones. Sandage limited his proposed goal to
the use of the redshift—-magnitude relation to distinguish between big bang
models and the specific steady state prediction. He cautioned that even this
limited test will be “difficult and perhaps marginal.” But it is worth noting
that observations then reached to a galaxy at redshift z = 0.46, meaning the
universe has expanded by the factor 1.46 since the light we receive left the
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galaxy (as expressed in equation 2.3). This is an impressively deep probe
out in space and back in time.*’

3.6.2 Light elements from the big bang

We have already discussed aspects of yet another topic of research in the
early 1960s, the ongoing debate on the origin of the chemical elements. In the
steady state cosmology matter is continually created. But Bondi opined that
creation of matter with the observed relative abundances of the chemical
elements and their isotopes would be bizarre. This led him to conclude that
a demonstration that the elements could not be produced in the universe
as it is now — presumably in stars — would be strong evidence against the
steady state cosmology, while a demonstration that the elements did come
from stars would reduce the list of arguments for a big bang. Bondi (1952),
in his first edition, gave references to the work by Gamow, Alpher, and
Herman on the theory of element formation in a hot big bang, but the
discussion of this idea and of the idea that elements were formed in stars
was brief. By the time of the second edition, Bondi (1960a) could report
significant advances in the latter (Burbidge, et al. 1957; Cameron 1957). This
important development was encouraging for the steady state philosophy. As
Gamow (1956) noted, however, it was not necessarily a challenge to the big
bang picture: one could image that nuclear reactions in stars only altered
the abundances that came out of the big bang. But the abundance of helium
offered a critical test.

An important, though at the time not widely appreciated, step in this
direction was Burbidge’s (1958) recognition that the helium abundance in
the Milky Way is larger than might be expected from the rate of production
of helium in known types of stars in the numbers indicated by the stellar
luminosity of this galaxy. He noted that some galaxies emit large amounts
of energy at radio wavelengths (making them detectable by radio telescopes,
as we have discussed), and he asked whether the source of this energy
might be the copious conversion of hydrogen to helium. He did not mention
the possibility of helium production in a big bang. Gamow (1956) did: “the
calculations in that direction, carried out by the present writer,” (Gamow
1948b) “and later in some more detail by Fermi and Turkevich, ... lead to

40 Applications of this redshift-magnitude test at the beginning of the 21st century use the light
from supernovae rather than galaxies and reach expansion factors 1 4 z close to 3. The appar-
ently modest but deeply important increase in the distances the observations reach indicates
that the redshift-magnitude relation is close to the steady state prediction discussed in foot-
note 36. The task of explaining why this is taken as evidence for the effect of the cosmological
constant A illustrated in Figure 2.1, rather than as evidence for the steady state cosmology, is
left to Section 5.4.
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a value of the H/He ratio which is in good agreement with observational
data.” That result has lasted.

In the second edition of Cosmology, Bondi (1960a, p. 58) added this
assessment of the issue of the origin of helium and the heavier elements:
Since it has also been shown that any hot dense early state of the universe could
not have left us any nuclei heavier than helium, the origin of such nuclei is no longer
a question of cosmology.

It might however be said that the abundance of helium may conceivably be
greater than would be accounted for by ordinary stellar transmutation and so might

have to be explained on a cosmological basis, but the evidence as yet is far too slight
to merit serious consideration now.

North (1965), in The Measure of the Universe: A History of Modern Cos-
mology, presents a brief description of the hot big bang picture for element
formation and concludes, with Bondi, that “The actual abundance of helium
is still uncertain, however, and it may eventually be necessary to invoke some
such explanation as Gamow’s.” Gamow, Bondi, and North did not docu-
ment the measurements of the helium abundance. They are summarized in
Osterbrock and Rogerson (1961).

Osterbrock and Rogerson reviewed measurements of the abundance of
helium in the plasma around and between the stars based on observations of
recombination line strengths. These measurements are considered unambigu-
ous (at the accuracy needed for this purpose). They developed an estimate of
the helium abundance in the Sun from models of its structure and estimates
of its heavy element content (which determines opacity within the Sun, and
hence the weight of helium needed to account for the observed solar lumi-
nosity). They concluded that the mass fraction, Y, in helium is considerably
larger than the mass fraction in heavier elements, and that Y is not much dif-
ferent in the Sun (which we noticed on page 54 is 4.5 x 10° years old)
from what is observed in the interstellar plasma. Osterbrock and Rogerson
concluded:

It is of course quite conceivable that the helium abundance of interstellar matter has
not changed appreciably in the past 5 x 107 years, if the stars in which helium was
produced did not return much of it to space, and if the original helium abundance
was high. The helium abundance Y = 0.32 existing since such an early epoch could
be at least in part the original abundance of helium from the time the universe

formed, for the build-up of elements to helium can be understood without difficulty
on the explosive formation picture.

Their reference for the “explosive formation picture” is to Gamow (1949).
To our knowledge this is the first well-documented proposal for a relation
between the theory and the observational evidence of a fossil from the early
universe. It appeared in Publications of the Astronomical Society of the
Pacific, a journal that was (and is) quite familiar to astronomers and even
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some physicists. But we have found no evidence that anyone took note
of the significance of this paper for cosmology before the mid-1960s, after
recognition of evidence for the detection of a related fossil, the CMBR.

It is worth mentioning some papers of the early 1960s that referred to
Osterbrock and Rogerson (1961), and some that did not. Peebles (1964) used
the Osterbrock and Rogerson estimate of helium abundance in a study of the
structure of the planet Jupiter, but did not notice the big bang connection.
This is recalled on page 190. O’Dell, Peimbert and Kinman (1964) added
to the evidence for a large helium abundance in old stars, and took note
of Burbidge’s (1958) point that the production of this amount of helium
in stars would require that galaxies were considerably more luminous in the
past. This is acceptable in a big bang model, of course, but not in the steady
state cosmology. O’Dell et al. referred to Osterbrock and Rogerson’s paper,
but did not mention the possibility of helium production in a big bang. In
the previous section we noted the reanalyses of the theory of light element
production in a hot big bang by Smirnov (1964) and by Hoyle and Tayler
(1964). Smirnov did not know about the Osterbrock and Rogerson paper:
he thought the abundance of helium in the oldest stars is relatively small,
Y < 0.1 (p. 36). Hoyle and Tayler knew and documented the evidence that
the helium abundance is larger than that, and that the big bang model
could account for it, but their references to the literature do not include
Osterbrock and Rogerson (1961).

3.6.3 Radiation from the big bang

The idea of another fossil, a remnant thermal sea of radiation that might
be expected to accompany the production of helium in a hot big bang,
was clearly expressed in the literature, including Alpher and Herman (1948,
1950).%!

Osterbrock recalls (p. 88) hearing Gamow lecture at the University of
Michigan in the summer of 1953. In the published version of these lectures,
Gamow (1953a) described his ideas about element formation in a hot big
bang. He presented his 1948 argument (based on the condition in footnote 10
on page 30) that, for production of a reasonable amount of deuterium that
would mostly burn to helium, “about the right density” of baryons when the

41 Gamow (1948a,b) expressed the same idea, but less directly. He pointed out that the radiation
would be present after element formation, and that it could be an important dynamical actor
in structure formation. This is discussed in Section 3.6.4. Gamow continued to emphasize the
potential importance of the radiation, but his arguments were unfortunately confused by the
error noted in the next footnote.
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temperature was 10° K is 2 x 108 baryons em ™2 (calculated from the num-
bers he gives). Under these conditions the temperature would have dropped
to Tp = 7K at Gamow’s estimate of the present baryon density (equa-
tion 3.6). This is close to what Alpher and Herman had obtained earlier
from Gamow’s condition (equation 3.7). Gamow did not write down this
last step, however. Earlier in the lectures he discussed the idea of a sea
of thermal radiation that cools as the universe expands, and he considered
the effect of the mass equivalent of the radiation on the rate of expan-
sion. He argued from a consideration of expansion time that when the mean
mass density had dropped to 1072° g cm ™2 the radiation temperature would
have dropped to 320 K. That extrapolates to present value Ty = 7K at his
estimate of the present density. This is close to the Alpher and Herman
value, and to what was later measured, but the calculation is unfortunately
wrong.*? The CMBR idea nevertheless is in these lectures, though we have
not encountered anyone who noticed until much later.

An illustration of the low visibility of the CMBR idea is the absence of
any mention of the idea of radiation from the early universe in Bondi (1952,
1960a). Another useful indication of what people were thinking comes from
the proceedings, or published records, of international conferences. Most
exchanges of ideas at these events tend to be in informal discussions, and
the formal lectures are not always close to what appears in the proceedings,
but the published versions do show what people considered worth record-
ing. The proceedings of the Solvay conference, La Structure et I’Fvolution
de I’Univers (the eleventh in a distinguished series of meetings on major
advances in physics), in Brussels in 1958; the 9th International Astronom-
ical Union Symposium, Paris Symposium on Radio Astronomy (Bracewell
1959), in Paris in 1958; and the 15th International Astronomical Union
Symposium, Problems of Extra-Galactic Research (McVittie 1962), in Santa
Barbara, California in 1961, all include papers on issues in cosmology as
well as on advances in the astronomy of radio sources, stars, and galaxies.
In these volumes we find no mention of the idea that space might be filled
with a sea of microwave radiation, perhaps one left from the early universe.

There are accounts of informal discussions of the idea. Alpher and Herman
(2001) recall asking radio astronomers about the possibility of detecting
the radiation. Tayler (1990), in his recollections of the work with Hoyle in
1964 on helium production, mentions their thoughts — which did not enter
42 The calculation assumed space curvature in the expansion equation (G.1) becomes the dominant

term just when the mass densities in matter and radiation are equal. That need not be so.

Gamow (1953b, 1956) repeated this calculation and derived from it the present temperature,

To ~ 7K. But, as opposed to his now well-tested argument for light element formation, this
calculation is not of lasting interest.
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their paper — about remnant radiation from a big bang. Hoyle (1981) recalls
discussions of the possible temperature of a sea of microwave radiation in
conversations with Gamow and Dicke. In a very readable popular book, The
Creation of the Universe, Gamow (1952) describes the cooling of a sea of
thermal radiation in an expanding universe. He notes, as an example, that a
universe with mass dominated by radiation cools to a temperature of 50 K at
three thousand million years after the big bang, a common estimate then for
the age of the universe. (The method of calculation is indicated in footnote 1
on page 26.) The calculation is not directly relevant, because the mass of
our universe is not now dominated by radiation, but the pointer to a sea of
thermal radiation is quite direct.

