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PREFACE

Cosmology is likely to be the branch of the physical sciences that can boast of having the
greatest popular appeal. Compared with the wealth of books written by astronomers,
physicists, and science writers, many of them with a historical dimension, the history of
cosmology has not received much attention by historians of science. This is the case for
modern cosmology in particular, and also for comprehensive works dealing with the entire
history of how philosophers and scientists have studied the universe. The present work
offers a full account of the history of cosmology from the ancients to the beginning of the
twenty-first century, although of course an account which is far from complete. The book is
written with a diverse audience in mind, students of the history of science and ideas as well
as the general reader interested in how the picture of the world has developed over nearly
three thousand years. Although not a technical work, it will hopefully be of interest also to
astronomers, physicists, and other scientists working with, or teaching, cosmology. I would
like to express my gratitude to Ole Bjalde of the University of Aarhus, who kindly read part
of the manuscript and corrected some mistakes.

Helge S. Kragh
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INTRODUCTION

The term ‘cosmology’ derives from Greek, essentially meaning the rational or scientific
understanding of the cosmos, a word which to the ancient Greeks carried connotations such
as ‘order’, ‘regular behaviour’ and ‘beauty’ (it is no accident that the words ‘cosmology’
and ‘cosmetology’, or ‘cosmos’ and ‘cosmetics’, are so similar). The wildly ambitious
claim that the universe can be described rationally—that it is a cosmos, not a chaos—had
its origin in ancient Greek natural philosophy, which consequently must occupy a central
place in any comprehensive history of cosmology. Although in Chapter 1 I refer briefly to
the cosmological views of non-Western cultures, the present book is concerned with the
development of the scientific understanding of the universe, which effectively means that it
is a contribution to the history of science in the European cultural tradition. Incidentally,
although attempts to understand the universe in scientific terms go back to the very birth of
science, until the twentieth century the word ‘cosmology’ was rarely used in a scientific
context. The first books that carried the word in their titles date from the 1730s. As will
become clear, cosmology did not have a professional identity until after the Second World
War. Strictly speaking, there were no ‘cosmologists’ before that time, only scientists who
ocassionally dealt with questions of a cosmological nature. Although it is a bit anachronistic
to refer to these scientists as ‘cosmologists’, it is a convenient label and I have made no
particular effort to avoid it.

The domain of cosmology is a frightening concept, the universe or the cosmos in the
sense of everything that has (or has had, or will have) a physical existence, whether matter,
energy, space, or time. I use the two words ‘cosmos’ and ‘universe’ synonymously, and also
do not distinguish them from the word world. In German and the Scandinavian languages
this all-encompassing concept is sometimes known as ‘all’; compare the German Weltall.
Cosmology in the traditional sense refers principally to the study of the structure of the uni-
verse, what in the seventeenth century was often known as cosmography, a term which
stresses the mapping of the universe and which could also refer to what we would consider
as geography today. Indeed, when Ptolemy’s famous geographical work (Geographia) was
first translated into Latin in 1406, it carried the title Cosmographia. Whereas cosmology
and cosmography were sciences dealing with a static world, cosmogony means literally the
study of how the universe came to be what it is and so includes a temporal dimension.
However, the term is not widely used any longer, and today the evolutionary aspects of the
universe, including its so-called creation, are included under the label ‘cosmology’.

Confusingly, cosmogony and cosmography often referred to the planetary system (its
formation and description, respectively) rather than the universe as a whole, as may be
exemplified by Petrus Apianus’ Cosmographia of 1524 and Henri Poincaré’s Hypothéses
cosmogoniques of 1913. Neither of these works was about cosmology, in the present
meaning of the term. Cosmophysics may come closer, but this was originally a name
employed for a mixture of astrophysics, meteorology, and geophysics, with little concern
for the universe at large. The term may first have been used by the German Johannes
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Miiller, the author of Lehrbuch der kosmischen Physik (1856), and in 1903 the Swedish
chemist Svante Arrhenius published a massive work in two volumes with the same title.
Neither Miiller nor Arrhenius had much to say about physical cosmology as we understand
the subject today.

It should, further, be pointed out that the word ‘cosmology’ is sometimes used in a sense
very different from the scientific study of the universe. One may, for instance, speak of
communist cosmology, romantic cosmology, or the cosmology of Australian aboriginals, in
which case one refers to the world view of the corresponding group or era (in German,
Weltanschauung rather than Weltbild). The world views of individuals, periods, or societies
may be related to the more narrow, astronomically oriented meaning of cosmology, but this
is not generally the case. For instance, the philosopher Stephen Toulmin published in 1982
a book with the title 7he Return to Cosmology, an analysis of leading intellectual ‘cosmo-
logists’ such as Arthur Koestler, Teilhard de Chardin, and Jacques Monod, none of whom
have contributed to the study of the physical universe. Likewise, the fact that Alfred
Whitehead’s Process and Reality of 1929 was subtitled An Essay in Cosmology does not
make it relevant to astronomers and physicists trying to understand the world. Nor is that
the case with the Russian philosopher Peter D. Ouspensky’s A New Model of the Universe,
first published in 1914.

In a wider historical perspective, cosmology as a world view or an ideology cannot be
cleanly separated from cosmology as a science. Indeed, the latter largely grew out of the
former, and consequently the historian has to deal with both. Even when focusing on the
scientific aspects of cosmology, as I do, one cannot ignore the philosophical and religious
dimensions, which for a long time were inextricably connected with scientists’ efforts to
unravel the secrets of the universe. This connection was particularly strong in the old days,
especially before the Enlightenment period, after which it weakened. However, it never
disappeared completely and probably never will. (Those who believe that cosmology has
nowadays severed its links to philosophy and religion should consider the anthropic prin-
ciple and so-called physical eschatology, topics which will be discussed in Section 5.3.)

From an epistemic and sociological point of view, cosmology is a peculiar science,
unlike any other. Historians have traditionally investigated its development either from the
perspective of the history of ideas and culture or as part of the history of astronomy. There
certainly is a tight connection between astronomy and cosmology, but in my view it would
be a mistake to look at cosmology as merely a subfield of the astronomical sciences. This is
not the case today, and it was not the case in the past. In fact, for long periods of time
astronomers wanted to have as little as possible to do with questions of cosmology and cos-
mogony, fields they were happy to leave to the philosophers. It has been my intention to
write a history of how scientists—or, until fairly recently, natural philosophers—explored
and thought of the universe and how they, in the process, changed the very meaning of it.
Astronomers always played a most important role in this development, but they were not
alone. Contrary to most other histories of cosmology, I pay close attention to reasoning
based on physics and chemistry. Mathematical modelling compared with astronomical
observations may have been the single most important approach to the study of the uni-
verse, but there have always been people who considered the heavens in material terms, as
something chemists and physicists could investigate. ‘Physical cosmology’ is generally
believed to be an invention of the second half of the twentieth century, something only
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made possible by the discovery in 1965 of the cosmic microwave background, but this view
I believe is contradicted by history.

There is no one way to write the history of cosmology, just as there is no one way to write
the history of any other field of science (or branch of history in general). I have chosen to
present the development rather broadly, to include physical and philosophical perspectives
alongside the unavoidable astronomical perspectives. As far as chronology is concerned,
I highlight the twentieth century, which is given as much space as the entire previous
development. I believe this is justified for at least two reasons. For one thing, the history of
pre-twentieth-century cosmology is well covered by the existing literature. For another
thing, and more importantly, scientific cosmology has changed drastically since the early
part of the twentieth century (more precisely, since 1917), which marked a new and revolu-
tionary phase in the age-old study of the universe. The development since Einstein’s
breakthrough during the First World War, and even more so since the 1960s, has been so
remarkable—and so sketchily covered by historians—that it needs to be given high priority.
It goes without saying that this is no easy job and that my account can undoubtedly be
criticized. It is an especially difficult task to cover recent developments, not only because
they are so varied and confusing, but also because it is difficult to judge their historical
significance. But this is a general problem for any kind of recent historiography.! In any
case, | feel that a somewhat inadequate and objectionable historical account of modern
cosmology is better than no history. It is about time that historians of science discovered the
immense richness of modern cosmology, and it is my hope that this book may be a modest
contribution to changing the state of affairs.

The structure of the book is, by and large, chronologically organized. The earliest
cosmological views we know of, those of the Mesopotamian and Egyptian cultures, were
cosmogonies rather than cosmographies. They were mythical tales of how the world and the
gods came into existence, to be followed by the first humans. This is dealt with in Chapter
1, which proceeds to consider the Greek cosmos, first in its speculative—philosophical
version and next as developed into a scientific model by Eudoxus, Aristotle, Hipparchus,
Ptolemy, and others. The Aristotelian-Ptolemaic picture of the world was, in a Christianized
version, adopted by the theologian—philosophers of the Middle Ages, who turned it into a
pillar not only of knowledge but also of faith. The stable medieval world picture was,
however, challenged by Copernicus’ heliocentric system of 1543, an innovation which
heralded the coming of a new age. The Copernican universe was immensely larger than the
traditional universe, yet the two rival world systems had much in common, including their
shared conception of the stellar system as a huge spherical shell populated with countless
stars. Also, both systems presupposed that the universe had a centre and that the heavenly
bodies moved uniformly in circles, a view which was finally abandoned a couple of
decades after Kepler introduced ellipses as the true planetary orbits.

Chapter 2 describes some of the advances in astronomical and cosmological knowledge
from Newton in the 1680s to Hubble in the 1920s, a long period in which progress occurred
by astronomical observations rather than theoretical innovations. Newton’s universal law of
gravitation became the cornerstone of theoretical astronomy and the basis of the first
scientific (or scientific-looking) cosmogonies in the magnificent style of Kant and
Lambert. In the second half of the eighteenth century an evolutionary perspective made its
entry into cosmology, a trend which continued in the nebular world view of the following
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century. Until that time theology had been part of the cosmological tradition, but from
about 1820 it becomes rare to find references to God in scientific works on the cosmos.

The invention of spectroscopy in 1860 introduced for the first time a physical (and
chemical) dimension to cosmology, providing new and fruitful ways to deal with the riddle
of the nebulae. At the same time, the laws of thermodynamics were used to discuss the
long-term development of the universe, its fate in the far future, and its possible origin in an
unknown past. These discussions of a more speculative nature were not of great concern to
the astronomers, who preferred to use their telescopes to obtain positive knowledge about
the universe in its present state. By the turn of the century, one of the great questions
concerned the size of the Milky Way and the distribution of the nebulae. These difficult
problems, epitomized in the ‘Great Debate’ of 1920, were solved when it became possible
to determine the distances to some of the nebulae. It turned out that they were at vast
distances, island universes majestically floating around in the vast sea of space.

The work done by observational astronomers was of little relevance to Einstein’s
development of the general theory of relativity and its subsequent transformation into a
theory of a closed universe. As we can see today, but which was far from obvious at the
time, Einstein’s work marked a watershed in the history of cosmology, easily comparable to
the Copernican revolution. The main part of Chapters 3 and 4 deal with aspects of the
amazing consequences of Einstein’s cosmological field equations. The static nature of the
universe had a paradigmatic status in early relativistic cosmology, to the extent that the first
theories of an evolving universe were ignored. Only in 1930, when Hubble’s observations
were combined with the theoretical insights of Friedmann and Lemaitre, did the expanding
universe become part of mainstream cosmology. We may be tempted to identify the
expansion of the universe with relativistic cosmology, and also to think that it led automatically
to the notion of a finite-age universe, but history shows otherwise. Cosmologists could
favour a universe with an origin in time without subscribing to general relativity; and those
in favour of the relativistic theory of the expanding universe could deny that it had a
definite age.

The emergence and development of the Big Bang theory of the universe, from the mid-
1940s to the late 1970s, forms the main part of Chapter 4. In the early 1950s, Gamow and his
collaborators had developed a sophisticated model of the early universe based on nuclear
physics, the first version of hot Big Bang cosmology. The theory came to a halt, though, and
it took more than a decade until it was developed further and became generally accepted. An
important reason for the non-linear development of cosmology in that period was the emer-
gence of a strong rival theory of the universe in the form of the steady-state cosmology of
Bondi, Hoyle, and Gold. The controversy between this theory and relativistic evolutionary
theories is a classical case in the history of cosmology, described in greater detail in my
Cosmology and Controversy of 1996. New observations, in particular the discovery of the
cosmic microwave background radiation in 1965, killed the steady-state theory, which by
1970 was no longer taken to be a serious alternative by the majority of astronomers and
physicists. The hot Big Bang theory quickly became the paradigm of the new cosmology, a
field which for the first time emerged as a scientific discipline with its own standards and
rules for solving problems. It short, cosmology became a scientific profession.

Chapter 5 summarizes the most important developments since about 1980. On the
theoretical side, the inflationary scenario of the very early universe led to a minor
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revolution which further strengthened the already strong links between particle physics and
early-universe cosmology. Even more important was that the standard Big Bang model of
the 1970s began to lose its status as observations indicated that the universe was in a state
of accelerated expansion. It was believed for theoretical reasons that the energy-mass
density was critical, but even when the large amounts of hypothetical dark matter were
taken into account it was not enough. By the end of the millennium many cosmologists
believed that the main part of the universe consisted of a ‘dark energy’, which was possibly
a form of quantum vacuum energy. Most remarkably, in this way Einstein’s controversial
cosmological constant made a dramatic comeback on the cosmological scene. Progress in
cosmology during the last couple of decades has been mainly observation-driven, yet at the
same time interest in highly theoretical and in part speculative areas of cosmology has
flourished. In the final sections I offer a characterization of some of the more speculative
areas which, whatever their scientific merits, have greatly appealed to the public. They have
helped make modern cosmology a fashionable science far beyond the world of research
cosmologists.

It goes without saying that the book covers the development of cosmology incompletely.
There are many names, events, and themes that are not included, and some that are
mentioned only too briefly. At the end of the book I take up a few themes which are best
treated in a broad, non-chronological perspective, such as the importance of technological
innovations for the progress of cosmological knowledge. 1 also comment on various
questions of a more philosophical nature, not in order to ‘philosophize’ about cosmology
but because they have been recurrent themes in the historical development of cosmology. In
1996, after having been in the business of cosmology for some thirty years, Stephen
Hawking wrote:

Cosmology used to be considered a pseudoscience and the preserve of physicists who might have done
useful work in their earlier years, but who had gone mystic in their dotage. . . . However, in recent years the
range and quality of cosmological observations has improved enormously with developments in techno-
logy. So this objection against regarding cosmology as a science, that it doesn’t have an observational basis,
is no longer valid.?