On the issue of detectability we have an account by Virginia Trimble
of Gamow’s encounter with Joe Weber, who had expertise in microwave
technology.

Joe Weber was an amateur radio operator in his early teens and, at the time of the
Sicilian invasion, was the skipper of one of the first submarine chasers to have a
6-cm radar (SC 690). As the war wound down, the Navy moved him to a desk job
in Washington in electronic countermeasures, largely to descope the effort, but also
to hand out some grants. When he decided to resign his commission (as lieutenant
commander), several grantee organizations offered him jobs, but he accepted instead
a full professorship of electrical engineering at the University of Maryland. The fall
1948 appointment was contingent on his obtaining a PhD in something quite soon,
since his highest degree was a 1940 BS from the US Naval Academy.

Thus summer 1949 found Weber visiting Washington-area universities in search
of a PhD project and advisor. One of the first places he visited was George Wash-
ington University, and one of the people he talked with there was George Gamow.
“Do you have any interesting thesis problems?” Weber enquired. “What can you
do, young man?” responded GG. “I'm a microwave spectroscopist,” said JW. “No,
I don’t think of any interesting problems” concluded Gamow. So Weber went on
to Catholic University, where he completed a 1950 PhD dissertation (Weber 1951)
with Keith Laidler on the inversion spectra of normal and deuterated ammonia.
Since Weber at the time knew about the technology for detecting faint radio sig-
nals, whether the story is funny depends on whether you think Gamow should have
had radiation from the early universe in mind in 1948. It is, of course, a second-
hand story, but I was married to Joe from 1972 until his death in the year 2000,
and men, as you probably know, like to tell war stories. There is also a good one
about the inhabitants of Tonga Tabu, following the sinking of the Lexington in the
battle of the Coral Sea in May 1942.

For other aspects of this issue see Trimble (2006) and Burke’s account on
page 181.

Our conclusion is that the idea that space might be filled with thermal
radiation left from the early stages of expansion of the universe — what we
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now term the CMBR — was “in the air” in the early 1960s. But it was
less visible than other issues in cosmology, particularly the debates on the
relative merits of the big bang and steady state scenarios.

The first ground-based measurements that, with the full benefit of hind-
sight, might be said to have offered a suggestive indication of detection of
this microwave radiation were the Bell Laboratories Echo and Telstar com-
munications experiments we discussed in Section 3.5. They are described in
more detail in the next chapter.

There were earlier measurements that placed what were later recognized to
be interesting upper bounds on the CMBR temperature. We have mentioned
the Dicke et al. (1946) limit, Tp < 20K at wavelengths of 1-1.5cm. They
” not a cosmological model. Dicke
(1946a) also used his radiometer to measure the radiation from the Moon
and the Sun at 1.25cm.

Covington (1950), in Canada, was studying bursts of radio radiation from

referred to “radiation from cosmic matter,’

the Sun at longer wavelength and the correlation of these bursts with radia-
tion produced by disturbances of Earth’s upper atmosphere (the ionosphere).
That required an estimate of radiation from Earth’s undisturbed atmosphere
and beyond. Covington reported that at 10.7-cm wavelength this radiation is
small, “not more than about 50° K.” Within the experimental error, £25 K,
this is not significantly different from zero, or from the temperature, 50 K,
in the example cosmological model in Gamow’s (1952) popular book. We
have seen no notice taken of the latter coincidence.

Haruo Tanaka et al. (1951), at Nagoya University in Japan, using a square
horn antenna at 8-cm wavelength, obtained a better constraint, that the
incident radiation at zenith (including what is produced by the atmosphere)
is no more than about 5K. Tanaka (1979) offers this comment on their
measurement.

14 years before [Penzias and Wilson’s discovery|, we measured the temperature
of sky at the wavelength of 8cm, and estimated it to be between 0 and 5K. ...
The measurement [of the sky temperature at zenith] was made for an absolute
calibration of the intensity of solar radio waves. ... Except for a parabolic reflector
requiring accurate shaping, our instruments were all handmade: we obtained the
necessary parts from the disposal goods of the army. ... Since we could not calculate
a gain of the parabolic antenna, we built a pyramidal horn antenna whose length
was 2m. ... At that time A. E. Covington in Ottawa, Canada, had been observing
the solar radio waves at 10.7 cm since 1947. He calibrated the solar flux using the sky
temperature of 50 K. However it seemed too high for us, and we decided to measure
the sky temperature by ourselves. ... I understand that 0-5K and 3.5 £ 1K are

43 'We are grateful to Eiichiro Komatsu and Tsuneaki Daishido for identifying the references to
Tanaka’s work and selecting and translating these excerpts from Tanaka (1979).
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completely different values and meanings. However, had someone like Gamow or
Dicke notified us of the significance of our measurements, it would not have taken
us 14 years [to detect the CMBR]. This is a bit of regret.

Medd and Covington (1958) reported discussions with Tanaka, and an
improved measurement, 5.5 K, with a probable error of about 6 K, at 10.7-
cm wavelength. This is close, but it is also consistent with no background
microwave radiation.

In the Soviet Union, Shmaonov (1957) reported a study of emission prop-
erties of a dish reflector antenna and receiver at 3.2-cm wavelength. Rapid
switching to a reference load gave the instrument excellent stability. Our
impression is that he could have detected the CMBR if he had thought
to do it, though that would have required closer attention to the suppres-
sion of radiation from the ground and accounting for radiation from the
atmosphere.

In France, measurements that placed a bound on the background radiation
temperature at 33-cm wavelength are recalled by one of the authors, James
Lequeux, who writes

In the winter of 1954-55, we measured the paraboloid dish antenna pattern of
a former German “Wiirzburg” radar equipped with a 33-cm receiver built by Le
Roux, that we used for mapping the Galaxy. This involved measuring the sig-
nal received from a remote transmitter while pointing the antenna in various
directions. Then we calculated the contribution of the ground and the atmo-
sphere to the antenna temperature as a function of the direction pointed by the
antenna, and compared to observation (far from the galactic plane, of course).
The observed antenna temperature was calibrated with blackbodies. Then we con-
cluded that any contribution from the sky would be less than 3 K, and would be
rather uniform. This is what is published in the Comptes Rendus; and signed by
Le Roux.

Given our equipment, and in spite of careful measurements, it would have been
foolish to claim a positive detection. Our remote antenna lobes were considerably
stronger than those of the horn used by Penzias and Wilson. Thus in the Comptes
Rendus paper we only claim an upper limit for the CMBR,, admittedly close to the
actual value, but only an upper limit.

In contemporary reports of these measurements, Denisse, Lequeux and
Le Roux (1957) estimate that Ty is less than about 3K, while Delannoy
et al. (1957) conclude (in a translation and commentary kindly provided by
Lequeux) “Delannoy et al. write on page 236 of their paper, ‘We may only
conclude that the temperature of the sky at 900 MHz is certainly not larger
than about 20 degrees Kelvin.” And the footnote says ‘A stricter upper limit
that was proposed [in Le Roux’s thesis, 1956] underestimated the errors on
the measurements of the antenna beam.”” We emphasize these comments
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because Le Floch and Bretenaker (1991) have suggested that this experiment
may have yielded a detection rather than a limit. The evidence we have seen
argues against it.

Jasper Wall (p. 280) describes an experiment in the 1960s that may have
been capable of detecting the CMBR, if they had thought to do it. At the
relatively long wavelengths of their observations, the radiation from our
Galaxy is large and would have complicated the interpretation. But at the
time of writing the art of measuring the CMBR energy spectrum at long
wavelengths is still under development.

To summarize, our reading of the evidence is that the Bell Laboratories
measurements (De Grasse et al. 1959; Ohm 1961) we discussed starting on
page 49 were the first likely — though at the time not recognized — direct
detection of the CMBR to be presented in the literature.

Doroshkevich and Novikov (1964), whose recollections begin on page 99,
likely were the first to understand the importance of the early Bell Labo-
ratories measurements for cosmology. This grew out of their study of the
amount of electromagnetic radiation that would be expected to have accu-
mulated from all known sources of radiation. They compared this to what
was known about the brightness of the sky after elimination of radiation
from local sources on Earth, in the Solar System, and in the Milky Way
Galaxy.” That led them to make three important points. First, the cosmic
radiation from known sources — starlight and radio-luminous galaxies — is
minimum at wavelengths near 1 mm to 1 cm. Second, measurements near this
minimum, at microwave wavelengths, “are extremely important for experi-
mental checking of the Gamow theory,” because the fossil radiation would
peak up at these wavelengths.” Third, there already is a useful microwave
measurement, from Ohm (1961).

44 Others had been considering this. Shakeshaft (1954) had compared the measured mean bright-
ness of the sky at radio wavelengths, A ~ 3m, to observed counts and radio luminosities of
galaxies. He concluded that the mean radio sky brightness could be produced by the galaxies
if, as was becoming clear, some are intense sources of radio radiation. Estimates of the mean
energy density in intergalactic starlight, taking account of the shift to the infrared and the
loss of energy by the cosmological redshift, were presented in increasing detail in Bondi (1952),
McVittie and Wyatt (1959), and Sandage and Tammann (1964). Comments on the consider-
able challenge of measuring this cosmic infrared background radiation are, in increasing detail,
in Baum (1956), Roach (1964), and Harwit (1964). Harwit’s analysis of the problem of sepa-
rating extragalactic starlight from the zodiacal light (sunlight scattered by, and absorbed and
reemitted by, interplanetary dust) is recalled on page 329. Progress in the increasingly focused
work of checking consistency of the measured sky brightness as a function of wavelength with
what is known and conjectured about sources of radiation and their evolution is reviewed in
Hauser and Dwek (2001).

When the microwave background radiation was identified, at about one percent of the wave-
length Shakeshaft was considering, the question he addressed naturally arose again: could this
microwave radiation have come from sources in the universe as it is now? The coincidence

Doroshkevich and Novikov noted, that the foreground radiation from known sources in galax-
ies is minimum at microwave wavelengths, aided recognition that the microwave background is

45
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Doroshkevich and Novikov’s reference for the “Gamow theory” is Gamow
(1949). As it happens, that is the same paper Osterbrock and Rogerson
(1961) cited in their comment about the “explosive formation picture”
quoted on page 59. But Osterbrock and Rogerson discussed helium, while
Doroshkevich and Novikov discussed radiation. Doroshkevich and Novikov
were members of Zel’dovich’s research group in Moscow. We noted (p. 35)
that Zel’dovich (1963a) recognized the importance for cosmology both of
helium and the microwave background radiation, but that his reading of the
evidence at the time led him to conclude that the big bang likely was cold,
not hot.

The recollections in the next chapter make it clear that some astronomers
in the early 1960s remembered the evidence we have reviewed (p. 44) that
the spin temperature of the interstellar molecule CN is surprisingly large,
and that that suggested the presence of a microwave radiation background
at a temperature of a few degrees above absolute zero. But the connection
to the hot big bang picture seems to have been made only after the radiation
had been recognized in direct detection.

3.6.4 Galary formation

There was one other — very indirect — hint to the fossil radiation, from
large-scale structure: the concentrations of mass in galaxies and clusters
of galaxies. In the printed version of the lectures by Gamow (1953a) that
Osterbrock recalls hearing (pp. 60 and 88) Gamow proposed that

Only two observational quantities, the present density and age of the universe,
together with the equations of general relativity and black-body radiation enable
us to predict the formation of galaxies at a definite date in the past, and give a
mass and radius of these galaxies which is at least comparable with observations.

Gamow based this statement on two arguments he had introduced earlier
(Gamow 1948a.,b) and explained in his 1953 lectures. First, the CMBR tem-
perature and the present mass density set the matter temperature in the
early universe (because at high redshift the matter was ionized and tightly
thermally coupled to the radiation). The matter temperature sets the min-
imum size of a cloud of matter that gravity can hold together against the
matter pressure that tends to drive the cloud apart. This minimum is termed
the Jeans length and mass (after the mathematical astronomer James H.
Jeans, who considered gravitational fragmentation of a gas cloud that might
end up as a star cluster). Thus, it could set the scale of masses for galaxies.

a new phenomenon. And this minimum of the foreground radiation where the CMBR spectrum
peaks up greatly aided the precision measurements discussed in Chapter 5.
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Second, the gravitational growth of nonrelativistic mass concentrations such
as galaxies in an expanding universe would have commenced when the mass
density in the thermal radiation fell below the mass density in matter. Prior
to that, the rapid expansion driven by the large mass density in radiation
suppressed the gravitational growth of concentrations of matter (on scales
less than the Hubble length). The mass density at the transition to matter-
dominated expansion could have set the scale of mass density in galaxies.

Gamow’s points were not much noticed. Bondi (1960a, p. 176) gave ref-
erences to studies developing the idea that the present-day concentrations
of mass grew by the attraction of gravity out of small departures from an
exactly homogeneous mass distribution in the early universe, but he did
not mention Gamow’s two points. (The only reference we have found in
the literature, apart from his immediate colleagues, is by ter Haar 1950,
p. 129.) But Gamow’s deeply fertile intuition again proved to be prophetic:
his points, with modifications, are pieces of what later became the stan-
dard model for structure formation. His assessment quoted above may have
seemed overly optimistic at the time, and we have no reason to think it
could have inspired others to consider the idea of a sea of thermal radiation.
But it is worth recording that these ideas were in the literature in 1953,
though little discussed for another decade. The essays indicate how the role
of the CMBR in structure formation came to the general attention of the
community. The learning curve for how to measure the effects of structure
formation and turn them into demanding tests of ideas about the large-scale
nature of the universe is a subject for the next chapter.*®

3.6.5 The situation in the early 1960s

Let us conclude with an overview of this wonderfully tangled situation. Some
were aware that the abundance of helium is larger than seemed reasonable in
the otherwise promising theory of element formation in stars, and some even
recognized that a hot big bang could supply the helium. Others recognized
that in a hot big bang universe space now could be filled with a thermal sea of
microwave radiation at a temperature a few degrees above absolute zero. The
spin temperature of interstellar CN molecules was known by some to be large
compared to what might be expected from excitation by particle collisions,
46 The related issues are the effect of the CMBR on the evolving distribution of the matter and
the effect that has on the distribution of the CMBR. The basic principles were developed in the
1960s after the identification of the CMBR. We will discuss how gravity disturbs the radiation
(Sachs and Wolfe 1967), the coupling of plasma and radiation (Peebles 1965), the dissipative
decoupling (Silk 1967, 1968b), and the patterns that decoupling can leave in the distributions

of matter and radiation (Peebles and Yu 1970; Sunyaev and Zel’dovich 1970c). Detection of
these effects took some three more decades.
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and some who knew that had considered the possibility that the molecules
are excited by some source of microwave radiation. Others knew how to build
a receiver capable of detecting microwave radiation at a temperature a few
degrees above zero. And some of them had indications that communications
receivers may have detected a near-isotropic component of radiation.

Why were all these pieces not put together until the mid-1960s? It was in
part a matter of contingency: it can take time to notice relations among such
a broad variety of considerations. But an important fact to bear in mind is
that it was not obvious in the early 1960s that these are the relevant set of
ideas. In a cold big bang universe, neutrino degeneracy could control helium
production during the early stages of expansion. And what actually would
happen during the early expansion of a hot big bang universe would depend
on the laws of physics, which people suspected then, and still suspect, evolve
with the expansion of the universe. The cosmological tests summarized in
Section 5.4 show that this evolution could not have significantly affected
the early production of helium, but that was not at all obvious in the early
1960s. The steady state cosmology also commanded attention. It was clear
enough then that in a steady state universe one could postulate that helium
is continually created along with the continual creation of neutrons, protons,
and electrons. Perhaps better, helium could be produced in a hypothetical —
but physically possible — class of massive exploding stars, and the energy
released from the burning of hydrogen to the observed amount of helium
could supply a significant sea of radiation.

The essays recall how the community found its way through this thicket of
clues and conflicting ideas to the ones that led the way forward, in an itera-
tive consultation of theory and practice. The process tends to be haphazard,
and exciting, and on occasion exceedingly awarding. It has yielded deep
advances in understanding of the world around us. The essays in the next
chapter reveal the beginnings of such an advance, and Chapter 5 describes
what grew out of it.



4
Recollections of the 1960s

Our plan of ordering the essays is to group them by topic, with chronological
order within groups. The grouping is by the focus of the research, as indi-
cated by the section headers. Since this focus tends to evolve with time,
the result is that these recollections of what happened are presented in a
roughly chronological order. For example, in the second half of the 1960s
a first order of business on the experimental side was the test of how the
energy of the CMBR varies with wavelength, and on the theoretical side it
was the exploration of ideas about what a significant departure from a ther-
mal spectrum might mean. These continued to be pressing issues at the end
of the 1960s, but there was increasing interest in the experimental search
for departures from an exactly isotropic distribution of the radiation, and
in the development of the theory of the departures from isotropy that might
be expected to accompany the known departures from an exactly homoge-
neous distribution of the matter. Thus we present the essays whose main
focus is the spectrum before those largely concerned with the anisotropy of
the CMBR.

Since many of the essays do not fit the headers our plan required arbi-
trary and debatable decisions on ordering. This is a realistic illustration
of what was happening in the 1960s, of course. The confusion extends to
the recollections: the stories are not complete and they are not always
even consistent with each other. The reader, therefore, must be prepared
for a distinct change of style from the linear — but we hope efficient —
history of ideas in the previous chapter to the chaos of the real world of
science.

69
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4.1 Precursor evidence from communications experiments

4.1.1 David C. Hogg: Early low-noise and related studies
at Bell Laboratories, Holmdel, NJ

The US National Academy of Engineering cites Hogg’s election to the
Academy for his “contributions to the understanding of electromagnetic
propagation at microwave frequencies through the atmosphere.” A native of
Saskatchewan, Hogq’s current interest is the composition of music.

A giant in radio science, Harald T. Friis' was head of the Bell Radio Research
Laboratory in Holmdel. Having pioneered work on the superheterodyne
receiver in the late 1920s, he played a key role in Karl Jansky’s initial experi-
ments and the beginning of radio astronomy in the early 1930s. His interests
then turned to shorter wavelengths which eventually led to the construction
of a nationwide microwave radio-relay system employing “horn-reflector”
antennas that he patented with Al Beck. This antenna design is highly effi-
cient and was used in all of the low-noise microwave systems to be discussed
here. These remarks are made to indicate that high-quality equipment,
designed for very practical purposes, can be used as a tool for first-class sci-
ence. It is to the credit of the United States that the AT&T Bell Laboratories
existed, allowing such broadminded interactive research to be done.

In the 1950s, not long after John R. Pierce had traveled to the UK, includ-
ing Oxford, he brought Rudi Kompfner to Bell Labs. They asked me to
calculate the thermal noise from the Earth’s atmosphere over the microwave
band. This noise level was needed for their calculation of the feasibility of
microwave communication by reflection from an orbiting balloon (Pierce and
Kompfner 1959). It was fortunate that some time earlier, with Arthur B.
Crawford, I had measured the millimeter-wave absorption by the oxygen and
water vapor in the sea-level atmosphere (Crawford and Hogg 1956). Thus
the broadening constants for computation of “sky noise” were determined
and that calculation was completed (Hogg 1959).

However, no sky noise measurements were available to corroborate this
theory. Nevertheless, again fortunately, at that time Derek Scovil and Bob
De Grasse at the Bell Laboratory, Murray Hill, NJ, were well along in
developing microwave traveling wave solid state masers (TWM), with noise
temperatures on the order 10 K (De Grasse, Shulz-Du-Bois and Scovil 1959).
Again encouraged by Kompfner and Pierce, we, therefore, combined this
maser and antenna to produce a “low-noise” receiving system.

I This is a good occasion to remind the reader that the Glossary is meant to serve as a guide,

in this case to Friis’ interview of Burke (p. 177) and to Friis’ influence on the development of
the technology that detected the fossil microwave radiation (pp. 159 and 162).
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Here we discuss and compare three systems at various microwave frequen-
cies, with emphasis on the technology and low-noise results that pointed the
way toward a determination of the microwave cosmic background noise. In
all three cases, the equipment was designed and built to demonstrate the
feasibility of satellite communications, and the cooperation of NASA and
the Bell Laboratories System Department were important factors.