Hawking was right about the last part—observations of cosmological relevance have
improved enormously—but his appreciation reveals an inadequate understanding of the
history of cosmology, to put it gently. As this book demonstrates, cosmology as a science
dates back much farther in time than the ‘recent years’ Hawking talked about. I see no
reason why Aristotle’s cosmology, or that of later researchers such as Copernicus, Newton,
William Herschel, and Hugo von Seeliger, was not ‘scientific’. Granted, their cosmologies
were not very scientific by our standards, but then, how will cosmologists five hundred
years from now look upon the current relativistic Big Bang theory of the universe?

Notes

1. On the problems and promises associated with writing the history of contemporary science, see Soderqvist
1997.
2. Hawking and Penrose 1996, p. 75.



FROM MYTHS TO THE COPERNICAN UNIVERSE

1.1 Ancient cosmological thought

Cosmology, in the elementary sense of an interest in the natural world and the heavenly
phenomena, predates science and can be traced back several thousand years before humans
learned to write and read. The cave dwellers knew how to communicate by means of pic-
tures, as we know from the fascinating artwork found in the Lascaux caves in France and
the Altamira caves in Spain, for example. Some of this cave art possibly had an astronom-
ical significance. There are drawings that may symbolize the Sun and others that have been
interpreted as depictions of the phases of the Moon. If so, they provide evidence that Homo
sapiens had a sense of wonder about the universe more than 10 000 years ago.

Evidence of a different kind, and relating to a later period in pre-literary culture, comes
from the arrangements of large stones—megaliths—that are found many places in Europe,
most notably in Great Britain, and which date back to around 3500 Bc. The most famous of
these impressive megalithic documents is undoubtedly Stonehenge in southern England. For
what purpose was the enigmatic Stonehenge projected and constructed? Nobody knows for
sure, but today it is widely accepted that it partly served astronomical purposes, that it was a
huge megalithic observatory or ‘an astronomical temple’, as John Smith suggested as early as
1771. More than a century later, the idea appealed to the prominent astrophysicist Norman
Lockyer, who was convinced that the Egyptian pyramids had astronomical orientations and
saw no reason why that shouldn’t be the case with Stonehenge as well. In 1906 he argued his
case in a book titled Stonehenge and Other British Monuments Astronomically Considered,
but the book failed to convince the majority of astronomers and archaeologists. Lockyer may
be considered the father of archacoastronomy, but it was only in the 1960s that the field took
off, revived in particular by the British—American astronomer Gerald Hawkins. Appropriately,
his classic papers of 1963 and 1964, ‘Stonehenge decoded’ and ‘Stonehenge: a Neolithic com-
puter’, appeared in Nature, the journal that Lockyer had founded nearly a century earlier.

Hawkins’s arguments in favour of British archaeoastronomical activities aroused a good
deal of controversy but also attracted positive responses and helped to create an interest in
the field. Among the early supporters of archacoastronomy was Fred Hoyle, the eminent
astrophysicist and cosmologist, who entered the debate in 1966, and in 1977 gave a full pre-
sentation of his ideas in his book On Stonehenge. During the last couple of decades,
archaeoastronomy has flourished, and claims that at least some of the megalithic monuments
were observatories of a kind are today generally accepted.! It seems that humans, even in
pre-literary times, had a keen interest in astronomical phenomena and constructed sophist-
icated tools to study celestial motions. Unfortunately, archacoastronomy tells us little about
the cosmological views of Neolithic man, his conception of the structure of the universe, and
how it came into being.
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1.1.1  Cosmo-mythologies

The ancient Egyptians thought of the world as consisting of three parts. The flat Earth, situ-
ated in the middle, was divided by the Nile and surrounded by a great ocean; above the
Earth, where the atmosphere ended, the sky was held in its position by four supports, some-
times represented by poles or mountains. Beneath the Earth was the underworld, called
Duat. This dark region contained all things which were absent from the visible world,
whether deceased people, stars extinguished at dawn, or the Sun after having sunk below
the horizon. During the night, the Sun was thought to travel through the underground
region, to reappear in the east next morning.

Although the universe of the Egyptians was static and essentially timeless, apparently
they imagined that the world had not always existed in the form in which they knew it.
Theirs was a created world, the creation being described in cosmogonies, of which there
existed at least three different versions.? Common to them is that they start with a state of
primeval waters, a boundless, dark, and infinite mass of water which had existed since the
beginning of time and which would continue to exist in all of the future. Although the gods,
the Earth, and its myriads of inhabitants were all products of the primeval waters, these
waters were still around, enveloping the world on every side, above the sky, and beneath the
underworld.

To the Egyptians, the universe and all its components were living entities, some of them
represented as persons. The original watery state of chaos was personified as the god Nun,
who, in one of the cosmogonies associated with Heliopolis (‘the city of the sun’), gave rise
to Atum; according to other versions, Atum emerged out of the primeval waters, as a hill or
standing upon a hill. Atum was the true creator-god, and he created out of himself—by
masturbation, according to one source—two new gods, one personified as Shu, god of the
air, and the other as Tefenet, goddess of rain and moisture. A passage from the Book of the
Dead expresses the first creation as follows: ‘I am Atum when I was alone in Nun; I am Re
in his [first] appearances when he began to rule that which he had made,. . .[meaning that]
Re began to appear as a king, as one who existed before Shu had lifted [heaven from Earth],
when he [Re] was on the primeval hillock which was in Hermopolis.’ The Earth and the sky
came next, represented by the deities Geb and Nut, respectively. However, the Earth and the
sky had not yet been created as separate parts, for initially they were locked closely together
in a unity. It was only when Shu raised the body of Nut high above himself that the heavens
came into existence; at the same time Geb became free and formed the Earth. The creation
story continues with the emergence of a variety of new gods, but what has been said is
enough to give an impression of the nature of the Egyptian cosmo-myths.

Another text, dating from the old kingdom in Memphis (about 2700-2200 BC), likewise
includes Nun as the original god of the waters, but it differs from the other cosmogonies by
speaking of an even more original god or spirit, Ptah, who is described more abstractly as a
cosmic eternal mind, the maker of everything. Ptah was the one god, a cosmic intelligence
and creator who was responsible for all order in the universe, physical as well as moral.
Atum and the other gods were said to emerge from Ptah, or be contained in him, Atum
being the heart and tongue of Ptah. According to the text, ‘Creation took place through the
heart and tongue as an image of Atum. But greatest is Ptah, who supplied all gods and their
faculties with [life] through his heart and tongue—the heart and tongue through which
Horus and Thoth took origin as Ptah.”?
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Fig. 1.1 The Egyptian creation story. Shu, the god of air, separates Earth and heaven, personified by Geb and
the goddess Nut, who are dressed in leaves and stars, respectively. The daily journey of the Sun is repre-
sented by a god in a boat traversing the sky from east to west. Reproduced from J. Norman Lockyer, The
Dawn of Astronomy (London: Cassell and Co., 1894), p. 35.

Many of the features of Egyptian cosmology, as sketched here, can be found in other
ancient cosmologies, both in the Near East and elsewhere. Generally, these depict the uni-
verse as a dynamic entity, something which was created and is full of life, change and activ-
ity—cosmology and cosmogony were intertwined and parts of the same story. On the other
hand, the extant texts have disappointingly little to say about the geometry of the universe,
an aspect which came to be central in scientific cosmology but which was of no importance
to the Egyptians or other ancient cultures. For example, the Egyptian texts tell us nothing
about the spatial location of Duat, except that it is symmetric to the visible world. As has
already become clear, the universe of the ancients was thoroughly mythological and it
would be a grave mistake to try interpreting it in scientific terms. Gods, often personified,
were the central players in the cosmologies of the ancient world. Not only were objects,
forces, and places associated with such gods, the same could also be the case with abstract
concepts such as time and victory (which in Greek mythology were identified with the god
Chronos and the goddess Nike).

Mesopotamian cosmology was essentially a mythological tale, and the tale has some
similarities with that told in Egypt. The universe was ruled by three gods, each with their
separate domain. Heaven was ruled by Anu, the Earth and the waters around and below it
were the domain of Ea, and Enlil was the ruler of the air in between (the names here are
those used by the Babylonians; the earlier Sumerian names were different). Although Anu
was thought of as a kind of father god, he only ruled the universe as part of a triumvirate,
together with Ea and Enlil. Not unlike the Egyptian cosmology, the gods were descended
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Fig. 1.2 The Sun (Samas), the Moon (Sin), and Venus (Ishtar), placed in the centre of a Babylonian monument
from the twelfth century BC. The three celestial bodies are surrounded by a heavenly army of animals.
Reproduced from Schiaparelli 1905, p. 80.

from a primeval chaos of waters, in this case a mingling of salt water and sweet, associated
with the goddess Tiamat and the god Apsu, respectively. Again in conformity with the
Egyptian myths, what came to be the domains of Anu and Ea were originally tied
together and only became separated after Enlil moved heaven away from the Earth. The
Mesopotamian universe also included an underworld, ruled by a god or a goddess.

It is well known that the Mesopotamian civilizations came to include a sophisticated sci-
entific astronomy, more highly developed than that of the Egyptians. In view of this, it is
remarkable that the world picture of the Babylonians remained mythological and that their
mathematical astronomy had almost no impact at all on their cosmology. The clay tablets do
not discuss the shape of the Earth, but it was evidently thought to be a flat disc. There are
only a few glimpses of astronomical knowledge in the creation myth known as Enuma Elish,
the earliest known version of which was composed around the middle of the second millen-
nium BC but is based on material going further back in time. One of these glimpses relates to
the Moon as a timekeeping device. The Moon is portrayed as a god wearing a crown which
changes in shape through the month, corresponding to the lunar phases. The young warrior
god Marduk, city god of Babylon, not only organized the calendar, but also ‘bade the Moon
come forth; entrusted night to her.” He ‘made her a creature of the dark, to measure time; and
every month, unfailingly, adorned her with a crown. “At the beginning of the month, when
rising over land, thy shining horns six days shall measure; on the seventh day let half [thy]
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crown [appear]. At full Moon thou shalt face the Sun. . . .[But] when the Sun starts gaining
on thee in the depth of heaven, decrease thy radiance, reverse its growth.” >

Finally, it is worth pointing out that the world picture of the Jewish people, as recon-
structed from various passages in the Bible, was essentially the same as that of the
Egyptians and the Babylonians. According to the Italian astronomer Giovanni Schiaparelli,
who in 1903 published a book on the subject,’ it can be summarized in a drawing such as
that given in Fig. 1.3. The flat, disc-shaped Earth is surrounded by a sea; beneath the
Earth, there are wells and fountains connected with the upper part of the Earth as well as
with the great deep, called Tehom. The Earth rests on pillars, and above it is the sky or
firmament. Waters are to be found not only on the Earth or beneath it, but also above the
firmament. After all, on the second day of creation, God commanded, ‘ “Let there be a
dome to divide the water and to keep it in two separate places”—and it was done. So God
made a dome, and it separated the water under it from the water above it. He named the
dome “Sky”’ (Genesis 1:6—7). It is from this heavenly water that the rain, formed by water
in the clouds, comes. The Jews’ equivalent to the Egyptian Duat, the underworld and
abode of the dead, was called Sheol. The only difference is that Sheol includes a deep cave
which houses a kind of hell for those who have lived a particularly immoral life. On the
other hand, the writers of the Bible did not think in diagrams or pictures, and one should
not try to make a definite world view out of the Old Testament. That is just not what the
Bible is about.

Fig. 1.3 Schiaparelli’s reconstruction of the universe of the the Old Testament. The Earth (EEE) is surrounded
by a sea (SS), and its surface is connected by streams to a large underground water deposit (NN). Above the
Earth is the heavenly tent (ABC), supported by a solid vault (GHG). The space LL contains the waters in
heaven, the source of rain. Beneath is the underworld Sheol (PQP), the land of the dead. From Schiaparelli
1905, p. 33.
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Egyptian and Babylonian astronomy and cosmology influenced to some extent Greek
thought and thereby became linked to the European tradition, out of which scientific cosmo-
logy would eventually emerge. But there were other old cultures and these, too, had their con-
ceptions of the universe. In ancient India there were four distinct traditions of cosmology,
each of them exceedingly complicated, often fantastic, and rarely exhibiting much consist-
ency. The reason may have been that there was no tradition in India of abandoning a theory or
idea just because a new one had been accepted; rather, new ideas were added to the existing
belief system by aggregation and inclusion. The complexity of the cosmological traditions
makes it impossible to describe them in brief.® Suffice it to mention a theme from the Rig-
Veda, written around 1500 BC, which also occurs in the later Vedic literature, namely, that the
world started when fire and water came to meet. In one of the hymns of the Rig-Veda, it is said
that originally there was nothing, neither existence nor non-existence. ‘Darkness was in the
beginning hidden by darkness; indistinguishable, all this was water. That which, coming into
being, was covered with the void, that One arose through the power of heat.””

Early Chinese astronomy differed in several respects from that of ancient Greece,
notably by admitting that the heavens could change. New stars and novae were duly recog-
nized when they appeared. Astronomical inscriptions related to divination practices have
been found on a large number of animal bones and shells, dating back to about 1400 Bc.
Some of these records refer to solar and lunar eclipses, some to comets, and others to stars.
One of these oracle bones records a ‘guest star’ near the star Antares. As to the world pic-
ture, the Kai Thien school of the third century B conceived of the Earth as an inverted bowl
lying within a similar but larger bowl, representing the heavens. The two bowls shared the
same axis, around which the celestial bodies revolved. At the bases of the bowls, the space
between them was filled with water. Remarkably, this model was supplied with precise
dimensions (for instance, the distance between the two concentric domes—or between the
Earth and the heavens—was about 43 000 km).