The first low-noise microwave system (De Grasse et al. 1959) operated at
5.65 GHz. The antenna mount, constructed of wood, on the lip of Crawford
Hill, allowed manual beam pointing in elevation only; a photograph is shown
in Figure 4.1. The rectangular waveguide input to the TWM was fed via
a rotating joint in the circular waveguide from the antenna. The output
from the TWM preamplifier was then fed to a conventional superhetero-
dyne. This combination resulted in a (zenith) system noise temperature
of 18.5K.

At that time I was invited by John Shakeshaft to Cambridge, England,
and gave these results in Maxwell’s lecture room at the Old Cavendish. A
seminar also was given at the old McDonald physics building at McGill
University, Montreal, Canada, where Ernest Rutherford did research on the
alpha particle and helium.

Although this system was unsophisticated, it did serve as a prototype
for the following two systems that were used for actual communications via
satellites: Echo and Telstar.

The second low-noise microwave system (Ohm 1961) was designed and
built specifically for the Echo satellite project at a frequency of 2.39 GHz,
for receiving signals reflected from an orbiting balloon. The receiver design
was engineered by Ed A. Ohm and the project engineer was W.C. (Bill)
Jakes Jr. The antenna (Crawford, Hogg and Hunt 1961), a 20-ft aperture
horn-reflector, is shown in Figure 4.2; design and construction was managed

Fig. 4.1. The antenna in the first Fig. 4.2. Horn-reflector antenna used in
low-noise microwave system. the Project Echo experiment.
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Table 4.1. Summary of satellite communication systems

Experimental communication system 1 2 3
Frequency 5.65 239 4.7
Estimated antenna back lobe and resistive noise 3.5 2.3 2.5
Zenith atmospheric noise
Measured 2.5 2.3 2.5
Estimated 2.75 24 2.5
Zenith system noise
Measured 185 21 17
Estimated 185 19 14.5

Note: Noise temperatures are in kelvin and frequencies in GHz.

primarily by Arthur B. Crawford and Henry W. Anderson. The 2.39-GHz
measured radiation patterns and gains were found to agree well with theory
(Crawford, Hogg and Hunt 1961); both azimuth and elevation pointing were
available. The dual-channel TWM, provided by the Derek Scovil group at
the Murray Hill Laboratory, received waves of both clockwise and counter-
clockwise circular polarization, with a noise temperature of 7 K. Ohm carried
out an exhaustive study of the uncertainties in the measured and esti-
mated noise contributions. The overall system noise temperature (at zenith)
was 21 K.

The third low-noise system operated at 4.17 GHz as a sensitive receiver for
the Crawford Hill station of the Telstar Project (Jakes 1963). The antenna
was the same as for the 2.39-GHz Echo experiment (Figure 4.2), but gain,
beamwidths, and pointing characteristics were checked at the new shorter
wavelength and found satisfactory when compared with theory. The TWM,
with a 5-K noise temperature, was provided by the Scovil group to amplify
both senses of circular polarization.

The “first-ever” live TV from Europe was obtained via Telstar with this
receiver. The overall zenith system noise temperature was just less than
17K. W. C. Jakes Jr. was project engineer. The main US ground station
was at Andover, Maine.

Table 4.1 shows that the zenith atmospheric sky noise, measured by tip-
ping the antenna beam in elevation, is within 0.25K of the theoretical
computation in the microwave band; the theoretical values are computed
for average summer conditions of temperature and humidity (USA).

The table also shows that in no case does the estimated system tem-
perature exceed the measured system temperature. Of course, none of the
estimated system temperatures contain any contribution from the CMBR.
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However, it is amusing that, in the case of system 1, the estimated is the
same as measured; this indicates sizable uncertainties, probably in both
quantities.

Many of the uncertainties in the noise contributions from the microwave
circuitry can be avoided by switching between the antenna and a precisely
calibrated cold load located near the antenna input per se as shown by
Penzias and Wilson (1965a), at 4.08 GHz. With this improved measuring
system they were able to deduce 3.5K excess to the expected antenna
temperature; this excess is interpreted as the CMBR.

The very low-loss switch used in these measurements is a treasure in
microwave radiometry. It is made of a gently squeezed section of waveg-
uide of circular cross section. Penzias and Wilson quote only 0.027dB of
loss for their switch; to my knowledge, it was first mentioned by George
C. Southworth in his book on microwave technology and was first used in
radiometry by Douglas H. Ring at K-band.

However, measuring the contribution of the lower hemisphere (back lobes)
to the antenna temperature is quite another matter (for some estimated val-
ues, see Table 4.1). Ideally, one would measure the antenna radiation pattern
over the lower hemisphere, measure the ground etc. radiation over that same
hemisphere, and integrate the product of those two over the hemisphere.
This radiation is comprised of both emission from the ground surface and
reflection of sky temperature by that surface (Hogg 1968). Penzias and Wil-
son calculated a net contribution of just less than 1K for the antenna per
se. Apparently further research on antenna design, measurements and siting
is called for.

As implied in the historical introduction, some equipment, designed and
built for practical (economic) application, can impact scientific studies,
provided the quality is good. An example of this is the fruitful use of
electromagnetic and electronic equipments, designed for microwave satellite
communications development, in pursuing the microwave cosmic background
radiation.

Recently, the importance of science and engineering innovation to the USA
has been emphasized in a proclamation by the President of the US, backed by
a report issued by a panel supported by the National Academies, and chaired
by Norman Augustine (2007). That there is fruitful feedback between the
two is well exemplified by the exercise we have just discussed. The cosmolo-
gists and astronomers who carry on such research and innovation are to be
commended.
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4.2 Precursor evidence from interstellar molecules
4.2.1 Neville J. Woolf: Conversations with Dicke

Nick Woolf is Professor of Astronomy at the University of Arizona. He was
a postdoc in the Princeton University Department of Astrophysical Sciences
from 1962 to 1965. His current research interest is astrobiology.

I have these memories that tell me that I cost Bob Dicke the Nobel Prize.

One evening in the attic of Palmer, I think in early 1964, Bob turned to
me and asked me whether there was any way to know the amount of the
background radiation. He had already turned Roll and Wilkinson onto the
topic, but I believe they had only just started.

I said “Well, there were your own measurements in 1946.” He grunted.
And I said, “and then there are the interstellar molecules.”

He didn’t say a word. “Oh,” I thought, “I must have said something
stupid” and I shut up. If I had said more, about the searches for excitation
in iron and CN and the other stuff, I am sure he would have picked up on
it and he would have been ahead of Penzias and Wilson — but that is the
world of Might Have Been.

I also mentioned the molecules to George Field during this time, or slightly
earlier, and George said something about that he thought they were excited
by collisions. Later I asked him, and he said that he had tried a calculation
around that time, but later realized that it had been wrong.

Finally, when I was at the Institute for Space Studies in 1965, Bob Dicke
wanted Bill Hoffman and me to fly a balloon to detect the background
radiation. Well, I knew that we were far from that level of precision, though
in a couple of years later Bill did detect the 100-um radiation from the
galactic center. So I hurriedly diverted Bob to the molecules. And in the
hurry of the moment I left him with a reference to McKellar’s paper before he
had measured the excited state. So Bob got Pat Thaddeus into the picture,
and Thaddeus tracked down the literature — but this was all after Penzias
and Wilson (1965a) had observed the background.

Anyway, once Bob knew of the excitation he visited me at the institute,
and asked who was working on CN at that time. “Guido Munch” I said. “Call
him, and ask if there is anything new,” said Bob, so I picked up the phone
and called Guido. I asked about the cyanogen, and Guido said “Are you
working with George Field?” “No, why?” “Well George called me yesterday
about this.”

Later I found that at almost the same time Shklovsky gave a colloquium
in Moscow on the same topic.
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So that is the story of how one postdoc’s hesitation lost Bob the Nobel
Prize. And I believe it would be worth telling the tale, so that some other
young person next time is not as hesitant as I was.

And of course, there it is in Herzberg’s book about the temperature being
3 K, “but this number has no physical significance whatever” ... I quote from
memory.

And like Gamow I have now moved into astrobiology.

4.2.2 George B. Field: Cyanogen and the CMBR

George Field is Senior Research Fellow at the Smithsonian Astrophysical
Observatory, and was Director of the Observatory from 1973 to 1982. His
current research interest is turbulence in astronomical settings.

My encounter with the microwave background began in 1955. I had come
to Harvard as a postdoc, intending to search for intergalactic hydrogen by
looking for 21-cm absorption in the spectrum of the radio source Cygnus A.
While I was making the observations at the Harvard 28-footer, I studied the
problem of the excitation of the upper level of the line, as that is crucial
in calculating the absorption coefficient. I realized that it can be excited by
fluorescence Lyman-« photons, by collisions with atoms or free electrons,
or by absorption of 21-cm photons from whatever source. Ed Purcell and
I calculated the collision cross section, I estimated the effect of Lyman-«
radiation, and I proposed that we measure the continuum near 21 cm to get
the radiation field that would excite the line. When I asked Doc Ewen how
to measure the continuum, he said it could not be done at that time because
it would require an absolute measurement whose zero point was known. So
I extrapolated continuum maps at 21 cm to the coldest point and estimated
1 K. Clearly that was a lower limit, because without a zero point, there was
no way to know what the coldest point represented. I published the result
in 1959. Of course we now know that the zero point is 3 K.

In 1957, I joined the faculty at Princeton, where I had taken my PhD in
astronomy in 1955. I knew about interstellar molecules from Lyman Spitzer,
who was studying optical interstellar lines at Mt. Wilson as part of his
research at Princeton on the interstellar medium. In fact, in my first pub-
lished paper, in 1955, Lyman and I mentioned an unidentified line that
appeared in our tracing that later was identified as interstellar CH™. But I
was particularly intrigued by a reference in Herzberg’s (1950) book on
diatomic molecules which stated that one of the lines of interstellar CN
arose from a rotationally excited state (J = 1) in the ground electronic and
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vibrational state. The excitation temperature was estimated to be 2.3 K.
This was unique in interstellar studies, and so with my experience with
atomic hydrogen, I calculated the excitation to be expected from colli-
sions and fluorescence radiation transitions. They failed by a large factor
to account for the excitation. To calculate the effect of radiation at 2.6-mm
wavelength, which might excite the molecule from the J = 0 to 1 levels, 1
needed two things: the permanent dipole moment of CN, in order to calcu-
late the Einstein B coefficient, and the mean intensity of 2.6-mm radiation
at the positions of the interstellar molecules.