According to the later Hun Tian cosmology, the heavens formed a system of celestial
spheres, essentially a cosmological model of the type that had been developed by Greek
astronomers. A book from the first century AD says that the world is like a hen’s egg, with
the central Earth like the yolk of the egg. Of more interest is the somewhat later Xuan Ye
school, according to which the celestial bodies floated freely around in an infinite space.
The world view of this school included a kind of physical cosmology with a certain affinity
to the ideas of the Greek atomists. A description of the Xuan Ye school from the early fourth
century AD gives this account:

They said that the heavens were entirely empty and void of substance. When we look up at them, we can see
they are immensely high and far away, without any bounds. . . . The Sun, Moon, and company of stars float
freely in empty space, moving or standing still, and all of them are nothing but condensed vapour. . . . The
speed of the luminaries [the Sun, Moon, and the five brighter planets] depends on their individual natures,
which shows they are not attached to anything, for if they were fastened to the body of heaven, this could
not be so.*

1.1.2 Cosmogonies and theogonies

As we have seen, the ancient cosmologies were primarily concerned with how the world
and its inhabitants (gods and humans) came into existence. They were cosmogonies and,
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because of the crucial role played by the gods, at the same time theogonies. Most of the cos-
mologies share some common features, among them a starting point in some undifferenti-
ated, perhaps chaotic state which separates into two or three opposites, such as the Earth,
air, and sky. A variant of this theme is included in the opening verse of Genesis:

In the beginning, when God created the universe, the Earth was formless and desolate. . . . Then God com-
manded, ‘Let there be light'—and light appeared....Then He separated the light from the
darkness . . . Then God commanded, ‘Let the water below the sky come together in one place, so that the
land will appear’—and it was done. He named the land ‘Earth’ and the water which had come together he
named ‘Sea’.

However, this scenario differs from most other cosmogonies not only in its monotheism,
but also in the absence of any primordial state. The initial elements, such as ‘darkness’ and
‘water’, are not pre-existing and active principles, but God’s creations. It should also
be noted that Genesis does not speak of nothingness as the ‘state’ out of which God created
the universe. In later Christianity, creatio ex nihilo would become a dogma, but the notion
is not mentioned explicitly in the Bible; it was only introduced in the second half of the
second century by the church, which wanted to emphasize in this way God’s absolute
sovereignty.’

Dating from roughly the same time as the Book of Genesis, Hesiod’s Theogony offers the
Greek version of how the world and the gods came into existence. Unsurprisingly, there are
considerable similarities with the cosmogonies known from Mesotopamia and Egypt.
Although the Theogony is mainly a cosmogony, it also comprises a picture of the structure
of the universe, however crude. The Earth (flat, of course) is surrounded by a river or ocean,
and above the Earth there is a hemispherical heaven, separated from the Earth by a gap
which is bright by day and dark by night; beneath the Earth, dark and gloomy Tartaros is
located, an underworld symmetric to heaven. We are informed about the size of the uni-
verse, as measured by the distance from the Earth to Tartaros, in the following way: ‘A
bronze anvil falling nine days and nights from heaven would reach Earth on the tenth. And
a bronze anvil falling nine days and nights from Earth would reach Tartaros on the tenth.’
Hesiod’s account of the earliest gods is, at the same time, an account of how the main com-
ponents of the physical world were created. Contrary to the Jewish creation story, there is
no creator, but an initial state of chaos, which, without any cause or explanation, develops
into a heaven and a sky. First night (Nyx) and darkness (Erebos) are produced, and then day
(Hemera) and bright air (Aither):

First of all Chaos came into being. Next came broad-breasted Gaia [Earth],. . . and murky Tartaros in a
recess of the broad-roaded earth, and Eros . . . From Chaos there came into being Erebos and black night.
From night, Aither and Hemera came into being . . . Gaia first brought forth starry Ouranos [heaven] equal
to herself, to cover her all about in order to be a secure dwelling place forever for the blessed gods.'°

Note that the original chaos has not always been there, but ‘came into being’. Hesiod’s text
provides no answer to the question of what the chaos emerged from or how it happened.
Historians believe that in the Theogony Chaos does not refer to a formless and structureless
fluidum, as in the later meaning of the term, but to the gap between the Earth and the sky.
Apart from giving an account of the origin of the universe, many of the ancient cosmo-
mythologies included accounts of the end of the world, typically by some cosmic catastrophe
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represented by a huge battle between the good and evil forces of nature. The catastrophe did
not necessarily imply an absolute end of the world, though, for some of the cosmogonies
were recurring cosmogonies, with a new world arising out of the ashes of the old. In some
cultures, notably in India, the process was thought to go on endlessly, with an eternal
change between creative and destructive phases. This is the archetypical conception of the
cyclical universe, an idea which has fascinated humans throughout history and can be
found in mythical as well as scientific cosmologies right up to the present.

The Hindus had a predilection for large numbers, which they used in elaborating cosmic
cycles of vast proportions. A single cycle of the universe, called a mahayuga, consisted of
12 000 divine years, each of a duration of 360 solar years, thus totalling 4.32 million years.
Two thousand such cosmic cycles made up one day of Brahma, called a kalpa. The life of
Brahma, corresponding to 100 Brahma years, was also the lifetime of the lower part of the
universe, 311 trillion (3.11 X 10'%) years—or 23 000 times the age of the modern Big Bang
universe. And Hindu cosmology operated with even larger numbers.

Cyclical conceptions of the universe can be found in many other civilizations. Although
there was no unique Greek idea of time, the notion of cyclical time, or a cyclical universe,
was entertained by several Greek philosophers. According to a Greek historian, writing
about 40 Bc, there were two competing views with respect to time and the universe: ‘One
school, premising that the cosmos is ungenerated and indestructable, declares that the
human race has always existed, and there was no time when it began to reproduce itself. The
other holds that the cosmos has been generated and may be destroyed, and that men simi-
larly first came into existence at a definite time.’ '!

1.1.3  Ionian natural philosophy

Historians sometime speak of the period between 600 BC and 450 BC as ‘the first scientific
revolution’. By this grand name they refer to the emergence of a group of Greek (or Ionian)
thinkers who initiated a paradigmatic change in humanity’s understanding of the natural
world: they approached nature in a new way, asked different questions than previously, and
provided different kinds of answers. These lonians and Milesians were were not only
philosophers, they were also natural philosophers. They believed that the world could be
understood rationally or, rather, naturalistically, that it could become the subject of human
reasoning. The Olympian gods were still there, but they were no longer held responsible for
natural phenomena. The lonian philosophers, also known as the Presocratics, thought of the
world as a cosmos, a structure of matter and forces bound together by law-like connections
into a harmonious whole. It followed that they endeavoured to explain natural phenomena
as instances of general patterns of explanation, not as individual phenomena, each with its
own explanation.

According to tradition, the first of the natural philosophers—the first ‘physicist’ if one
likes—was Thales of Miletus. He allegedly predicted a solar eclipse in 585 Bc, although
this is undoubtedly more myth than historical reality. This wise man had a high reputation
among the Greeks, who said that he thought hard about how to explain celestial phenom-
ena. Perhaps he thought too hard, for Aristotle reports that once while Thales was studying
the heavens, he fell into a well. ‘A clever and delightful Thracian serving-girl is said to have
made fun of him, since he was eager to know the things in the heavens but failed to notice
what was in front of him and right next to his feet.’!?
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A Milesian follower of Thales, Anaximander, postulated an eternal and spatially unlim-
ited principle or medium, an indefinite something called apeiron, out of which the present
world order grew by a process of separation. He wanted to explain how the diversity of the
world had emerged out of the undifferentiated and indeterminate apeiron; characteristically
for the new spirit of enquiry, he refrained from invoking the intervention of the gods.
Anaximander’s explanation may appear obscure and unconvincing, but his question—how
can the formation of a complex world out of an originally simple state be understood?—
would remain central to cosmological thinking. Indeed, it is still a central question.

Anaximander also speculated about the structure of the world, including its dimensions,
and again he avoided mixing his cosmology with mythology. He assumed that the shape of
the Earth was cylindrical (‘like a stone column’), with the height of the cylinder being one-
third of its breadth. Humans and other inhabitants of the Earth would occupy one of the
plane surfaces. As to the size of the Sun and its distance from the Earth, ‘Anaximander says
that the Sun is equal to the Earth, and the circle . . . on which it is carried is 27 times the
size of the Earth.” He further held that the Earth is at the centre of the universe, and gave a
kind of symmetry argument to the effect that the Earth therefore had to be immobile (for
why should a central body move in one direction rather than any other?). It is not clear if
Anaximander, in saying that ‘the Sun is equal to the Earth’, also implied that the two celes-
tial bodies had the same physical composition. But Anaxagoras, a later philosopher in the
Ionian tradition, did believe as much, since he claimed that the Sun, far from being divine,
was just a hot stone. He likewise surmised that the Moon was Earth-like, with mountains,
plains, and ravines. Because of his heretical view, he was prosecuted and exiled from
Athens, where he lived. Anaxagoras adopted the flat Earth, but his explanation of why the
Earth stays aloft in the middle of the universe (rather than falling down) differed from that
of Anaximander. According to Anaxagoras, the Earth was supported by air, which he
described as an ocean upon which the Earth rested.

Among the Presocratic philosophers should also be mentioned Empedocles, born around
490 BC, who was the first to suggest that all matter consisted of four basic and unchanging
elements, namely earth, water, air, and fire. Because Aristotle adopted his view, it came to
serve as the foundation of matter theory, alchemy, and much else for a period of nearly two
thousand years. Empedocles stated that originally the elements were mixed, but eventually
some vortex mechanism caused a separation of them, first separating off the air and next
the fire. ‘He declares that the Moon was formed separately out of the air that was cut off by
the fire.” As to the Sun, he seems to have believed that it was either a vast aggregation of
fire or a reflection of fire. Empedocles realized that the Moon was not a luminous body, but
that it reflected the light from the Sun, and also that a solar eclipse occurred when the Moon
stood between the Earth and the Sun. Like other natural philosophers, he came up with an
explanation for the immobility of the Earth. According to Aristotle, Empedocles explained
the stable, circular motion of the stars and planets by their great velocity. ‘For when the cup
[filled with water] is whirled in a circle, the water, whose natural movement is downward,
does not fall down, even though it is often underneath the bronze.” Empedocles seems to
have believed that the swift rotation of the heavens prevented the Earth from moving.

Empedocles’ cosmos, materially consisting of the four elements, was governed by two
gods or motive forces called ‘Love’ and ‘Strife’. Since the elements had always existed,
there was no need to explain how they originally came into existence. Depending on the
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influence of either of the two cosmic forces, the universe alternated in a cyclical pattern.'
Thus, when Love dominated, the elements were mixed up into a uniform mass; and at the
time of Strife’s complete dominance, they were fully separated from one another and
arranged in concentric spheres. Only in between the two extremes was the universe hos-
pitable to life-generating processes, as we experience them. The changes between dom-
inance by Love and Strife proceeded eternally, corresponding to continual creations and
destructions of the world. However, the two forces were not simply creative and destructive,
for the conditions of life demanded a certain balance between them. The cycles were sym-
metric, so that the events in one phase were repeated in the opposite phase, but in reverse
time order (a process from birth to death will be followed by one from death to birth). The
periods of the cycles would be very long, but Empedocles did not specify their length.

During the Presocratic period, the emphasis was upon explaining what was known,
whereas there was little interest in extending the empirical basis by means of new observa-
tions. Moreover, the explanations that the Presocratic philosophers came up with were
crude analogies of a purely qualitative nature. Indeed, from a later perspective the explana-
tions of Anaximander, Anaxagoras, Empedocles, and their kindred spirits appear primitive
and speculative. But what matters is not their answers, but their questions and the condi-
tions they posited for acceptable explanations.

1.1.4  Pythagoreans and atomists

Whereas Pythagoras is a somewhat shadowy figure who left nothing in writing to posterity,
the philosophical school he founded in southern Italy was influential throughout
antiquity.'* The early Pythagoreans formed a secret religious fraternity and they continued
to emphasize religious and mystical aspects of their philosophy rather than scientific
aspects. Nonetheless, their thoughts came to exert a strong influence on early Greek science.
In the present context, we only need to draw attention to their original idea of associating
numbers with material substances, an idea which pointed the way to a mathematization of
physics and cosmology. It is not very clear what the Pythagoreans meant by relating
numbers to things (but then, presumably, it was not meant to be clear). Some of them
apparently claimed that things are numbers, which clearly is an implausible claim; others
may have meant, less implausibly, that material objects resemble numbers and that physical
phenomena can be explained by numbers.

The Pythagoreans were aware of the five regular polyhedra, also known as the Platonic
bodies, and claimed that the element earth was made from the cube, fire from the tetra-
hedron, air from the octahedron, and water from the icosahedron; the fifth of the regular
bodies, the dodecahedron, they associated with the whole of the cosmos, which they
believed was spherical and limited in extent. They were among the first to adopt a spherical
Earth, a conceptual innovation which dates from around 430 Bc. Even more remarkably,
some of the Pythagorean thinkers removed the Earth from its privileged position in the
centre of the universe. According to Philolaus, one of Pythagoras’ successors in Italy, the
central place was occupied by a fire—‘the guard of Zeus’—around which rotated the planets
and the stars. It is to be noted that Philolaus’ cosmos was not heliocentric, as he did not iden-
tify the central fire with the Sun, which he took to revolve around the centre. Furthermore,
he postulated a dark ‘counter-Earth’ which moved opposite to the real Earth and with the
same period of revolution. The Earth described a circle around the central fire, which was,
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however, invisible to us because humans only lived on the side of the Earth that was turned
away from the centre of revolution. Another Pythagorean, Ecphantus (who may or may not
have been a real person), was said to have maintained that the Earth performed a daily rota-
tion around its axis from west to east.

The reason for the introduction of the counter-Earth was numerological, not astronom-
ical. According to Aristotle, the Pythagoreans held that the number 10 was perfect, and for
this reason they maintained that there must be 10 celestial bodies. Taking the Earth, the
Moon, the Sun, the planets, and the sphere of the fixed stars they counted nine, and by
including the counter-Earth they got the right number. The order of the bodies was as men-
tioned, with the counter-Earth innermost and followed by the Earth, the Moon, etc.
Aristotle was not impressed by Pythagorean cosmology, which he found to be speculative
and unrelated to observations. As he wrote in De caelo, ‘They are not inquiring for theories
and causes with a view to the phenomena, but are forcing the phenomena to fit certain the-
ories and opinions of their own, and trying to bring them into line.’!> All the same, some
2000 years later Copernicus would refer to Philolaus’ pyrocentric world model for support
of the idea that the Earth is a circularly moving planet.

According to Aristotle, the atomistic school of natural philosophy was founded by
Leucippus, a philosopher possibly from Miletus. However, atomism is usually associated
with the better-known Democritus from Abdera in Thrace, a contemporary of Socrates and
with the reputation of being a prolific author. Leucippus may have been a pupil of Zeno and
somewhat older than Democritus. Both of the founders of atomistic natural philosophy are
rather shadowy figures, known only through the works of later authors.

The basic idea of ancient atomism was the postulate that all that truly exists in the world
is atoms, indivisible and invisible particles which move incessantly in an unlimited void, a
cosmic vacuum. Whereas the atoms are being, the void is non-being. Although Democritean
atomism is often represented as a monistic theory, it operated with non-being as well as
being, and the non-being void was ascribed an ontological status somewhat similar to
that of the being atoms. This is what lies behind Democritus’ paradoxical statement that
‘nothingness exists’. The atoms were uniform in substance and differed only in size and
shape. Because there were an infinite number of shapes, there were an infinite number of
different atoms too. Material objects were formed by chance congregations of atoms,
which first resulted in compounds or, anachronistically, ‘molecules’. The process might
also give rise to a vortical motion with larger and slower objects tending toward the middle,
whereas smaller and faster objects tended toward the periphery. Out of such vortices entire
worlds might originate. The general idea of ancient atomism was to explain the complexity
of the phenomenal world solely in terms of atoms moving in a void, to reduce observed
qualities and changes to changes in the relative position of atoms which were themselves
qualityless and eternal.

Atomistic philosophy included a particular cosmological view in which a distinction was
made between the infinite world at large and world systems within it, sub-universes, which
were limited in space and time. Our cosmos was just one out of an infinite number of
roughly similar systems, some larger and some smaller; like the other world systems, ours
had come into being and would one day perish. ‘There are an infinite number of universes
[kosmoi] of different sizes. In some there is no Sun and Moon. In some the Sun and Moon
are larger than ours and in others there are more. . . . Some are growing, some are at their
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SYSTEMA ANTIQVORVM.

Fig. 1.4 Democritus’ atomistic universe as depicted in a book published in England in 1675. The dark central
area is made up of the Earth and the planets, surrounded by a thick stellar sphere. Outside the stars is the
infinite chaos of randomly moving atoms. Although pictured as a shell, it is supposed to have no outer limit.
From Heninger 1977, p. 193.

peak, and some are declining, and here one is coming into being, there one is ceasing to be.
They are destroyed when they collide with one another.’'®

As to the arrangement of the celestial bodies, Democritus placed the Moon nearest the
Earth, then the Sun followed, and outside it the fixed stars; the planets were said to ‘have differ-
ent heights’. Leucippus believed that the Sun was farthest away. The two philosophers agreed
that the Earth was at the centre of our universe, while for the world at large there was not, of
course, any central place. Contrary to the Pythagoreans, Democritus did not accept a spherical
Earth, but suggested that it had an oval shape with a length one and one-half times its width.

In the atomists’ conception of the universe, there was no room for design, purpose, or
divine agency. All that existed were material atoms moving randomly in a void. This does
not mean that the atomists denied the existence of the gods, but they did deny that the gods
had anything to do with natural processes. Some four hundred years after Democritus, the
Roman poet Titus Lucretius Carus wrote his famous text De rerum natura, in which he
presented his own version of atomism. Although this version derived more from Epicurus
than from Democritus, in general it agreed with ancient atomist cosmology. Here is
Lucretius’ description of the cosmos:

All that exists, therefore, I affirm, is bounded in no direction; for, if it were bounded, it must have some
extremity; but it appears that there cannot be an extremity of any thing, unless there be something beyond,
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which may limit it . . . Now, since it must be confessed that there is nothing beyond the WHOLE, the whole
has no extremity; nor does it matter at what part of it you stand, with a view to being distant from its bound-
ary; inasmuch as, whatever place any one occupies, he leaves the WHOLE just as much boundless in every
direction.

Having argued in this way for an infinite universe, Lucretius proceeded with arguing for an
infinity of inhabited worlds:

Further, when abundance of matter is ready, and space is at hand, and when no object or cause hinders or
delays, things must necessarily be generated and brought into being. And now, if there is such a vast multi-
tude of seminal-atoms as the whole age of all living creatures would not suffice to number, and if there
remains the same force and nature,. . . you must necessarily suppose that there are other orbs of earth in
other regions of space, and various races of men and generations of beasts.

Lucretius further explained that although the cosmos is infinite in space, it is of finite
age and ‘there will be an end to the heaven and the Earth’. He based his argument on the
shortness of human history, which he found to be inexplicable if the world had always
existed:

If there was no origin of the heavens and Earth from generation, and if they existed from all eternity, how is
it that other poets, before the time of the Theban war, and the destruction of Troy, have not also sung of other
exploits of the inhabitants of Earth? How have the actions of so many men thus from time to time fallen into
oblivion? . . . But, as [ am of opinion, the whole of the world is of comparatively modern date, and recent in
its origin; and had its beginning but a short time ago.

Not only did the universe have a beginning, it was also decaying, on its way to an end.
Lucretius spoke of a cosmic deterioration, a theme which can be followed throughout the
history of cosmological thought. ‘The walls of the great world, being assailed around, shall
suffer decay, and fall into mouldering ruins. . . . It is vain to believe that this frame of the
world will last for ever.”!” As has become clear, the atomist cosmology followed the trend in
Presocratic natural philosophy in being grand and speculative. It included many visions,
including the bold proposal of many worlds, that are still considered interesting by modern
cosmologists.

1.2 The Greek cosmos

During the centuries after 400 BC, natural philosophy partly transformed into science. For
the first time Greek thinkers focused on observations of nature and attempted to construct
explanations or models that agreed quantitatively with the observations. In no area was the
new kind of science pursued with more vigour and success than in astronomy. Yet, as the
science of the heavens became more mathematical and better founded in observational
data—in short, more scientific—the more narrow did it become. Whereas interest in cos-
mology and cosmogony had flourished among the Presocratic philosophers, such specula-
tions declined drastically in the long period between Plato and Ptolemy.

Two points are worth emphasizing. First, cosmogony, in the strict meaning of the term,
practically came to a halt. Scientists and natural philosophers rarely addressed questions
concerning the origin of the universe or how it had developed into its present state. From
Aristotle onwards, most astronomers tacitly assumed that the world had always existed and
that it would continue to do so into an indefinite future. Of course, granted this assumption,
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there was no room for cosmogony. The second point I want to mention is that the meaning
of ‘the universe’ (or ‘cosmos’) changed. It was still everything physical in the world, but in
astronomical practice the universe tended to be identified with the seven planets encircling
the Earth. Although the fixed stars belonged to the universe too, there was little that
astronomers could do about them except to count and classify them. (The first classifica-
tion into magnitudes was due to Hipparchus, who divided the stars into six classes with the
most luminous belonging to magnitude 1, and the least luminous belonging to magnitude
6.) The narrower view and the emphasis on mathematical models meant that cosmology
became peripheral to the astronomers’ research programme, a state of affair that was to
continue throughout the Middle Ages and the Renaissance.

This is not to say that cosmology vanished from the scene of Greek science, only that it
was given little priority and, when it was cultivated, appeared in different forms than previ-
ously. Among the more interesting cosmological theories in the period were those of
Aristotle, Aristarchus, and Ptolemy. Most astronomers preferred to leave cosmology to the
philosophers, and here we do find an interest in the subject along lines similar to those of
the Presocratics. The Stoics, for example, were much interested in cosmological questions,
but did not combine them to any extent with astronomical knowledge. To mention but one
aspect of Stoic cosmology, they held a cyclical world view in which the formation and
destruction of the cosmos was associated with thermal phenomena. The world was a gigantic
sphere oscillating through cycles of expansion and contraction in the void surrounding it.
Chrysippus, a leader of the Stoic school in Athens in the third century Bc, is said to have
believed that ‘after the conflagration of the cosmos everything will again come to be in
numerical order, until every specific quality too will return to its original state, just as it
was before and came to be in that cosmos.’!

1.2.1 Aristotle s world picture

Although Plato discussed astronomical issues in several of his writings, his attitude was ideal-
istic in the sense that he denied the epistemic value of observations. The cosmos could be
comprehended mathematically, by pure thought, whereas empirical investigations would only
obscure the truth; they would at most lead to a ‘likely story’ of the real world. In the Republic,
he insisted that astronomy should be pursued as if it was geometry. ‘We shall dispense with
the starry heavens, if we propose to obtain a real knowledge of astronomy,” he wrote.

All the same, according to tradition Plato was the first to state what soon became the
basic problem of astronomy and an approach to this science of huge importance. According
to Simplicius’ Commentary on Aristotle’s De Caelo, a work written in the early part of the
sixth century AD, Plato suggested that the business of the astronomers was to reduce the
apparent motions of the planets (including the Sun and the Moon) to uniform, circular
motions—to ‘save the phenomena’. It is now believed that the demand for uniformity and
circularity of celestial motions was a later innovation, which cannot be found in Plato and
to which he did not subscribe.!® The principle was to shape the paradigm that would dom-
inate astronomy and cosmology until the time of Kepler, over a period of two thousand
years. Whatever Plato’s priority, it was a pupil of his who first answered the challenge, that
is, who first proposed a single system which accounted for the observed motions of the
planets in terms of circular orbits.

Eudoxus of Cnidos had for a short period stayed with Plato at his Academy in Athens,
and later in life he constructed a system of revolving concentric spheres which accounted
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for many of the observed features of the heavens.?’ None of Eudoxus’ writings have sur-
vived, but the basic content of his world model is known from later writers, Aristotle and
Simplicius in particular.2! Eudoxus considered each of the heavenly bodies as a point on the
surface of one of several interconnected spheres, which were all concentric—or ‘homo-
centric’—with the Earth at the centre. He imagined the spheres to turn around different
axes and with different speeds, but in accordance with Plato’s paradigm he only allowed
uniform revolutions. In the case of the five planets, he made use of four spheres, the outer
one of which represented a motion around the Earth with a period of 24 hours. For the Sun
and the Moon, he postulated three spheres.

Among the irregular motions that had to be explained was the fact that some of the planets
appeared to reverse their motion and then, after some time, continue their regular course
towards the east. Such retrograde motion was considered most undignified for a heavenly,
divine body, and hence something that had to be explained as apparent only. This Eudoxus’
model succeeded in doing, if only in a qualitative and incomplete way, and it also largely
accounted for another disturbing irregularity, the planets’ variation in latitude. Because the
model had only two parameters that could be varied, one corresponding to the speeds of
revolution and the other to the inclination of the spheres, it was, however, unable to give the
right motions of the planets.

In his Introduction to Astronomy, a work from around 70 Bc, the Stoic philosopher
Geminus gave an excellent exposition of the research programme adopted by Eudoxus and
his followers. ‘Their view was that, in regard of divine and eternal beings, a supposition of
such disorder as that these bodies should move now more quickly and now more slowly, or
should even stop, as in what are called the stations of the planets, is inadmissible.’
Interestingly, Geminus drew an analogy to the social norms of his time:

Even in the human sphere such irregularity is incompatible with the orderly procedure of a gentleman. And
even if the crude necessities of life often impose upon men occasions of haste and loitering, it is not to be

Fig. 1.5 Planetary mechanism based on

Eudoxus’ model with four concentric spheres.
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supposed that such occasions inhere in the incorruptible nature of the stars [planets]. For this reason they
defined their problem as the explanation of the phenomena on the hypothesis of circular and uniform
motion.??

In a commentary on Aristotle, Geminus, as quoted by Simplicius, further spelled out the
difference between physics and astronomy, as these disciplines were conceived in Greek
antiquity:

It is the business of physical inquiry to consider the substance of the heaven and the stars, their force and
quality, their coming into being and their destruction, nay, it is in a position even to prove the facts about
their size, shape, and arrangement; astronomy, on the other hand, does not attempt to speak of anything of
this kind, but proves the arrangement of the heavenly bodies by considerations based on the view that the
heaven is a real k6o pos [kosmos], and further, it tells us of the shapes and sizes and distances of the Earth,
Sun, and Moon, and of eclipses and conjunctions of the stars, as well as of the quality and extent of their
movements.?3

This was a distinction that would last for about eighteen centuries and have a crucial impact
on the histories of astronomy and cosmology. Whereas Eudoxus needed 26 spheres to
account for the workings of the heavens, Callipus of Cyzicus, a near-contemporary of
Aristotle, refined the model by adding seven more spheres (one each for Venus, Mars, and
Mercury, and two each for the Sun and the Moon). Eudoxus and Callipus seem to have
conceived their world models purely geometrically and the celestial spheres to be merely
theoretical entities.

The homocentric model adopted by Aristotle was a modification of the models of
Eudoxus and Callipus, but at the same time it marked an important change in the research
programme in that Aristotle introduced a physical perspective. His spheres were corporeal,
not mathematical constructs, and his planets and stars were physical bodies attached to a
series of interconnected rotating shells. This made him propose a mechanism to explain
why the bodies moved as they did. According to Aristotle, the spheres of an outer planet
were physically connected with those of an inner planet, a model which forced him to intro-
duce some countermeasures in order to reproduce the observed motions. In his
Metaphysics, he wrote: ‘If all the spheres combined are to give an account of the phenom-
ena, then for each planet there must be other spheres . . . which counteract and restore to
the same position the first sphere of the innerlying planet, for only in this way will the
whole system produce the required motion of the planets.”>* There clearly was a cost to
Aristotle’s physicalization of the cosmos, namely a drastic increase in complexity. No fewer
than 55 spheres were now needed, 22 of them introduced to restore the independence of the
seven planetary systems.

Aristotle’s great innovation was to provide a physical model of the actual heavens in
agreement not only with the postulate of uniform circular motion but also with the general
principles of his natural philosophy. This connection was a leading theme in his famous
treatise on the heavens, known by its Latin title De caelo. Perhaps the most important fea-
ture in Aristotle’s cosmos was that it was a two-region universe, as he drew a sharp distinc-
tion between the sublunar and the superlunar world. The first region, covering the Earth and
the air up to the Moon, was composed of bodies made up of the four Empedoclean
elements with their natural motions, which were rectilinear, either towards the centre of the
Earth (earth and water) or away from it (air and fire). Beyond the Moon, the celestial bodies
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moved naturally in eternal, uniform circular motions, without being subject to the terrest-
rial laws of physics. The stars, planets, and celestial spheres were composed of an entirely
different kind of matter, an ethereal, divine substance or fifth element, quinta essentia in
Latin. Unlike the matter of the sublunar world, the heavenly ether was pure and incorrupt-
ible. Whether in the sublunar or superlunar region, a void could not possibly exist, and
hence the universe was a plenum.

Aristotle’s cosmos enjoyed general respect in the ancient world, but it was not beyond
criticism. Xenarchus of Seleuchia, who was a contemporary of Cicero, wrote a treatise
entitled Against the Fifth Substance, in which he challenged two of Aristotle’s basic
notions, the existence of a fifth element and the circular motion of the celestial bodies.
Among his arguments against the heavenly ether was that the hypothetical substance was
superfluous. He denied that a simple or perfect body by its nature would follow a circular
path, as claimed by Aristotle and most other astronomers. For, as Xenarchus argued, in cir-
cular motion those parts nearer to the centre move with a smaller linear velocity than those
nearer to the periphery, whereas a simple body must necessarily have the property that all
its parts move with the same velocity.