The dipole moment had never been measured, so I estimated it from
CO, for which it is 0.1 Debye, to be 0.05 Debye, enough to couple the
excitation to the radiation field at 2.6 mm. Just as in the case of the 21-cm
line, the mean radiation intensity, expressed as a radiation temperature,
had not been measured either, but I convinced myself that from the CN
observations themselves, 2.3 K was a good estimate. I wrote all this up, and
concluded that there must be previously unrecognized source of radiation at
2.6 mm. I gave the paper to Lyman Spitzer to read. He thought it was too
speculative to submit for publication, probably because the dipole moment,
which determines the coupling to the radiation field, was only an estimate.
All this took place before 1960. I recall that because I was then at the old
Observatory on Prospect Street in Princeton, whereas we moved to a new
building at that time.

One event that took place in the new building was a visit from Arno Pen-
zias. I recall standing in the door of his office discussing his plans to observe
21-cm radiation emitted by atoms in intergalactic space. If the hydrogen is
excited solely by the background radiation, no emission will be detected, as
it is exactly cancelled by the absorption of the background. Thus we were
led to think about the temperature of the background radiation. As I recall,
Arno was not optimistic about the absolute measurements required.

The Dicke group was working on the Brans—Dicke (1961) theory of grav-
itation at Palmer Lab. I knew Dicke and Peebles, and recall attending a
seminar there by Jim Peebles explaining his work on helium production in
the big bang, of course in Brans-Dicke cosmology. I went up afterward and
told Jim that colleagues of George Gamow, including Alpher and Herman,
had done similar work. I think I knew at that time of the prediction of
5 K for the background radiation by Alpher and Herman, but I don’t recall
mentioning it. Moreover, it did not occur to me to mention my work on CN
either, because I had not made the connection with the big bang.

I also recall that while teaching a course in Palmer I noticed a
microwave horn out of the window, pointing to the vertical. It must have
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been Roll and Wilkinson’s experiment, but again I did not make the
connection.

Fast forward to 1965, when the discovery was published in The New York
Times (Sullivan 1965). I missed it, perhaps because I was packing to move
to Berkeley that summer. However, I soon learned about it from a call from
Bernie Burke that I got in my Berkeley office. When he said “3 K” I at once
realized that it could be the source of radiation that I had predicted in my
work on CN before 1960. Unfortunately, my manuscript on the subject at
that time is either lost or in cold storage.

Nevertheless, I thought maybe the CN data would be useful. I knew that
to make the case I needed to find a value for the CN dipole moment. By a
strange coincidence, it was hiding in my wastebasket. At the time, I was writ-
ing an article for the Annual Reviews of Astronomy and Astrophysics, and
the editor had sent me proofs from another article as a guide to marking my
own proofs. The article was on The Spectra of Comets, by Claude Arpigny, in
which he discusses how to predict the emission spectra of molecules — includ-
ing CN — using rate equations for level populations. One of the parameters
is the dipole moment of the ground electronic state, which he had adjusted
to fit the data. His number, 1.2 Debye, was not far from a more recently
measured laboratory value, 1.4 Debye. Arpigny’s dipole moment enabled me
to calculate the coupling of the J = 1 rotational level of CN to the radiation
field at 2.6 mm. I found that the coupling to radiation is stronger than to
collisions or fluorescence by a large factor. Much stronger, even, than I had
concluded before 1960, by the square of the dipole moment, a factor of 200.
I knew then that we had a radiation thermometer at 2.6 mm.

Another coincidence occurred the same day. When John Hitchcock, a
graduate student working in the next office, heard what I was doing, he came
in and told me that at that moment he was working on observations of the
rotational excitation of interstellar CN. He was reducing data that he had
taken from six plates that George Herbig had taken of the spectrum of the
star Zeta Ophiuchi at the wavelength of the interstellar CN line. Suddenly
we had new data to which to apply the theory of excitation. Together with
George Herbig we wrote an abstract of a paper for the 120th meeting of the
American Astronomical Society, which was meeting in Berkeley (another
coincidence). At that meeting, held December 28-30, 1965, we presented
evidence that the background radiation follows a blackbody spectrum over
the 28-fold wavelength interval from 7.4cm to 2.6 mm. Our value of the
temperature was given as 2.7-3.4 K (Field, Herbig and Hitchcock 1966).

John and I published two more papers on the subject (Field and Hitchcock
1966). One in Physical Review Letters gave a result of 2.7-3.6 K for Zeta
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Persei, a star on the other side of the sky from Zeta Oph, and 300 pc distant
from it. Thus the hypothesis that the radiation is universal passed the test.
In a later paper in The Astrophysical Journal we considered the possibility
that the spectrum of radiation is not blackbody after all, but as suggested
to us by Nick Woolf, dilute blackbody at a higher temperature. We were
able to rule out this hypothesis with reasonable certainty. It is interesting
that the peak of the blackbody curve in frequency units is 1.7 mm. With our
measurements at 2.6 mm, we were climbing the peak.

4.2.83 Patrick Thaddeus: Measuring the cosmic microwave
background with interstellar molecules

Pat Thaddeus is the Robert Wheeler Willson Professor of Applied Astron-
omy, and Professor of Applied Physics, Harvard University, and Senior
Space Scientist, Smithsonian Astrophysical Observatory.

Following Penzias and Wilson’s great discovery, it was clear that measuring
the microwave background near its peak intensity at a wavelength of 2mm
was the crucial observational test to demonstrate the blackbody spectrum of
the radiation and its cosmological origin. Most of the energy of a 3-K black-
body lies in the vicinity of 2mm, and because the energy in the CMBR
is enormous on a cosmic scale — 100 times that of starlight when averaged
over the great voids between galaxies — that is the observation which con-
stituted the dagger at the throat of the steady state universe. Because the
opacity of the terrestrial atmosphere increases greatly at short wavelengths,
it seemed likely that a spacecraft observation was required, with all the
expense, difficulty, and delay which that was likely to entail.

I had recently designed a small radio telescope for the Nimbus satellite
to study the thermal emission of the Earth at a wavelength of 2 cm (chosen
because that is a band where the contrast between water and land is large,
and icebergs are readily distinguished against the surrounding ocean). I
was therefore well aware of the technical and political problems — and the
frustrations — which a spacecraft measurement imposed. I discussed these
from time to time with my colleague William Hoffman at the Institute for
Space Studies in New York City, who was working in collaboration with
Neville Woolf on a small balloon-borne cryogenic telescope to conduct the
first survey of the Milky Way in the far infrared. That instrument, which
went on to discover how remarkably rich the Galaxy is in the far infrared, was
the forerunner of Infrared Astronomical Satellite (IRAS) and the other far-
infrared telescopes which have had such a large impact on space astronomy.
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Woolf had been in New York working with Hoffman but had recently
gone to the University of Texas, where he remained a member of our infor-
mal discussion group, and he was aware of my interest in the microwave
background. From there in September 1965 he wrote me a letter which set
me back, because it suggested that I might be wasting my time. “On a the-
oretical approach,” he wrote, “I wonder what can be made from the case
of the missing CN lines. Lines arising from a level only 3cm™! above the
ground state are absent.” This came as a severe shock and a disappointment,
because it implied that there might be no background radiation at all in the
millimeter-wave band, and that the Penzias and Wilson radiation — what-
ever it was — was not the faint blackbody remnant of the primeval fireball
predicted by Gamow. An attempt to observe directly the short wavelength
background could be a significant waste of time and money.

So I decided to look into the question of interstellar CN and the mecha-
nisms which excite it in the interstellar gas. It didn’t take long to discover
that this widely studied radical, readily observed on the Sun, in comets, and
in laboratory discharges and flames, was not stationary in the interstellar
gas at all, but was rotating instead by just the amount expected from exci-
tation by 3-K blackbody radiation. Observed as an extremely faint satellite,
the R(1) line, to the R(0) line from the rotational ground state, this seem-
ingly insignificant fact made almost no impression on astronomers when
it was first observed by McKellar in 1940 as a barely perceptible absorp-
tion line on a high-resolution Mt. Wilson spectrum of the second-magnitude
star Zeta Ophiuchi. But Gerhard Herzberg, the eminent molecular spec-
troscopist and a sharp-eyed observer who missed little, was aware of
it — to the point of citing it on the penultimate page of his well-known
monograph Spectra of Diatomic Molecules, whose first edition appeared
in May 1950. There Herzberg quotes a rotational temperature of 2.3 K,
but proceeds to say that this excitation has “... only a very restricted
meaning.”

This conclusion was far from unreasonable at the time — it is probably
what most astronomers and spectroscopists would have said had they taken
the trouble to consider the matter at all. In 1940 only three molecules were
known in the interstellar gas: CH, CH', and CN. As the heaviest of the
three, and the one with the lowest frequency rotational transitions, CN
was the most susceptible to excitation by purely local processes such as
collisions with H atoms or resonant scattering (fluorescence) of starlight.
Herzberg therefore reasoned that CN was the first interstellar molecule which
one might expect to find rotationally excited in space, and its excitation
was hardly surprising and had no general significance. It presumably varied
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from interstellar cloud to cloud, in response to the local density, intensity of
starlight, etc.

But with the scant interstellar CN data which existed at that time and
the poor signal-to-noise which characterized all of it, variation from cloud
to cloud was very difficult to demonstrate. Astronomers would have been
puzzled to discover that CN everywhere was excited by the same amount:
just under 3 K. Was Herzberg right? was the crucial question.

About this time I took on for his doctoral research a versatile and energetic
graduate student in the Columbia Physics Department, John F. Clauser,
and together we undertook to do two things to see if CN really served as a
good thermometer for the CMBR. The first was theoretical: to see if local
processes were fast enough to explain the CN excitation. The second was
observational: to obtain better CN data to better measure the CN excitation
and the CMBR temperature, and to see whether the excitation was constant
from cloud to cloud, as predicted by a universal mechanism.

Our theoretical calculations were hampered at the outset by the fact that
the CN electric dipole moment — the parameter that determines the rate of
rotational excitation by background photons and how tightly CN is coupled
to the CMBR — had not been measured. So it had to be obtained indirectly.
In our first paper, Clauser and I argued that the small value for the dipole
moment of the first excited electronic state of CN, which had been obtained
from pressure-broadening in a flame, implied that the dipole moment of
the ground state was probably substantial, at least 1 Debye (in the stan-
dard unit of molecular dipole moments, the Debye, 107!® esu), making CN
a sensitive thermometer for the CMBR. That assumption turned out to be
correct. Thanks to a communication from George Field, who we discovered
was also pondering the question of the excitation of interstellar CN, we then
learned that the Belgian astronomer Claude Arpigny had recently deduced
the dipole moment of CN to be 1.1 D from cometary spectra, and that is
what we adopted for our calculations. A few years later Thompson and
Dalby observed the optical Stark effect of CN in the laboratory — a difficult
experiment — and with it measured directly the CN dipole, and found it to
be even larger: 1.45D. So our indirect estimate turned out to be conserva-
tive: CN was even more tightly coupled to the CMBR than we had assumed,
and was an even better radiative thermometer than we had supposed.

Clauser and I soon calculated that if the CN was located in a normal HI
region, as generally assumed, the excitation by local processes, in particu-
lar collisions with hydrogen atoms and fluorescent excitation by background
starlight, was quite slow compared to that from the CMBR, and it was there-
fore the CMBR which largely determined the excitation. We found that in an
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HII region the situation was less clear-cut: collisions with charged particles,
slow protons in particular, could be a significant source of CN excitation;
but there was then — as today — little evidence that interstellar CN is found
in HII regions, so that possibility could be discounted. Our conclusion was
therefore, contrary to what Herzberg had assumed, that the excitation of
CN was the work of the CMBR, and the rotational temperature of CN was
a direct measure of the temperature of the background at the wavelength of
the 1-0 rotational transition, 2.64 mm — quite close to the peak of the 3-K
blackbody curve, which is the reason why our measurement was important.
It implied that the enormous amount of radiant energy locked up in the
CMBR which had escaped detection by the low-frequency measurements of
Penzias and Wilson and other radio astronomers was really there, and could
not be swept under the rug as the proponents of the steady state theory
might have liked.

Our attempt to show that the CN excitation was constant from star to
star was somewhat disappointing, because in the 1960s the number of bright
stars with interstellar CN absorption was very limited, consisting of only
two really good examples: ( Oph, the second-magnitude star studied by
McKellar, and ¢ Per, a similar star in the opposite part of the Milky Way.
We were nonetheless able to conclude from a total of ten stars with some
evidence of interstellar CN that all the available data were consistent with
invariant CN excitation, and the existence of background radiation at a tem-
perature of 3 K or somewhat less. Today with modern echelle spectrographs
and CCD detectors, one could demonstrate the constancy of CN excitation
much better than in the 1960s, but with the remarkably accurate direct
measurement of the CMBR spectrum by COBE, the question now is largely
of historical interest.

Over the next few years we made an effort to obtain a really good mea-
surement of the CMBR with CN and the other molecules then known to
exist in the interstellar gas. This was well before the flood of interstellar
molecule discoveries, which began with the discovery of ammonia and water
by Townes and Welch and coworkers at Berkeley in 1968-1969. Radio lines
of OH had been identified in 1963, but OH optical lines analogous to those
of CN do not exist, and this widely distributed molecule unfortunately does
not serve as a useful radiative thermometer for the background. Of the more
than 130 molecules now known to exist in the interstellar gas or circumstel-
lar shells, it is remarkable that none surpasses CN as a thermometer for the
CMBR - or even comes close.

For a radio astronomer, obtaining the necessary time in the 1960s on a
large optical telescope with a fast high-resolution spectrograph was far from
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easy. To get started, Clauser and I succeeded in begging time on the large
McMath solar telescope at Kitt Peak, which had a very high-resolution spec-
trograph and had been used for a small amount of interstellar work, and with
it we succeeded in obtaining a few rather ragged spectra of ( Oph showing
interstellar CN. These yielded a rotational temperature of about 3 K, but our
data really represented little or no improvement over McKellar’s pre-war
observations at Mt. Wilson. It became clear after discussions with optical
observers who worked at high spectral resolution that the instrument to use
for a significant improvement was the Lick 120-inch telescope, which thanks
to George Herbig had a very high-resolution Coudé spectrograph that was
fast and efficient.

To obtain a substantial block of time on this telescope as a visiting fac-
ulty member of the University of California, I moved with my wife and two
children to Berkeley for the spring quarter of 1968, and was granted then
and over the summer a substantial block of time on the 120-inch telescope
for the CN project by Albert Whitford, the Lick Director. With another
New York student, Victor Bortolot, I ultimately obtained over 30 very
high-quality Coudé spectra on Ilao emulsions, carefully baked to enhance
sensitivity, at the highest available resolution of the spectrograph, 1.2 A /mm;
most were 5 mm wide to store a large amount of information on each expo-
sure, which typically required several hours. Back in New York we digitized
these spectra and added them together numerically to obtain the inter-
stellar spectrum of ¢ Oph with a signal-to-noise not previously achieved.
I was fortunate to be tutored in the art of high-resolution Coudé spec-
troscopy by two masters, George Herbig, then on the faculty at Santa Cruz,
and Gene Harlan, a fastidious and exacting member of the Lick technical
staff.

During one of our Lick runs we were paid an impromptu visit by George
Mueller, director of the Apollo Program, and Wernher von Braun, director
of the Marshall Space Flight Center and the chief architect of the Saturn
V launch vehicle developed for the Moon landing. They were contemplating
a telescope of the Lick class in orbit and wanted to see what one actually
looked like. As a prototype for a space telescope, the Lick 120-inch with
its long focal ratio was a bizarre choice, and one is thankful that this visit
did not sour NASA on a big telescope in space for good. Mueller soon left,
but von Braun, who knew something about optics and had an affection
for telescopes, decided to stay the night. I put him to work in the bowels
of the Lick Coudé guiding the telescope, keeping the light from the star
streaming down the entrance aperture of the spectrograph. He was an inter-
esting companion for a long observing night, and a good talker. It was not



4.2 Precursor evidence from interstellar molecules 83

long before this — about 1960 — that von Braun published his memoir I Aim
at the Stars, which a well-known comedian (Mort Sahl) said might have
been better called I Aim at the Stars, and Sometimes Hit London, and it
was about the time Norman Mailer in his book Of a Fire on the Moon
described von Braun as looking like “the head waiter in the largest hofbrau
house in Heaven.” It was an unusual evening at the Coudé focus of the
120-inch.

Our synthesized spectrum represented well over 100 h of 120-inch obser-
vation. With it we determined the rotational temperature of CN toward
¢ Oph to be 2.99 + 0.06 K, which with small corrections for optical depth
and collisional excitation yielded 2.78 + 0.10 K for the temperature of the
CMBR at A = 2.64 mm. It is gratifying that this result obtained by photo-
graphic spectrophotometry in 1972 is within 0.60 of the COBE temperature
published 18 years later.

Our synthesized final spectrum covered not only the violet band of CN,
but also, as Figure 4.3 shows, the stronger interstellar bands of CH and
CHT, and it yielded also a marginal detection of '*CH™, which furnished
the first observational evidence for carbon-13 in the interstellar gas. The
13C/'2C ratio, which we obtained, was consistent with the terrestrial value,
1/89, and with the many measurements later made of this important isotopic
ratio.

Several years later I took on as a postdoc in radio astronomy John Mather,
a brilliant student of Paul Richards. For a research topic John took up the
recently discovered SiO masers, but, true to his training in Richards’ labora-
tory, his real interest was in the microwave background and the challenge of
its short wavelength spectrum. The first proposal for a Cosmological Back-
ground Radiation Satellite was written in my office in New York. Already
present at our first meeting to draft a proposal to NASA for a spacecraft
experiment were some of the key COBE players, including Weiss, Wilkinson,
Hauser, and Silverberg. Mather was so good at both the political and the
technical requirements of this enterprise that when he later took a job at
the Goddard Space Flight Center, the project followed him with my sup-
port. The discovery of polyatomic molecules in space was underway, and
that promised the kind of science which was closest to my heart.

My excursion into optical astronomy was short, but it left an indelible
impression. After a many-hour exposure, the thrill of holding up a devel-
oped photographic plate in the darkroom to the light and seeing the faint,
barely perceptible absorption line of excited CN, knowing that it was a fin-
gerprint of the universal radiation filling all space, once as brilliant as the
surface of the Sun, was an aesthetic and intellectual pleasure which I have
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Fig. 4.3. The spectrum of ¢ Oph in the vicinity of the strongest interstellar lines of
CN, CH, and CH™, from our first 25 Lick spectra, ca. 1968 (Bortolot, Clauser and
Thaddeus 1969). The R(1) and P(1) lines of CN are a direct result of the CMBR,
and provide a measure of its intensity at A = 2.6 mm near the peak of the 3-K Planck
curve. Directly above each line the transition is shown on a diagram of the relevant
energy levels. “a” indicates the strength of the missing lines if the intensity of
radiation in interstellar space at A = 1.32, 0.359, and 0.059 mm were that obtained
by Shivanandan, Houck and Harwit (1968) from a rocket flight which suggested a
large amount of short wavelength background radiation. (€)1969 American Physical

Society.

never again experienced in research — a shock of recognition perhaps compa-
rable to that felt by Rutherford when he saw the back-scattered alphas and
realized that our entire picture of the structure of matter was wrong. The
now largely obsolete techniques and paraphernalia of optical photographic
spectroscopy — the baking and cutting of the big glass plates to fit the curved
plate holders, the development of the plates in total darkness in the dark-
room with its characteristic pungent smell — provided pleasures which I am
afraid few astronomers today will enjoy.”

2 My early work on measuring the CMBR with interstellar molecules is summarized in Thaddeus
and Clauser (1966), Bortolot, Clauser and Thaddeus (1969) and Thaddeus (1972). Two other
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Although the excitation of interstellar CN is remarkably simple, deter-
mined almost entirely by the photons of the microwave background, the
general question of molecular excitation in the interstellar gas is still very
much with us, with fascinating ramifications. In general, a molecule in space
is subject to simultaneous excitation by three thermal or quasi-thermal
reservoirs: the microwave background at 2.725 K, collisions with the ambi-
ent gas at a kinetic temperature typically between 20K and 200K, and
background starlight, highly dilute radiation at 5000-10,000 K. There are
astronomical regimes where each of these reservoirs predominates, and oth-
ers where the competition between them can produce striking departures
from thermal equilibrium: population inversion and maser amplification
in OH and H»O, and refrigeration below 3K in formaldehyde, so that
absorption against the CMBR is observed in the absence of any localized
background source, an observation which would have been quite unin-
telligible before the discovery of the CMBR. A questionable but highly
interesting example may be provided by the interstellar diffuse bands, the
several hundred unidentified interstellar features which date from as long
ago as the 1930s. It is widely thought that the width of these bands is the
result of rapid radiationless transitions, but other interpretations are pos-
sible. The bands seem to be formed preferentially in low-density regions
of the interstellar gas, and they are probably produced by strong electronic
transitions with large f-values. Under these conditions, rotational excita-
tion by starlight is a possible cause of the width of the diffuse bands, a
mechanism which we considered early on to explain the excitation of inter-
stellar CN, but rejected because of the small f-value of the CN optical
transitions.