Although Aristotle held that the Earth was located at the centre of the universe, this was
in a geometrical sense only. Contrary to the Pythagoreans, he saw no reason to identify the
geometric centre with the true or ‘natural’ centre of the universe, understood in a physical
and ontological sense. On the contrary, in De caelo he suggested that this more elevated
status belonged to the sphere of the fixed stars, from where motion was transmitted to the
interior parts of the world. That which contains is more precious than that which is con-
tained, he wrote. Thus, one may say that Aristotle operated with two centres of heavenly
motion, an idea which was taken over into the medieval conception of the universe. Not
only was the stellar sphere of a nobler nature than the corruptible Earth, it was also the ori-
gin of universal time and closer to the unmoving prime mover (corresponding to God).

Based as it was on Eudoxus’ homocentric model, Aristotle’s system shared most of its
weaknesses, the most serious of which was its inability to account for the variations in
brightness shown by some of the planets. It was well known that the brightness of Venus
and Mars varied considerably during their course, which is easily explained if their dis-
tances from the Earth change. However, it followed from the premises of the homocentric
system that the planets must always be at a constant distance from the Earth. This and other
problems were pointed out by Autolychos only a generation after Eudoxus and later also by
Simplicius, who quoted Sosigenes, a contemporary of Julius Caesar. ‘Nevertheless the the-
ories of Eudoxus and his followers fail to save the phenomena’, Sosigenes is said to have
said. The inability to explain the variable brightness was the main reason why the homocent-
ric model, whether in the version of Eudoxus or of Aristotle, did not survive for long.

Aristotle did not only establish a kind of physical astronomy, he was also much
concerned with the greater questions of cosmology. One of these questions related to the
temporal aspect of the world. Had it once come into existence? Would it come to an end? In
his famous dialogue Timaeus, Plato discussed these questions, although in a form far away
from a scientific discourse. According to Plato, the world had come to be, it was created.
He pictured the creation as made by a ‘demiurge’, a divine craftsman who first made the
soul of the cosmos and subsequently its body, the two fitting perfectly. Moreover, Plato



FROM MYTHS TO THE COPERNICAN UNIVERSE 23

made clear that there could be only one world, not many images of the ideal world. He
stated that the stars and planets were divine and in perpetual motion, and ‘whatever is in
perpetual motion is immortal’. The creation of the world was not ex nihilo, for the demi-
urge made the cosmos as a copy of an eternal and divine original, a kind of pre-existing
universe-idea.?> Since Plato formulated his creation story as a myth, one should be careful
not to read into it later ideas of cosmic creation, whether in a theological or a scientific
sense. Most modern interpreters warn that 7imaeus should be read metaphorically rather
than literally.

At any rate, Aristotle disagreed with his former teacher and vehemently denied that the
universe was created and also that it was spatially infinite. On the contrary, he argued that
the universe as a whole was ungenerated as well as indestructible, in short eternal. A spa-
tially infinite world was impossible, for by its very nature the world revolved in a circle,
and Aristotle argued that such motion was impossible for an infinite body as it would lead
to an infinite velocity. This conclusion would not hold true in a universe consisting of a
finite material cosmos surrounded by an infinite void; but such a picture (which was
adopted by some Stoic philosophers) ran counter to Aristotle’s notion of space as volume
filled with matter. According to Aristotelian natural philosophy, a large empty space was
ruled out by definition. What was enclosed by the outermost sphere included everything. In
opposition to some earlier philosophers, Aristotle maintained that the universe was unique,
eternal, and all-inclusive:

The world in its entirety is made up of the whole sum of available matter . . . and we may conclude that
there is not now a plurality of worlds, nor has there been, nor could there be. This world is one, solitary and
complete. It is clear in addition that there is neither place nor void nor time beyond the heaven; for () in all
place there is a possibility of the presence of body, (b) void is defined as that which, although at present not
containing body, can contain it, (¢) time is the number of motion, and without natural body there cannot be
motion.?®

As to the central body, the Earth, Aristotle argued that it was spherical and immobile,
neither of which claims was controversial. Although the celestial spheres would move
naturally, Aristotle introduced in his Physics an “unmoved mover’, a spiritual something at
the outermost part of the universe which he conceived as the ultimate source of all celestial
movement. However, he did not develop the topic, nor did he provide any explanation of
how the transmission of movement took place. In his De caelo, Aristotle referred briefly
and somewhat cryptically to the question of the Earth’s axial rotation ‘as is stated in the
Timaeus’. This passage has been discussed endlessly, from Plutarch in antiquity, through
Thomas Aquinas in the Middle Ages, to scholars in the twentieth century. Did Plato really
assume a rotating Earth? It is pretty certain that he did not, for other reasons, because such
a notion would have been wholly inconsistent with his astronomical system. Plato shared
the standard view of the Earth sitting motionless in the centre of the universe.

Aristotle’s assumptions about a finite and eternal cosmos, and his denial of a vacuum,
were not generally accepted in ancient Greece and Rome. For example, they were
opposed by the Stoics and Epicureans, who not only returned to Presocratic ideas of
cosmic evolution but also operated with versions of an infinite universe. As we have
seen, Lucretius’ exposition of cosmology in De rerum natura was most un-Aristotelian.
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The Stoic school, which included Chrysippus and later Poseidonius as prominent
members, developed a cosmology where the element fire was essential and was seen as
the source of the other three elements. They agreed with Aristotle that there could be no
void within the material world, but not that an extra-cosmic void was impossible. On the
contrary, they supposed that ‘beyond the cosmos there stretches an infinite, non-physical
world’. Stoic philosophers pictured the universe as slowly pulsating, performing cycles
of condensation and rarefaction. An extra-cosmic void would not cause matter to dis-
sipate into the void, as Aristotelians argued, for ‘the material world preserves itself by an
immense force, alternately contracting and expanding into the void following its physical
transformations, at one time consumed by fire, at another beginning again the creation of
the cosmos’.?’

The problem of the eternity of the world (or the Earth) remained a matter of dispute,
especially among Stoic philosophers, who objected to Aristotle’s thesis with empirical
arguments based on the observed surface of the Earth. They reasoned that erosion is a uni-
directional process and if it had been at work for an infinite time, all mountains and valleys
would by now have been planed down; they clearly are not, and hence the Earth must have
existed only over a limited span of time. This argument against the eternity of the world was
developed by the Stoic philosopher Zeno of Citium around 300 BC and reported by
Theophrastus as follows:

If the Earth had no beginning in which it came into being, no part of it would still be seen to be elevated
above the rest. The mountains would now all be quite low, the hills all on a level with the plain . . . As it is,
the constant unevenness and the great multitude of mountains with their vast heights soaring to heaven are
indications that the Earth is not from everlasting.?®

This is the first time we meet a theme that would come to occupy a prominent position in
cosmological thinking more than two thousand years later: there exist in nature unidirec-
tional processes—whether given by erosion, radioactivity or entropy increase—that speak
against an eternal world (see Section 2.4). Faced with the Stoics’ argument, proponents of
Aristotelian physics postulated that corruptive geological processes were counteracted by
generative processes, but they were unable to provide a satisfactory account, based on
Aristotle’s matter theory, of how these compensating processes operated.

1.2.2  Aristarchus and the dimensions of the universe

It has always been an important task of astronomers and cosmologists to determine dis-
tances in the universe, from the surface of the Earth to objects as far away as possible. It is
also one of the most difficult tasks.?’ How big was the universe of the ancient Greeks?
Nobody knew, for there were no ways in which the distances to the stars and the planets
(except the Sun and the Moon) could be measured. In fact, not even the order of the planets
could be unambiguously determined, except that the sphere of the fixed stars was obviously
the farthest away from the Earth, and the Moon was the closest. Yet the Greeks were not
totally at a loss and they did make some progress in determining cosmic distances, if only
in the neighbourhood of the Earth.*

Alexandria and Syene (now Aswan) in southern Egypt are located roughly on the same
meridian. In the third century BC, Eratosthenes, director of the famous library in
Alexandria, estimated the distance between the two cities to be 5000 stades. Assuming
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that the Sun was sufficiently distant that its rays could be treated as if they were parallel, he
concluded from a simple measurement that the circumference of the Earth was close to
250 000 stades. We do not know the value of the stade he used, but if one stade equals 157.7 m,
as often assumed, the result corresponds to 39 370 km, in excellent agreement with later
determinations. However, the numerical agreement may to some extent have been fortu-
itous and should not be given much weight. What matters is that from the time of
Eratosthenes the order of magnitude of the size of the Earth was known and generally
accepted.

Aristarchus of Samos, Eratosthenes’ senior by some 40 years, was an accomplished
mathematician and astronomer. In his only extant writing, On the Sizes and Distances of
the Sun and Moon, he undertook to establish the relative distances of the Sun and Moon
from the Earth and also to determine the sizes of the Sun and Moon.>! His main method
was to measure the angle between the directions from the Earth pointing towards the Moon
and the Sun at the moment when the Moon was observed to be exactly half illuminated
(Fig. 1.6). He found the value 87° and, from lunar-eclipse observations, which he used to
determine the sizes of the Sun and Moon, he found that the Moon’s apparent diameter was 2°.
Here, in the words of Aristarchus, is what he concluded:

1. The distance of the Sun from the Earth is greater than eighteen times, but less than twenty times, the dis-
tance of the Moon [from the Earth].

2. The diameter of the Sun has the same ratio [as aforesaid] to the diameter of the Moon.

3. The diameter of the Sun has to the diameter of the Earth a ratio greater than that which 19 has to 3, but
less than that which 43 has to 6.32

Aristarchus’ conclusions were wide of the mark. The reason was errors in his two basic data
values, which should have been 89°50’ and '/2° rather than 87° and 2°. His method was
clever and correct, but his results wrong; or, as a historian has expressed it, it was ‘a geo-
metric success but a scientific failure’.3?

As a result of his wrong data, Aristarchus obtained values that were much too small,
especially for the Earth—Sun distance, where his result was wrong by a factor of no less
than 65 (Table 1.1). Nonetheless, his methods were sound, and a refined use of them
later led Hipparchus to a much better value of the distance between the Earth and the
Moon (the distance to the Sun was also much improved, if still off the mark by a factor

0f 9.5).

Fig. 1.6 Aristarchus’ method for determining the
E relative distances of the Sun and the Moon. An
observer on the Earth E sees the Moon M when it
is in its first quarter and measures the angle MES,
from which the ratio EM : ES follows.
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Table 1.1 Ancient values of mean distances and sizes of the Moon and the Sun expressed in diameters of the
Earth. Adapted from Heath 1959, p. 350.

Moon, distance Moon, Sun, distance Sun,

from Earth diameter from Earth diameter
Aristarchus 9.5 0.36 180 6.8
Hipparchus 33.7 0.33 1245 12.3
Poseidonius 26.2 0.16 6545 39.3
Ptolemy 29.5 0.29 605 5.5
Modern values 30.1 0.27 11728 109.1

Aristarchus is today best known for having proposed a heliocentric system, for which
reason he is sometims referred to as ‘the Copernicus of Antiquity’. Although Copernicus
knew about Aristarchus’ world system, he did not refer to it in De revolutionibus.
Apparently the Polish reformer of astronomy did not think highly of his Greek predecessor,
whose ideas did not influence him to any extent.* Aristarchus’ original text no longer
exists, but Archimedes gave a brief account of it in a fascinating work known as The
Sandreckoner:

Now you are aware that ‘universe’ is the name given by most astronomers to the sphere whose centre is the
centre of the Earth and whose radius is equal to the straight line between the centre of the Sun and the cen-
tre of the Earth. This is the common account, as you have heard from astronomers. But Aristarchus of
Samos brought out a book consisting of some hypotheses, in which the premisses lead to the result that the
universe is many times greater than that now so called. His hypotheses are that the fixed stars and the Sun
remain unmoved, that the Earth revolves around the Sun in the circumference of a circle, the Sun lying in
the middle of the orbit, and that the sphere of the fixed stars, situated about the same centre as the Sun, is so
great that the circle in which he supposes the Earth to revolve bears such a proportion to the distance of the
fixed stars as the centre of the sphere bears to its surface.’

Aristarchus’ reform of the world picture was presumably rooted in his determinations of the
relative sizes of the Moon and the Sun. The Moon revolved around the more bulky Earth,
which had a volume about thirty times as large as its satellite. If the Sun was some 300
times larger than the Earth in volume, as he had found, it was natural to think of the Sun as
the central body instead of the Earth.

Archimedes’ interest in the matter was mathematical, not astronomical. That his work
was not an attempt to obtain a correct figure for the size of the universe is illustrated by
the fact that he intentionally overestimated the cosmic dimensions. For example, he took
the Sun to be 30 times as large as the Moon, where Aristarchus had a value of 18-20; and
for the circumference of the Earth he used the value 3 million stades, which he knew was
much too large. What appealed to Archimedes was the enormous size that must be
ascribed to Aristarchus’ universe in order to account for the absence of an observed stellar
parallax.

Was it possible to express a number greater than the number of sand grains needed to fill
up the entire heliocentric universe? In order to solve this problem—clearly of mathematical
interest only—Archimedes developed a number system which allowed him to express
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numbers of gigantic magnitude. His result was that ‘a sphere of the size attributed by
Aristarchus to the sphere of the fixed stars would contain a number of grains of sand less
than 10,000,000 units of the eighth order of numbers’. The number referred to by
Archimedes can be written in modern notation as 109, the first ‘very large number’ that
appears in the history of science. Much later, such dimensionless numbers would become
important in cosmology. There is a similarity, if more in spirit than in substance, between
Archimedes’ number and Eddington’s cosmical number 107°, which denotes the number of
fundamental particles in the observable universe.*

Aristarchus’ heliocentric system was not considered a serious rival to the geocentric
models and soon went into oblivion. The only astronomer in antiquity who is known to have
supported the idea was Seleucus, who lived about 150 BC. It was hard to see the advantages
of a system that contradicted common sense and could only account for the absence of a
parallax by placing the stellar sphere at a ridiculously far distance from the Earth. There is
no indication that Aristarchus worked out the details of his hypothesis, for example that he
developed a planetary theory on the basis of a moving Earth, such as Copernicus would do
some eighteen centuries later. In addition, it may have added to the theory’s lack of accept-
ability that it was accused of being impious ‘for putting in motion the hearth of the uni-
verse’. This we know from Plutarch’s On the Face in the Orb of the Moon, where there is a
reference to charges raised against Aristarchus by Cleanthes, a Stoic philosopher. Yet, he
also says that Aristarchus was a mathematician, not a physicist (or philosopher), and for
this reason his hypothesis should not be taken too seriously. The distinction between the
physicist’s and the mathematician’s view of the universe would later reappear in connection
with Copernicus’ world system and would in general constitute an important theme in the
history of scientific cosmology.

We may get an impression of the cosmological views of the early Roman empire from
Pliny the Elder’s voluminous compilation Historia naturalis, a work consisting of 37
‘books’ and which exerted a great influence on late antiquity and the Middle Ages.?’
Astronomy, presented in a qualitative way in Book II, was but a small part of the erudite
Roman’s work, but it may have been representative of what non-astronomers knew and
thought about cosmology at the time. Pliny rejected astrology and conceived the world
(mundus) as ‘sacred, eternal, immeasurable, wholly within the whole’. What may be out-
side it ‘is not within the grasp of the human mind to guess’. Pliny was aware that some
philosophers had made suggestions about the dimensions of the universe, but these he dis-
carded as ‘mere madness’, a phrase he also used for attempts to investigate what lies out-
side the world. The general features of Pliny’s universe were in agreement with Hellenistic
cosmology in so far that he adopted a spherical, Earth-centred world with the fixed stars at
its outer boundary. He had no doubt that the Earth was the central body of the universe,
which he substantiated with ‘irrefragable arguments’ of which the most important was the
equal hours of day and night. On the other hand, the Sun was not merely one planets among
others, for,

In the midst of these [planets] moves the Sun, whose magnitude and power are the greatest and who is the
ruler not only of the seasons of the lands, but even of the stars themselves and of the heaven. . . .[The Sun
is] the soul, and more precisely the mind, of the whole world, the supreme ruling principle and divinity of
nature. He . . . lends his light to the rest of the stars also; he is glorious and pre-eminent, all-seeing and even
all-hearing.
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Pliny further accepted the doctrine of the four elements, arranged in such a way that the
element fire was nearest the stars, followed by air, which was thought to exist throughout
the universe. Of course, in between the immobile Earth and the revolving stellar sphere he
placed the seven planets, taking their order to be the Moon, Mercury, Venus, the Sun, Mars,
Jupiter, and Saturn. The Earth was spherical and kept in place by the force of air. It is uncer-
tain if Pliny accepted the Aristotelian distinction between a sublunar, elementary world and
a supralunar, ethereal region, as he wrote somewhat ambiguously on the matter. He did,
however, agree with Aristotle that the universe was uncreated and eternal. Although he
knew of the idea of a cyclical universe repeating itself eternally, he seems to have found the
notion unattractive.

1.2.3  Ptolemaic planetary astronomy

The troubles that faced the homocentric models of Eudoxus and Aristotle were largely
solved with the introduction of an alternative planetary model in the second century BcC. It
is believed that this alternative was first proposed by the Alexandrian mathematician
Apollonius, who is especially known for his unified theory of conic sections, including the
circle, parabola, ellipse, and hyperbola. As an astronomer, Apollonius investigated the
motion of a planet revolving around a point displaced from the fixed Earth. This eccentric
model is equivalent to a model in which the planet moves uniformly in a small circle (the
epicycle), whose center revolves in a larger circle (the deferent) with the Earth at its centre.
This combination of two circular motions could reproduce the observations of apparently
non-circular and non-uniform celestial phenomena.

Apollonius’ writings on astronomy have not survived, but his idea was developed by
Hipparchus, who was the first to supply it with numerical parameters based on observa-
tions. With Hipparchus, the idea was turned into a geometrical model of epicycles and def-
erents that initiated a new chapter in the history of theoretical astronomy. What was most
important was that Hipparchus’ solar theory led him to conclude that all the fixed stars had
small motions parallel to the ecliptic, a phenomenon known as the precession of the
equinoxes. The value he gave for the precession was one degree per century or 36" per year,
which is in reasonable agreement with the true value of 50" per year. The discovery of the
precession turned out to be cosmologically important, as it led Ptolemy to conclude that the
stellar sphere needed to be extended with yet another sphere. According to Ptolemy, the
precession was due to the stellar sphere, but outside it there was a ninth sphere which
caused the daily revolution. The ninth sphere was empty, yet it was the prime mover of the
celestial revolutions. He described the two movements in the heavens as follows: ‘One of
them is that which carries everything from east to west: it rotates them with an unchanging
and uniform motion . . . The other movement is that by which the spheres of the stars per-
form movements in the opposite sense to the first motion, about another pair of poles,
which are different from those of the first rotation.’3

The zenith of ancient astronomy was reached in the second century AD with the famous
Almagest by Claudius Ptolemy, an Alexandrian mathematician and astronomer who also
wrote important texts on optics, astrology, and geography. The original title was Megale
syntaxis (‘Mathematical Compilation’), and in the Arabic world it became al-majisti,
meaning ‘the greatest’, which in medieval Latin was rendered as a/magestum. In his intro-
duction to the Almagest, Ptolemy praised mathematical astronomy as the only science that
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could provide unshakeable knowledge and, at the same time, was morally uplifting: ‘From
the constancy, order, symmetry and calm which are associated with the divine, it makes its
followers lovers of this divine beauty, accustoming them and reforming their natures, as it
were, to a similar spiritual state.’>® This theme would later play an important role in the
Christian world, both in the Middle Ages and during the scientific revolution, but Ptolemy
did not elaborate. The Almagest, structured in thirteen books, was a mathematically
demanding, highly technical work, not a discourse on natural philosophy or cosmic
theology.

Whereas Ptolemy adopted Hipparchus’ solar theory, he offered a new and much
improved theory of the five planets that agreed excellently with observations. His planetary
theory was based on a sophisticated use of eccentrics, epicycles, and deferents that allowed
him to explain, for example, retrograde motions and the limited elongations of Mercury
and Venus (which never deviate from the Sun by more than 23° and 44°, respectively). In
Ptolemy’s theory, the centre of the epicycle did not move uniformly with respect to either
the Earth or the centre of the deferent, but with respect to a point located at the opposite
side of the centre and at an equal distance from it. This point is called the equant. With the
use of the equant, Ptolemy was able to compute planetary positions accurately. On the other
hand, it was a technical device that violated the philosophical doctrine of uniform motion
and for this reason it later became controversial, first among Islamic astronomers and later
in the medieval West. Ptolemy’s world system differed technically from Aristotle’s, yet it
also had much in common with it. Thus, in the beginning of the A/magest, Ptolemy stated
the physical premises of his theory in terms that Aristotle would have fully agreed with:

The heaven is spherical in shape, and moves as a sphere; the Earth too is sensibly spherical in shape,
when taken as a whole; in position it lies in the middle of the heavens very much like its centre; in size
and distance it has the ratio of a point to the sphere of the fixed stars; and it has no motion from place to
place.*

Not only did the Earth not move from place to place, it also did not rotate around its axis.
Ptolemy was aware that the possibility had been discussed by ‘certain people’—he most
likely thought of Heracleides of Pontus—but he dismissed it as ‘ridiculous’ and “unnatural’
because it was contrary to experience. Although he recognized that an axial rotation might
account for the celestial motions, he argued that it led to consequences incompatible with
observations, such as clouds being left behind in a westward direction. Ptolemy’s argu-
ments against a daily rotation would later be reconsidered by philosophers in the Middle
Ages and the Renaissance.

The Almagest marked the culmination of Greek astronomy, just as Euclid’s Elements
marked the culmination of geometry. However, it was essentially a mathematical theory of
the planets revolving around the Earth, and for this reason the A/magest is of no particular
cosmological significance. As far as cosmology is concerned, another and later of
Ptolemy’s works is of far greater interest, the Planetary Hypotheses.*!

Ptolemy’s physical cosmology was based on Aristotelian natural philosophy, including
the doctrines of the five elements and their natural motions. He believed that the ether con-
sisted of tiny spherical particles and that this was a physical argument in support of the
sphericity and circular motion of the celestial bodies. Ptolemy agreed that there could be no
void in the universe, which became the foundation of his cosmological theory as described
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in Planetary Hypotheses. He found the arrangement of nested planetary spheres he arrived
at to be ‘most plausible, for it is not conceivable that there be in nature a vacuum, or any
meaningless and useless things’.*? The basic principle of Ptolemy’s theory was to arrange
the shells of the celestial bodies one within another, with the thickness of each shell being
determined by the eccentricity of the planet’s deferent circle and the radius of its epicycle.
The whole system was arranged in such a way that no empty space appeared between the
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Fig. 1.7 Distances in Ptolemy’s cosmology in Planetary Hypotheses, drawn to scale. The scale of the left part

is 15 times as small as in the right part. Copyright © 1993, from Encyclopedia of Cosmology (Hetherington
1993). Reproduced by permission of Routledge/Taylor & Francis Group, LLC.
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shells, meaning that the greatest distance of one planet was equal to the least distance of the
planet outside it.

The general idea of incorporating epicycles and deferents into the Aristotelian model of
nested spheres was anticipated by Theon of Smyrna, a philosopher who lived in the early
part of the second century. Contrary to most other philosophers and astronomers, Theon
was careful to distinguish apparent from real motions, and he emphasized the need to
understand the heavens in physical terms. His epicycles and deferents were not mere math-
ematical tools, but had a real existence.

The space between the Earth and the Moon was filled with air and fire, and in the
Almagest Ptolemy determined the Moon’s distance from the Earth to vary between 33 and
64 Earth radii. The variation was much too great to fit with observations, which he must
have known. However, it was not possible to determine the order of the other planets by
means of astronomical data, and Ptolemy therefore had to rely on physical arguments of a
somewhat arbitrary nature. Whatever the soundness of these arguments, he concluded in
the Planetary Hypotheses that following the Moon’s sphere there came, in this order, the
spheres of Mercury, Venus, the Sun, Mars, Jupiter, and Saturn. The sphere of the fixed stars
completed the system. Since the greatest distance of the Moon was 64 Earth radii, this must
also be the least distance of Mercury. By means of the theory of epicycles and deferents, as
developed in the Almagest, he found that the ratio of the least to the greatest distance for
Mercury was 34:88, which implied that Mercury’s greatest distance was 64 X
(88/34) = 166 earth radii. The construction of the thicknesses of the remaining planetary
shells followed the same procedure and resulted in a cosmological distance scale (Table 2),
which Ptolemy summarized as follows:

In short, taking the radius of the spherical surface of the Earth and the water as the unit, the radius of the
spherical surface which surrounds the air and the fire is 33, the radius of the lunar sphere is 64, the radius of
Mercury’s sphere is 166, the radius of Venus’ sphere is 1,079, the radius of the solar sphere is 1,260, the
radius of Mars’ sphere is 8,820, the radius of Jupiter’s sphere is 14,187, and the radius of Saturn’s sphere is
19,865.

It is to be noted that there is a gap of 81 Earth radii between the maximum distance of Venus
and the minimum distance of the Sun. The gap was embarrassing, as it could not consist of
void space. Ptolemy argued that it might be reduced by increasing the distance to the Moon
slighly, but he nonetheless kept to his numbers, which, he stated, were inescapable.

Table 1.2 Ptolemy’s cosmological distance scale. All numbers are in Earth radii

Least distance Greatest distance Mean distance
Moon 33 64 48
Mercury 64 166 115
Venus 166 1079 622.5
Sun 1160 1260 1210
Mars 1260 8 820 5040
Jupiter 8 820 14 187 11504

Saturn 14 187 19 865 17 026
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Having found the cosmic distances expressed in Earth radii, Ptolemy converted them to
stades: ‘The boundary that separates the sphere of Saturn from the sphere of the fixed stars
lies at a distance of 5 myriad myriad and 6,946 myriad stades and a third of a myriad stade.’
Expressed in more familiar terms, the radius of Ptolemy’s universe was about 570 million
stades, or roughly 85 million kilometres. Like other Greek astronomers, he had nothing to
say about the thickness of the sphere of the fixed stars. The stars were usually conceived to
be at the same distance from the Earth, but it was realized that this was just an assumption
with no justification in either theory or observation. For example, in his Elements of
Astronomy, Geminus wrote that ‘we must not suppose that all the stars lie on one surface,
but rather that some of them are higher [i.e. more distant] and some lower [less distant]; it is
only because our sight can only reach out to a certain equal distance that the difference in
height is imperceptible to us.’*

Ptolemy went on to determine the sizes of the celestial bodies, which he did from estim-
ates of their apparent diameters. He found that the Sun was the largest of the planets, with a
diameter 5.5 times that of the Earth, followed by Jupiter (4.4) and Saturn (4.3). With a
diameter of only 0.04 times that of the Earth, Mercury was the smallest planet.

Unlike the A/magest, Ptolemy’s Planetary Hypotheses did not circulate widely. Its con-
tent was mostly known from other works, especially by Islamic astronomers. Thabit ibn
Quarra wrote in the ninth century a work that surveyed Ptolemy’s cosmology and was
partly based on the Planetary Hypotheses. Thabit used Ptolemy’s numbers, except that he
changed the Sun’s least distance to 1079 Earth radii in order to get rid of the gap between
the spheres of Venus and the Sun. He kept the Sun’s greatest distance (1260 Earth radii) and
thus increased the thickness of the Sun’s sphere. Such a change had astronomical con-
sequences—it resulted in a solar eccentricity much larger than allowed by observations—
but Thabit chose to ignore these. The important thing was to fill the gap and thus avoid an
embarrassing cosmic void.

1.3 Medieval cosmology

The highly developed Hellenistic science, such as that represented by Ptolemy, came to a halt
in the late phase of the Roman empire. Since its language was Greek, it remained unknown to
most learned people in the early Middle Ages, and it was only after the Greek literature was
translated into Arabic that it eventually found its way to Latin-using medieval Europe.