No one in the 1960s realized how profoundly the discovery of the
microwave background would enhance our knowledge of the universe — real-
ized that we were on the eve of great events which would alter cosmology
beyond recognition in little more than a generation. (Possibly Dicke, our
most far-seeing teacher, sensed this.) Comparable in its impact to Watson
and Crick’s model of the structure of DNA, the discovery of the background
started a revolution, which has yet to run its course. To me as a practitioner
of small science, it is a pleasure to realize that much of this revolution (obvi-
ously not all) has been done on the cheap, by small teams, in the classical way
in which experimental science has been pursued since Jansky, Rutherford,
Faraday, and before.

papers based on our Lick high-resolution optical spectra are Probable Detection of Interstellar
13 CHT (Bortolot and Thaddeus 1969) and Weak Interstellar Lines in the Visible Spectrum of
¢ Ophiuchi (Shulman, Bortolot and Thaddeus 1974).
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4.3 Precursor evidence from element abundances
4.3.1 Donald E. Osterbrock: The helium content of the universe

Donald Osterbrock played a leading role in the study of AGNs. He is author
of the influential book, Astrophysics of Gaseous Nebulae and Active Galactic
Nuclei (1989), and coauthor, with Gary J. Ferland, of the greatly expanded
second edition (Osterbrock 1989; Osterbrock and Ferland 2006). At the time
of his death in January 2007 he was Professor Emeritus of Astronomy and
Astrophysics at the University of California, Santa Cruz.

I have never done any research in cosmology, but as an onlooker I have been
interested in it for many, many years. I was inclined toward science from
boyhood, partly no doubt because of my father’s background as an engi-
neering professor, and my mother’s as a chemistry assistant in an industrial
laboratory in Cincinnati, where both of them, my brother, and 1 were all
born and grew up. My high school had an excellent library, and in it, and
also in books from our local public library, I read a lot about astronomy.
I had a small amateur-made reflecting telescope with an alt-azimuth pipe
mounting, and could look at the poor images that it produced of the Moon,
planets, and bright nebulae like the Ring and Orion. My father took me to
occasional meetings of the local amateur astronomical society when a famous
professional came to town, and I remember especially Harlow Shapley and
Otto Struve.

I graduated from high school six months after Pearl Harbor, and in
another seven months I was in the Air Force, training to be a weather
observer. On a troopship from Honolulu to Okinawa, we proceeded by way
of Eniwetok, Guam, and Saipan, and on the way I first saw the star Foma-
lhaut and the Southern Cross. After the war ended, I was able to enter
the University of Chicago under the so-called GI Bill of Rights, and in three
years completed a bachelor degree in physics, and a master in astronomy and
astrophysics. Chicago had the best faculty in physics and astronomy in the
country at that time, in my opinion, and I was especially inspired by courses
in quantum mechanics, taught by Gregor Wentzel, and nuclear physics, by
Enrico Fermi. There were no active cosmologists there, but I attended col-
loquia by George Gamow, on what we call the “big bang” today, but he
called the “ylem-theory” then, and by Maria Goeppert-Mayer on her new
interpretation of the so-called “magic-number” nuclei in terms of nuclear
shell structure with strong spin—orbit and spin—spin coupling. These two
colloquia seemed quite reasonable to me and, I noticed, to nearly all the
professors who were there too.
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Then, for three years at Yerkes Observatory I again had excellent teach-
ers, especially Struve, S. (Chandra) Chandrasekhar, W. W. Morgan, Bengt
Stromgren and Gerard P. Kuiper. All of them taught us about stars, nebulae,
and galaxies, even Kuiper, although he also lectured on the Solar System,
on which he had begun working during and just after the war. I did my the-
sis with Chandra, on the gravitational interaction between stars and cloudy
interstellar matter, which we would call “giant molecular clouds” today. For
two or three weeks in the summer of 1951, I went to a “summer school,”
organized by Leo Goldberg at the University of Michigan. I wanted to hear
the lectures of George C. McVittie, on hydrodynamics of interstellar clouds
(though Chandra advised me not to go — he said he had already taught me
more than McVittie knew on the subject!). The “school” was held in the old
Detroit Observatory building at the UM campus, where all the professors
and grad students had offices. I believe I was the only student from outside
UM who attended, and so I shared an office with McVittie and with David
Layzer, who had just joined the faculty there that summer, with his fresh
Harvard PhD degree.

Once a day we all got together in the main room of the observatory, to
have coffee and talk about astronomy. In those conversations McVittie and
two of the older professors, Dean McLaughlin and Freeman Miller, were
scathing in their remarks on Fred Hoyle’s steady state theory of cosmology,
involving continuous creation of matter. McVittie was a classical mathemat-
ical cosmologist, and I had soon seen from his lectures that Chandra had
been right. He had little if any physical insight, and his criticisms of Hoyle’s
ideas were ridiculous, I thought. Basically, he said continuous creation just
couldn’t happen, and McLaughlin and Miller chimed in as his conservative
claque.

After I completed my PhD at Yerkes in 1952, I was fortunate to be
appointed a postdoc at Princeton for a year. There I worked out the internal
structure of red-dwarf stars, which turned out to have deep outer convective
zones, but radiative centers with the main energy production by the proton—
proton reaction. I had learned of the problem in Strémgren’s stellar-interiors
course at Yerkes, and he encouraged me to follow it up at Princeton. Martin
Schwarzschild and his students were working on red-giant stars, and he
helped me tremendously in my work. Lyman Spitzer, the head of the astron-
omy department, asked me to teach the stellar atmospheres graduate course
the second semester I was at Princeton, so he could spend full time on his
research on deriving energy for peaceful uses from controlled nuclear reac-
tions, called Project Matterhorn at that time. I was glad to teach the course;
there were only four grad students in it: Andy Skumanich, Jack Rogerson,
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George Field and Leonard Searle. As they all had long and successful careers
as research astrophysicists, I can’t help thinking that at least I didn’t hinder
them in this first course I ever taught.

Hoyle came to Princeton that year as a visitor, working with Schwarzschild
on the structure and evolution of red-giant stars for two or three months.
Fred’s office was next to mine, in the quiet rear of the old observatory
building, and we often discussed his research and mine. He was extremely
hard working, brilliant, and knew a lot of astrophysics. I was impressed
by Hoyle, and although he was not doing cosmology there at that time, I
still had an open mind on it. We never discussed cosmology, so far as I can
remember. Hoyle was all business on red giants there, as I was on red dwarfs,
and those were the two subjects we talked about.

After one year at Princeton, I was appointed to the faculty of Caltech’s
then very new astronomy and astrophysics department, headed by Jesse
Greenstein. My wife and I drove west in the summer of 1953, stopping
for a month at Ann Arbor for a second astrophysics summer school, again
organized by Goldberg. This one was much more successful than the earlier
one, with Walter Baade and Gamow the two main lecturers, backed up by
Ed Salpeter and Kuiper for shorter series of talks. About 30 grad students,
postdocs, and young faculty members were there. I was most interested in
learning from Baade, but Gamow’s lectures, mostly on his cosmology, were
quite good. He was always humorous, but with plenty of good ideas. By that
time in his life he was a fairly heavy drinker, but it never seemed to mar his
thoughts nor his lectures.

Baade was a fantastically inspiring lecturer, and I was glad indeed to have
him and Rudolph Minkowski as my chief mentors in Pasadena. At that time
the Caltech and Mt. Wilson (now Carnegie) astronomers shared the 200-in
and 100-in telescopes, and I worked largely on nebular spectroscopy, with
some forays into emission-line galaxies, but never into cosmology. There
were too many interesting things for me to do with objects in our own
and nearby galaxies. Hoyle came to Caltech two or three times while I was
there, mostly to work with Willy Fowler and Geoff and Margaret Burbidge,
who came there on visits, on nucleosynthesis in stars. Fred was a visiting
professor for one quarter, lecturing on the same subject, and I sat in on
most of his lectures. But I never discussed cosmology with him then, nor
heard him discuss it with others around the astrophysics lunch table in the
faculty club, except to utter an occasional disparaging remark about the
“big bang.”

From Caltech I went to the University of Wisconsin in Madison with Art
Code, to help him build up a full-size graduate astronomy and astrophysics
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department there. Again, I continued largely observational research there
with our smaller telescope, using its excellent photoelectric scanner which
made it highly effective for nebular problems.

Then in 1960-1961 I had a Guggenheim Fellowship to go back to Princeton
on leave, this time as a visiting fellow at the Princeton Institute for Advanced
Study, where Bengt Stromgren had recently become the professor of astro-
physics, “the man who got Einstein’s office.” Among the other visiting
fellows then were Anne Underhill, who had worked with Bengt at Yerkes
and in Copenhagen, Su-shu Huang, another Yerkes PhD, and Hong-Yee
Chiu. We had weekly astronomy lunches with Spitzer and Schwarzschild,
and Field and Rogerson, who had come back as assistant professor and
research associate, respectively, and others. These were held in a faculty
cafeteria upstairs in Firestone Library, not as spacious or well appointed
as the TAS dining room that was built later, but still quite a step up
from the aluminum-sided diner on Nassau Street where we had gone in
1952-1953.

I think Martin suggested to Rogerson and me that we review the status
of the helium abundance in the objects we knew best: the Sun, on which
Jack had done a lot of research while a Carnegie postdoctoral fellow at Mt.
Wilson, and gaseous nebulae, with which I was familiar. I had seen Rogerson
often in his two years in Pasadena, and we were good friends.

The helium abundances in nebulae were simple; we used the measure-
ments of the Orion HII region and several planetary nebulae, made by my
first PhD thesis student at Caltech, John Mathis, who had also calculated
the relations between line-strength and abundances of helium and hydro-
gen. These were supplemented by somewhat later theoretical calculations
by Mike Seaton. Our results were that the helium to hydrogen ratio was
very nearly the same for planetary nebulae (mean value N(He)/N(H) =
0.16), and for the Orion nebulae (N(He)/N(H) = 0.15). They contradicted
the idea that the helium content in our Galaxy might have increased with
time, from when the stars had formed that were at present in the planetary
nebula stage (then estimated as 5 x 10? years ago) to today.