For a long time the best known of the ancient cosmological works was Plato’s Timaeus,
most of which was translated into Latin by Chalcidius, who worked in either the fourth or
the fifth century. With the translations in the twelfth century of Aristotle and Ptolemy, the
European scene was ready for a change. For nearly four centuries, Aristotle’s natural philo-
sophy served as the basis of a stable and harmonious world picture which was strongly
influenced by Christian thought. A form of Christianized Aristotelianism became the
foundation of a cosmology that gained a paradigmatic status. The medieval cosmos was
finite and geocentric, with the seven planets and the stellar sphere revolving around the
immobile Earth; the celestial bodies moved with uniform speed in circles or spheres;
whereas the terrestrial region was corruptible and made up of the four elements, the
heavens constituted a changeless world made of a fifth element unknown on Earth; and,
finally, the spheres surrounded one another contiguously, excluding all void or empty space.
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The thirteenth and fourteenth centuries witnessed lively discussions of cosmological
issues, many of them focusing on possible universes rather than the one actually existing.
Could God have created a different universe, say one that violated the doctrines of
Aristotelian physics? Could he have created many universes? Because God was omnipo-
tent, his creative power was limited only by what is logically impossible. This kind of
scholastic exercise, led to debates of great ingenuity and several remarkable ideas, but
when it came to the real universe imagination was much more restrained and only very few
scholars dared to question the standard cosmology.

One of the most notable features of the high Middle Ages was that the temporal dimen-
sion, which had been largely ignored in Greek cosmology, was brought back into focus.
The Christian universe was created by God, which was generally taken to mean that the uni-
verse had only existed for a finite period of time. However, although cosmology was thus
provided with a temporal marker, that was restricted to the act of creation; there was still no
perspective of development. The absolute age of the universe—or of the Earth, a distinction
was rarely made—was not an issue of great importance in the Middle Ages, but it was gen-
erally conceded that a reliable figure could be derived from Biblical chronology.** As early
as the the late second century, Theophilus of Antioch concluded that creation had taken
place in 5529 Bc, and Augustine affirmed that this was of the right order of magnitude.
During most of the medieval era it was accepted that the world had come into existence by
a supernatural act about 6000 years ago, a belief that would persist until well into the eight-
eenth century.

1.3.1 Athens or Jerusalem?

What little was known about the universe in the early Middle Ages included the idea that it
was created in foto in a supernatural act rather than shaped out of some pre-existing state of
matter. It was a true creatio ex nihilo. Given that this is a fundamental doctrine of
Christianity, and in view of the overwhelming impact of Christian thought on cosmology
through a large part of history, it is not irrelevant to repeat that creatio ex nihilo is nowhere
explicitly stated in the Bible, neither in the Old nor in the New Testament. It is a doctrine
not to be found in the earliest form of Christianity, when the form of creation was rarely a
matter of discussion. Only in the second half of the second century can the doctrine be
found in its strict sense, as an ontological and theological statement that expresses the con-
tingence of the creation and the omnipotence and absolute freedom of God.**

St Augustine went a step further by arguing that cosmic creation did not only mean that
God caused the universe to exist, but also that creation was timeless and implied a continual
existence of the world. He may have been the first to state that, paradoxically, the created
universe has always existed. When the doctrine of creation out of nothing was first formu-
lated, it quickly became accepted as almost self-evident. Church fathers of the third cen-
tury, such as Tertullian, Hippolytes, and Origen, all found creatio ex nihilo to be a
fundamental doctrine that must necessarily be true. When it was officially accepted by the
fourth Lateran Council in 1215, it had been widely adopted for a millennium.

The early Middle Ages—roughly the period from 400 to 800—witnessed a drastic
decline in science, including astronomy and cosmology. The new spiritual power, the
Christian church, had no unified view of what little was still known about Greek science,
but for a time it expressed strong hostility towards any form of natural philosophy which
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could not be derived from the Bible or otherwise be justified theologically. The astronom-
ical knowledge of even the most learned of the church fathers was pitifully small. At least
some of the Christian leaders flatly rejected the Greek conception of the world and sup-
ported a Biblical fundamentalism. ‘What indeed has Athens to do with Jerusalem?’ asked
Tertullian. Not much, he thought: ‘“We want no curious disputation after possessing Christ
Jesus, no inquisition after enjoying the gospel! With our faith, we desire no further belief.’*6

The changed intellectual atmosphere in early Christianity is illustrated by the remarkable
if short-lived return of a non-spherical Earth. According to Lactantius, a bishop who lived
in the first half of the fourth century (and whose real name was Lucius Caecilius
Firmianus), the sphericity of the Earth was a ridiculous as well as heretical belief. In his
Divinae institutiones, he asked: ‘Is there anyone as stupid as to believe that there are men
whose footprints are higher than their heads? Or that things which lie straight out with us
hang upside down there; that grains and trees grow downwards; that rain and snow and hail
fall upwards upon the Earth?>4’

Lactantius—‘a poor mathematician’ according to Copernicus—was not the only
Christian who believed in a literal interpretation of Scripture. Some of the church leaders
were flat-earthers, accepted the supracelestial waters, and denied the spherical shape of
heaven.*® They suggested that heaven was rather like a tent or the Tabernacle, a view they
could easily find evidence for in the Holy Book, such as in Isaiah 40:22: ‘It is he who sits
above the circle of the Earth, and its inhabitants are like grasshoppers; who stretches out the
heavens like a curtain, and spreads them like a tent to dwell in.” This was the opinion of
Diodorus, a bishop of Tarsus in the fourth century. Most of the patristic writers were hostile
to Hellenistic cosmology but did not attempt to replace it with a detailed cosmological
system based on the Bible.

Such a system was what Cosmas Indicopleustes, a widely travelled Byzantine or Egyptian
merchant of the sixth century, provided in his Christian Topography. Cosmas argued against
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Fig. 1.8 Cosmas’ universe. The left figure is a cross-section of the vaulted box containing the Earth or uni-
verse. The Sun moves round the large conical mountain. The figure to the right is Cosmas’ diagram of the
box with the mountain and four gulfs (from the left: Mediterranean, Red Sea, Persian Gulf, and Caspian
Sea). From Cosmas 1897.
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the spherical shape of the Earth, summarily rejected the epicyclic theory, and also declared it
ridiculous to believe that the Earth was at the centre of the universe. Such views were ‘absur-
dities contrary to nature, in opposition to scripture’. The Earth, an incredibly heavy body,
must surely be at the bottom of the universe, he argued. It will come as no surprise that
Cosmas believed that heaven was designed like the Tabernacle and that the only way to
understand its construction was to pay close attention to the Mosaic writings.

Cosmas included in his Christian topography a figure of the civilized world, which he
pictured as a vaulted box. Above was the vault of the sky, with the firmament between it
and the ground. ‘There is also the firmament which, in the middle, is bound together with
the first heaven, and which, on its upper side, has the waters according to divine scripture
itself.” The heavenly bodies did not revolve around the Earth, but were placed below the
firmament and moved by angels. The Sun and the Moon disappeared each day behind a
huge mountain, which to Cosmas explained the difference between night and day. The stars
were not at immense distances, as the pagans held, but belonged to the aerial spaces
together with the planets. For, ‘How is it that many of the fixed stars are equal and like to
the planet we call Mars, to which a lower sphere has been assigned, and how do we in like
manner see not a few of them to be like the planet Jupiter?’+

It would be wrong, though, to believe that all early Christians were enemies of secular
philosophy or fundamentalists of the same breed as Lactantius and Cosmas. In fact, the
two were exceptions when it came to the non-spherical shape of the Earth. By far the most
influential of the church fathers, St Augustine, was a learned man and much more
moderate in his views. Augustine sometimes warned against natural philosophy, but in so
far as it did not conflict with Scripture he was willing to take it seriously, if for no other
reason because it might in some cases help in Biblical exegesis. As far as astronomy was
concerned, he did not reject the spherical Earth, although he did not endorse it either. He
had no doubt about the water above the firmament—after all, there was solid Scriptural
evidence for it. As to the Aristotelian idea of an element particular to the heavens, the
ether, he rejected it. That Augustine was not simply antiscientific may also be judged from
Galileo’s Letter to Grand Duchess Christina, where Galileo quoted Augustine extensively
in support of the view concerning science and faith favoured by himself. One of the
quotations reads:

What is it to me [Augustine] whether heaven, like a sphere, surrounds the Earth on all sides as a mass
balanced in the centre of the universe, or whether like a dish it merely covers and overcasts the
Earth?. . . Hence, let it be said briefly, touching the form of the heaven, that our authors [of the Bible]
knew the truth but the Holy Spirit did not desire that men should learn things that are useful to no one for
salvation.*

It was only in the seventh century that a new scientific literature began to appear, and
even then it relied heavily on earlier, mostly Roman authors. Writers such as Martianus
Capella and Ambrosius Macrobius, who lived in the early fifth century, preserved the rudi-
ments of Greek astronomy, such as the distinction between the planets and the fixed stars,
and the spherical, Earth-centred universe. But this was about all that was left from the
glorious past. As two historians of science have expressed it, ‘Compared to the sophistica-
tion of the Almagest, knowledge of astronomy among the Latins in the second half of the
first millennium was primitive in the extreme.”>!
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The ideas of John Philoponus, a philosopher from Alexandria who lived in the sixth
century, were, however, far from primitive. A Christian strongly influenced by
Neoplatonism, Philoponus criticized Aristotle’s natural philosophy and sought to replace it
with a system in harmony with monotheism. Thus he attacked the traditional doctrines of the
eternity of the world and the essential difference between the terrestrial and heavenly parts
of the world. According to Philoponus, heaven and Earth were made of the same elements,
created by God but with no divine qualities. The light from the stars did not differ from light
from terrestrial sources, a most un-Aristotelian view: ‘There is much difference among the
stars in magnitude, colour, and brightness; and I think the reason for this is to be found in
nothing else than the composition of the matter of which the stars are constructed. . ..
Terrestrial fires lit for human purposes also differ according to the fuel, be it oil or pitch,
reed, papyrus, or different kinds of wood, either humid or in a dry state.’>

Since God had created the world out of nothing, it must have a finite age, contrary to
what Aristotle had taught. Philoponus did not rest content with basing his conclusion on the
authority of the Bible, but proved, to his own satisfaction, by means of reductio ad absur-
dum arguments, that an eternal universe would lead to absurdities. For example, the celes-
tial bodies move with different periods, Saturn more slowly than Jupiter and much more
slowly than the fixed stars. Now, if Saturn had revolved an infinity of times, Jupiter would
have performed three times as many revolutions and the stars more than 10 000 times an
infinite number of revolutions! This Philoponus thought was an impossible notion, and
‘Thus necessarily the revolution of the heavenly bodies must have a beginning.’

Bishop Isidore of Seville, who lived around 600, was the author of a large encyclopedia
in twenty books, Libri etymologiarum, which included many references to scientific sub-
jects. Contrary to most other authors, he drew a sharp distinction between astronomy and
astrology, rejecting prognostic astrology as superstition. In a smaller work, De natura
rerum, Isidore compiled contemporary knowledge of the Earth and heaven. His Earth was a
flat disc, and outside the firmament he assumed a watery heaven in accordance with
Genesis. ‘The sphere of heaven is a certain form, spherical in shape,” he wrote:

Its center is the Earth and it is shut in equally on all sides. They say that the sphere has neither beginning nor
end; since it is round like a circle its beginning and end cannot readily be seen. . . . Heaven has two gates,
east and west, for the Sun issues from one and retires into the other. . . . The rising Sun follows a southerly
path, and after it comes to the west and has dipped into the ocean it passes by unknown ways beneath the
Earth and again returns to the east.*

The Venerable Bede, an English monk living a generation after Isidore, had an impress-
ive mastery of conventional learning. He wrote a work on calendars which enjoyed a high
reputation throughout the Middle Ages, and he was also the author of a cosmological treat-
ise, again titled De natura rerum, which to a large degree relied on Pliny. Contrary to some
of his predecessors, Bede had no problem with the spherical Earth, and he stated that the
Sun was much larger than the Earth (he still stuck to the idea of water above the heaven).
Bede was neither a scientist nor an innovative thinker, but he did provide some continuity
through a difficult period. In a commentary on De natura rerum from the ninth century, the
anonymous commentator made the interesting suggestion that whereas Mars, Jupiter, and
Saturn revolved around the Earth, Venus and Mercury were satellites to the Sun. This kind
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of geo-heliocentric system was known in ancient Greece and was often ascribed to
Heracleides of Pontus, a pupil of Plato. It bears some similarity to the world system devised
by Tycho Brahe in the late sixteenth century.

By 900, astronomy and cosmology in the Christian West were still at a low ebb. The
problem was not so much Scriptural fundamentalism, or the tension between Jerusalem or
Athens, but rather that most of the products of Athens (and Alexandria) were unknown or
only known in highly diluted versions from secondary sources. Only when the master-
pieces of Greek philosophy and science became available in Latin versions could progress
start anew.

1.3.2  Aristotelianism revived

The revival of learning in Western Europe relied crucially on translations of Greek scient-
ific texts. As far as cosmology was concerned, Latin translations began to appear around
1150, and after a century or so almost the entire corpus of Greek astronomy and cosmology
was available to European natural philosophers. Some of the works were translated directly
from Greek to Latin, but most were based on Arabic books and commentaries. Spain,
where Arabic and Islamic culture flourished, became the centre of the new translation
movement. For example, this is where the best known of the translators, Gerard of
Cremona, worked. The industrious Gerard produced translations from Arabic to Latin of
Euclid’s Elements and Aristotle’s treatises on natural philosophy, including De caelo; but
his greatest service to the revival of Greek science was probably his direct translation from
the Greek of Ptolemy’s A/magest, which he completed in 1175 (the first Arabic translation
had appeared more than three hundred years earlier). Although the main texts of Greek
astronomy and cosmology had been translated by the closing years of the twelfth century, it
took another half-century until Aristotelian and Ptolemaic cosmology was generally known
and made its impact on the teaching in the newly founded universities.

Even before the results of the translation movement became apparent, scholars produced
texts of a cosmological orientation. These were influenced by Platonic and Neoplatonic
thoughts, and of course also by Christian theology, whereas Aristotelian philosophy was of
limited significance only. Scholars such as Thierry of Chartres, William of Conches, and
Adelard of Bath, who all were active in the first part of the twelfth century, advocated a nat-
uralistic approach to the study of nature. They conceived nature as an autonomous entity
which proceeded in accordance with its own laws or inherent order. God had of course cre-
ated the universe, but all of what happened after the creation was a result of natural causa-
tion. This view implied that it was the task of philosophers to find natural explanations and
to have recourse to divine intervention only if such explanations should utterly fail. The
message in William of Conches’ Philosophia mundi was that the cosmos could be studied
scientifically and that such a study of secondary causes would only affirm the glory of the
undisputed primary cause, God.