For the Sun we used absorption-line strengths Rogerson had measured for
weak [O]] lines in the Solar spectrum to determine the relative abundance of
oxygen as a representative of the heavy elements (usually called “metals,” an
especially poor term for all the elements heavier than helium, in my opinion!)
to hydrogen. Then from the relative abundances to oxygen of all those heavy
elements, often described in earlier years as the “Russell mixture,” but using
more recent compilations, we derived the abundance ratio by mass, Z/X =
6.4 x 1072, In this notation X, Y, and Z represent the fractional abundance,
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by mass, of hydrogen, helium, and heavy elements (where the helium fraction
isY=1-X-2).

The other relation we used for the Sun was derived from a series of Solar
interiors models that Ray Weymann had recently calculated at Princeton
under the guidance of Schwarzschild. These new models were then cur-
rent state-of-the-art, taking into account a shallow outer convection zone,
an intermediate, unevolved radiative zone, and a large inner radiative but
hydrogen-burning region, in which the results of nuclear processes over
5 x 10” years had affected the variation of hydrogen and helium content with
distance from the center. Energy production was mostly but not entirely by
the proton—proton reaction, and there was no central convective core. These
were the best models then available, but in addition I liked them personally
because Ray had been the brightest and best undergraduate student I had
taught at Caltech, and also because his models took into account revisions
and extensions of my early research on red dwarfs by Nelson Limber, my
close friend from Yerkes days. Nelson had also gone on to Princeton as a
postdoc after me.

The well-observed Solar radius, luminosity and mass gave X = 0.67, Y =
0.29, Z = 0.04 for the original abundances in the Sun, at its formation
4.5 x 10° years ago. This set of abundances is not quite the same as we had
derived for the planetaries and the Orion nebula had given, but well within
the estimated error, we believed. In the end the best overall fit we adopted
was X = 0.64, Y = 0.32, Z = 0.04, essentially unchanged for the past
5 x 10° years. Our evidence was that that the helium abundance in the Sun
is essentially the same as the results mentioned above for planetary nebulae
and the Orion nebula based on the very straightforward recombination-line
theory for HT and He™.

Although many of the numerical values have been revised slightly on the
basis of better measurements and improved theoretical interpretations of
nebular and Solar spectra, our conclusion has remained unchanged. The
abundance of helium in our Galaxy, and presumably in other galaxies as
well, had changed little from their earliest days. Most of the helium must
have been formed in the big bang. Personally, I could have accepted the idea
that both helium and hydrogen had been created together in a steady state
universe, but evidently Hoyle, Hermann Bondi, and Tommy Gold could not,
nor could other later theoretical cosmologists.

Rogerson and I had done our paper because Schwarzschild suggested it at
the time. I don’t remember why he thought it was important, but I don’t
think it was for cosmology. Certainly I did not have that idea in my mind
back then. I was interested in it chiefly because Martin seemed to me so
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uncertain about what the helium abundance was in stars near the Sun. He
had used various abundances for it in his early stellar interiors and evolution
papers with students, postdocs, and visitors at Princeton as collaborators.
Looking back now (I didn’t realize this at the time), he had even used Y = 0
(no helium at all)! This was heresy to me, as all grad students at Yerkes
were indoctrinated from early on with the interpretation of the spectral
sequence as basically a temperature sequence in stellar atmospheres, all with
the same abundances in them, with luminosity as a secondary criterion, but
only a very few minor abundance variations which Morgan, Keenan and
Kellman (1943) had noted in bright stars, and Nancy Grace Roman (1950)
had found more in somewhat fainter ones in her postdoctoral research. It was
evident that helium was much more abundant than anything else except
hydrogen from the great strengths of its lines in hot stars, though we didn’t
know just how abundant it might be. All the astronomers I talked with in
1953-1958 at Mt. Wilson and Palomar Observatories had the same general
idea, I believe.

Only Martin did not have it in 1952-1953, and he didn’t seem to in 1960—
1961, although maybe he was just pretending, to convince Jack and me to
prove it. I now realize that Schwarzschild had calculated those models with
Y = 0 to compare with earlier calculations by Hoyle and Lyttleton (1942).
The assumption Y = 0 agreed with Hoyle’s interpretation of the steady state
theory. As I mentioned above, I could have accepted continuous creation
of both hydrogen and helium if that fitted observational data. Perhaps by
that time, 1961, Hoyle was already semiconvinced that continuous creation
was dead because he knew from his contacts with American observational
astronomers that Y does not equal zero anywhere in our Galaxy. But I may
be wrong, and I do not want to put words into his mouth or in Martin’s
either!

In addition to Burbidge et al. (1957), three early theoretical papers that I
know of had treated the expected helium abundance in our Galaxy as a result
of nuclear reactions in stars. Burbidge (1958) estimated its increase with time
from the approximately known luminosity of the whole Galaxy, Maarten
Schmidt (1959) formulated and calculated an early “closed-box” model, and
Mathis (1959) carried out a somewhat less exhaustive one. All three assumed
that the initial helium content was zero, and built up gradually with time,
as a result of nuclear processing in stars and return of matter to interstellar
space from evolved stars, but all three found, in one way or another, that
this hypothesis would not work, although they did not put it that directly.
None of these authors considered how the heavy-element content might have
increased; that was still an unknown process.
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When the CMBR was discovered in the 1960s, I readily accepted it as a
confirmation of the big bang picture. I believed, and still believe, in follow-
ing the observational evidence, as long as it was based on sound theoretical
interpretations. However, I think it is a great mistake to trust any detailed
numerical values, derived from observational measurements, too far. The
theory is always too simple to match reality “exactly.” For instance, I have
heard lectures, and seen cosmological papers, in which values of X and Y
derived from nebular spectrophotometry are quoted and used to three signif-
icant figures. Observers are often overly optimistic in stating their probable
errors, and theorists who use them can be even more so. But in addition all
the available calculations of the HI and Hel emission-line intensities that I
know are based on simplified model nebulae, either with one “mean” temper-

ature and one °

‘mean” electron density, or on models in which local means,
varying only with distance from the photoionizing star or stars, are used.
Yet direct images of nebulae show that down to the finest resolution we have
been able to achieve to date, even at excellent seeing-sites on high desert
mountains or from space with the Hubble Space Telescope, fine structure,
“filaments,” and “clumps” are present in nebulae. No doubt these contain
a range of densities, temperatures, and excitation conditions down to very
small scales. The “mean” values may not represent these conditions to high
accuracy, as many current papers are showing. As our understanding of the
effects of fine structure, and also perhaps of hydromagnetic heating of neb-
ular gas, improves, the precision of the derived relative abundance will also
increase.

4.4 The path to the hot big bang in the Soviet Union
4.4.1 Yurit Nikolaevich Smirnov: Unforgettable Yakov Zel’dovich

Yuri Smirnov is a Leading Research Scientist at the Russian Research Cen-
ter “Kurchatov Institute,” Moscow. He is coauthor (in collaboration with
Victor Adamskii, Yuri Babaev, Andrei Sakharov, and Yuri Trutnev) of the
100-megaton thermonuclear bomb; he took part in the test of its half-power
version on October 30, 1961. He was one of the initiators and participants
of the program for deep seismic sounding of Earth’s crust with the help of
underground nuclear explosions for the accelerated revealing of the prospec-
tive regions containing oil, gas, and other minerals. He participated in the
preparation of 14 “peaceful” explosions; in 11 of them (for deep seismic
sounding) he was State Commission Vice-Chairman. His research interests
include atomic energy and the history of the Soviet atomic project.
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There is a deep analogy between physical processes which take place inside
nuclear bombs (especially thermonuclear bombs) and stars. It was soon real-
ized by the designers of nuclear weapons. That is why the newcomers who
just came to Sarov, the Russian nuclear center, were sometimes told, “we
research astrophysics here.” There were good reasons for that.

For instance, the thermonuclear reaction inside a ball-shaped hydrogen
medium can be characterized by the mass and radius. Variation of these
parameters over a wide range of values changes the process out of recogni-
tion: from an explosion in the case of a bomb to stationary burning in the
case of a star.

At the same time, the comparison of a “bomb” and a “star” is relative.
Thus, for example, the principal reaction inside stars is p+p (the interaction
of protons) whereas in a thermonuclear bomb reactions with deuterium and
tritium, d + d and d + t, dominate. Or again, in the case of nuclear burning
in a star the retentive force is gravity, while in a bomb it is the compression
produced by explosives or radiation.

This is why theorists who participated in the Soviet atomic project com-
monly became experts in astrophysics or cosmology. Thus it was natural
that David Frank-Kamenetskii (1959), who left Sarov as long ago as 1956,
published his well-known monograph Physical Processes in Stars and a series
of papers on the origin of elements in the universe as early as 1959. He was
one of the most brilliant theorists to collaborate with Yakov Zel’dovich.

Nevertheless it was Ya. Zel’dovich, who, as a chairman of the physics sem-
inars, performed a quick turn from elementary particle physics to relativity
theory and cosmology in 1961-1962. Andrei Sakharov, Nikolay Dmitriev,
Andrei Doroshkevich, Michail Podurets, Sergey Kholin, Valery Yakubov,
and others were influenced by nobody but him in their studies of astrophysics
and cosmology in Sarov. I didn’t escape the common lot as well.

For me, a 24-year-old colleague of Sakharov, who had just returned
from the test of a 50-megaton superbomb on October 30, 1961, it was
extremely interesting to join that renewed seminar. That was especially
because Zel’dovich equalized starting positions of all participants and defi-
nitely carried young people by the choice of subjects. Along with the chief we
synchronously began to study chapters on general relativity in the book The
Theory of Field, by Landau and Lifshitz (1960), and, following Zel’dovich’s
proposal, reported on them in the seminar.

Discussions gave rise to questions which turned into tasks. Soon pub-
lications of the participants of the seminar began to appear. And as the
chairman accelerated the pace he shortly became an authoritative leader in
this branch of physics that was new for him.
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Professional discussions with Yakov Zel’dovich were remarkable for their
dynamism and expressiveness. Having familiarized myself with his paper The
Initial