Bernard Sylvester, who lived in the mid twelfth century, wrote a large treatise,
Cosmographia, structured in two books, which included a good deal of natural philosophy.
The first book (Macrocosmus) dealt with the creation of the world in a way that differed
considerably from the account in Genesis. Bernard started ‘before the beginning’ with
Hyle, a primeval and formless substance, the origin of which he did not explain and which
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he may have thought of as unoriginated. Out of the chaotic Hyle, the elements were shaped
and order was introduced in the universe in a process closer to re-creation than to creation
in the traditional Christian sense. In Bernard’s poetic creation account, which shared some
of the features of pre-Christian cosmogonies, matter was seen as an active power.

Robert Grosseteste, the first chancellor of the University of Oxford and known in
particular for his works on optics, wrote in the 1220s two cosmological treatises, De luce
and De motu corporali et luce, in which he constructed a cosmology of light. The universe,
he said, was originally created by God in the form of a point of light in a primeval, transparent,
dimensionless form of matter; the light instantaneously propagated itself into an expanding
sphere, thereby giving rise to spatial dimensions and eventually, by means of light emanat-
ing inwards from the expanding light sphere, to the celestial spheres of Aristotelian cos-
mology. Grosseteste described the essence of his cosmogony as follows:

I hold that the first form of a body is . . . light (/ux), which as it multiplies itself and expands without the
body of matter moving with it, makes its passage instantaneously through the transparent medium and is
not motion but a state of change. But, indeed, when light is expanding itself in different directions it is
incorporated with matter, if the body of matter extends with it, and it makes a rarefaction or augmentation
of matter . . . From this it is clear that corporeal motion is a multiplicative power of light, and this is a cor-
poreal and natural appetite. **

Grosseteste’s light-cosmogony was of course speculative, but it was a naturalistic
explanation of the origin of the universe in so far as it did not rely on miracles or
other divine intervention. And then the scenario has a curious, if of course superficial,
similarity to modern accounts of the radiation-dominated expanding universe—inflation
included!

During the first half of the thirteenth century, scholars became increasingly aware of the
power of the Aristotelian thought system, with the result that Aristotle gradually replaced
Plato as the authority in natural philosophy. The consequence was a world picture which
was basically Aristotelian, but which included elements of the Ptolemaic system in the
form of eccentrics, deferents, and epicycles.>

Everybody agreed that the spherical Earth was at the centre of the universe and that it
was surrounded by seven planetary spheres in perfect contact. Outside the sphere of Saturn
was the primum mobile, with the stars. However, to these eight spheres two or three more
were usually added, mostly for theological reasons. The Bible speaks of the waters above
the firmament, which had to be taken seriously; the general interpretation was that it
referred to a ‘crystalline” sphere above the stars consisting of water in either fluid or hard
form. This ninth sphere—but it could also be two spheres, a ninth and a tenth—was starless
and perfectly transparent. Some scholars added yet another sphere, an immobile ‘empyrean
heaven’, the ultimate container of the universe and the abode of the angels. There was some
discussion of whether the celestial spheres were fluid or solid, but from around 1300 a solid
or crystalline theory was commonly adopted. As to the celestial spheres and the bodies
revolving along with them, it was generally assumed that they were made of some incor-
ruptible, perfect, unalterable substance, which in most cases was identified with Aristotle’s
ether or quintessential element. The stars and planets, assumed to be spherical like the
Earth, did not differ physically from the orbs, as they were thought to consist of the same
ethereal element, only in a much denser form. Most scholars believed that the stars and
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planets received their light from the Sun, but a few argued that they were self-luminous
bodies.

Whatever the opinions on these questions, it was agreed that the celestial spheres were
three-dimensional. They were endowed with thickness and arranged in such a way that the
convex surface of one sphere was equal to the concave surface of the sphere following it. In
this way, gaps in the heavens and problems with celestial voids were avoided. The model also
made it possible to calculate the dimensions of the cosmos, very much along the lines that
Ptolemy had used in his Planetary Hypotheses. Campanus of Novara, who flourished around
1260, may not have known about Ptolemy’s work but his calculations nonetheless led to a
universe strikingly similar to that of the Alexandrian mathematician (Table 1.3). According
to Campanus’ Theorica planetarum, the inner surface of the Moon’s sphere was about 108
thousand miles, and the outer surface about 209 thousand miles. At the farthest end of the
universe, Saturn was located between 52 and 73 million miles away from the centre of the
Earth. Since the sphere of the fixed stars was assigned no thickness, Campanus’ universe
was a huge sphere of radius 73 million miles, of the same magnitude as Ptolemy’s. Also like
Ptolemy, Campanus believed he could calculate the sizes of the planets.

The picture of the medieval universe as outlined here, was basically qualitative and of
more interest to the philosophers than to the astronomers. Astronomy was predominantly a
mathematical science aimed at calculating the positions of planets and stars, and for this
purpose cosmological problems such as the nature of the celestial substance were not of
great relevance. The attitude of many medieval astronomers, if by no means all, was instru-
mentalistic. Was astronomy to provide a true representation of celestial phenomena or
merely mathematical models that saved the phenomena? There was no unified position on
this point during the Middle Ages. Moses Maimonides, the Jewish—Spanish philosopher of
the late twelfth century, was in favour of an instrumentalist position. Concerning astro-
nomy, he wrote:

The object of that science is to suppose as a hypothesis an arrangement that renders it possible for the
motion of the star [planet] to be uniform and circular . . . and to have the inferences necessarily following
from the assumption of that motion agree with what is observed. At the same time the astronomer seeks, as
much as possible, to diminish motions and the number of spheres.>

According to Maimonides, it was only God who knew the true reality of the heavens. Man
could not possibly know this truth, and could only devise models that accounted as well as

Table 1.3 Cosmic dimensions according to Campanus of Novara. All figures are in miles.

Least distance Greatest distance Thickness of sphere Diameter of planet
Moon 107 936 209 198 101 261 1 896
Mercury 209 198 579 321 370 122 230
Venus 579 321 3892 867 3313546 2 885
Sun 3892 867 4268 629 375762 35700
Mars 4268 629 32352075 28 083 446 7573
Jupiter 32352075 52 544 702 20 192 626 29 642

Saturn 52 544702 73 387 747 20 843 044 29 209
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possible for observed phenomena. Maimonides’ position was not generally accepted,
though, and most medieval natural philosophers denied that astronomy was merely model-
making. In spite of different attitudes, astronomers realized that they were dealing with the
same universe as the cosmologists and natural philosophers. As David Lindberg, a leading
scholar of medieval science, has expressed it, ‘astronomy and cosmology were not glaring
at each other across a methodological chasm, but rubbing shoulders along a methodolo-
gical continuum’.%’

Islamic astronomers saw Ptolemy’s Almagest in a different and more critical light than
did their European colleagues. Ibn al-Haytam, who in Christian Europe was known as
Alhazen, criticized the Ptolemaic system in about 1000 for being abstract geometry with
no physical reality behind it. As Copernicus would do 500 years later, he objected to
Ptolemy’s use of the equant. The influential philosopher Averroes, or Muhammad ibn
Rushd, later argued that although the deferent—epicycle theory might save the phenomena
it was unsatisfactory. He, too, wanted a world system that made physical and not only
mathematical sense. In a commentary on Aristotle, he wrote: ‘The astronomer must,
therefore, construct an astronomical system such that the celestial motions are yielded
by it and that nothing that is from the standpoint of physics impossible is
implied. . . . Ptolemy was unable to see astronomy on its true foundations. ... The
epicycle and the eccentric are impossible.’>®

From the middle of the thirteenth century there appeared several books, usually with the
title Theoria planetarum, which focused on planetary theory in the Ptolemaic tradition.
They were mathematical in orientation and aimed at producing astronomical tables and
calculating positions of the planets. Tractatus de sphaera, written by Johannes de
Sacrobosco (John of Holywood), was an elementary and highly successful textbook which
outlined the Aristotelian world picture but included only the most rudimentary planetary
theory. As to the nature of the heavens, Sacrobosco wrote:

Around the elementary region there is the ethereal, which is lucid and immune from all variation in its
unchanging essence, and which turns in a circular sense with a continuous motion. It is called the ‘fifth
essence’ by philosophers. Of this there are nine spheres . . . namely of the Moon, Mercury, Venus, the Sun,
Mars, Jupiter, Saturn, the fixed stars, and the final heaven. Each of these spheres encloses the one below
spherically.>

Sacrobosco’s De sphaera was used as a textbook for nearly three hundred years.

We meet a different kind of cosmology in some of the literary masterpieces of the
medieval world, such as Dante Alighieri’s Divina commedia and Geoffrey Chaucer’s
Canterbury Tales.%° In Dante’s Divina commedia, written between 1306 and 1321, the
reader is presented with a simplified Aristotelian cosmos consisting of the seven planetary
spheres, an immense sphere of the fixed stars (the stellatum), and a starless primum mobile.
When Dante and his beloved Beatrice enter this outermost sphere he notes with surprise
that it is so uniform that he cannot say where he entered it. Dante believed in the actual
existence of the crystalline spheres made up of ‘rounded ether’, but he had ten spheres
rather than Aristotle’s nine. The tenth was, however, non-physical, endowed with neither
dimensions nor extension. It was the empyrean heaven, the mind of God himself and a kind
of paradise where the souls of the blessed were found. Dante described the speed of revolu-
tion of the primum mobile as incomprehensible, a result of the desire of each part of this
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Fig. 1.9 The medieval Christian universe in a folk version, with the empyreum surrounding ten heavenly
spheres. Illustration from Petrus Apianus’s Cosmographicum liber of 1533.

sphere to conjoin with the divine empyreum. This ‘heaven of pure light” had no limits and
was not located in space. In the later // convivio, he described the empyreum as ‘the sover-
eign edifice of the world, in which all the world is enclosed, and beyond which is naught;
and it exists not in space, but received form only in the Primal Mind, which the Greeks call

Protonoe’.%!

1.3.3  Scholastic controversies

Many theologians welcomed Aristotelianism if only it could be presented in a decent,
Christianized version; but they were also aware of its dangers and the incompatibility of
Aristotelian philosophy and certain Christian doctrines such as God’s creation of the world.
Around 1270, the faculty of arts in Paris housed a group of radical thinkers who were will-
ing to carry Aristotle’s rationalism and naturalism as far as possible, even to the point where
it conflicted with religious dogma. Siger of Brabant and Boethius of Dacia were the most
prominent of the group. Inspired by Averroes, they argued that it is the task of the philo-
sopher to investigate every question that can be disputed on rational grounds; the arguments
should be followed to their logical conclusion, without regard for the true faith. From the
church’s point of view, this was a deeply troubling position that had to be opposed. Action
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came in 1270, when the Bishop of Paris, Etienne Tempier, issued a list of 13 propositions
which were declared false and heretical. Apparently this was not enough, for seven years
later the list was greatly expanded, now covering 219 articles. To defend any of these pro-
positions, many of which related to the opinions of Siger and other radical Aristotelians,
could lead to excommunication.’> The views of the radical Aristotelians (or Averroists)
were condemned not only in Paris, but also in England, where the Archbishop of
Canterbury issued condemnations in 1284 and again in 1286.

More than 20 of the propositions condemned by Tempier referred to cosmology; for
example, it was an error to claim the following:

6. That when all celestial bodies have returned to the same point—which will happen in 36,000 years—the
same effects now in operation will be repeated.

34. That the first cause [God] could not make several worlds.

49. That God could not move the heavens [the world] with rectilinear motion; and the reason is that a
vacuum would remain.

87. That the world is eternal as to all species contained in it; and that time is eternal, as are motion, matter,
agent, and recipient . . .

185. That it is not true that something could be made from nothing, and also not true that it was made in the
first creation.

201. That He who generates the whole world assumes a vacuum because place necessarily precedes what is
generated in that place; therefore, before the generation of the world there was a located place which is a
vacuum.

Let us now consider some of the cosmological questions that were discussed in the
Middle Ages, irrespective of whether they were mentioned specifically in the condemna-
tions. First, it was generally agreed that the world was spatially finite. The possibility of an
infinite world was sometimes discussed, but only to reject it as absurd and incompatible
with Aristotelian physics. For example, Jean Buridan, an important Parisian scholar of the
middle of the fourteenth century, argued that an infinite body cannot possibly move with a
circular motion; for to do so there must be a centre, and an infinite body cannot have a
centre. In spite of consensus on this point, there remained the possibility of an infinite, non-
material universe, a possibility that was often discussed (see below).

Much more difficult was the question of temporal finitude, where Aristotle’s insistence on
an eternal world clashed head-on with the fundamental dogma of a world created in time. No
wonder that article 87 specifically condemned the eternity of time, motion, and matter. Siger
of Brabant was convinced of the truth of Aristotle’s arguments and was consequently led to
conclude that the world was not created. This was of course a decidedly heretical conclusion,
and Siger was careful to point out that it rested wholly on reason; since it conflicted with
faith, in this case reason could not be relied on. Other great medieval scholars, such as
Buridan and Nicole Oresme, expressed a similar opinion. Logically and naturally, heaven
could not have come into being, nor could it be annihilated. Nonetheless, it was created a
finite time ago, and only in a supernatural act, by the will of God.

In his De aeternitatis mundi from about 1270, Thomas Aquinas discussed whether some-
thing that had always existed could be made; only if this was logically impossible would he
concede that God could not have created an eternal universe. He argued that creation, in its
theological meaning, differs from the generation of change or processes such as that stud-
ied by the natural philosophers. Creatio non est mutatio. Creation is to give existence to



FROM MYTHS TO THE COPERNICAN UNIVERSE 43

things, to cause them. God does not take ‘nothing’ and transform it into something, he
causes things to exist continually in the sense that ‘if the created thing is left to itself, it
would not exist, because it only has a being from the causality of the higher cause’.%

Thomas distinguished between a temporal beginning of the universe and its creation,
where the latter concept refers to the existence of the universe as such. Even if the universe
had always existed, it would still depend on God for its very being; it would be created. As a
Christian, Thomas believed that Aristotle was wrong and that the universe was of finite age;
as a philosopher, he was willing to concede that the universe was eternal. At any rate, the
question could not be answered on the basis of reason alone. What mattered was that God
had caused the universe to exist, and this involved no contradiction with either reason or
faith. Another line of reasoning, adopted by Thomas and his contemporaries, was that
Aristotle’s argument for the eternity of the world was not a formal proof and was therefore
not in need of formal rejection; it could be dismissed on the sole ground that it was contrary
to faith.

The possibility of other worlds was eagerly discussed during the Middle Ages.*
Aristotle had emphatically rejected the possibility, but almost all medieval philosophers
agreed that God could have created other worlds, had he so wished. Yet they also agreed
that in fact God had chosen to create only one world. Article 34 of the condemnation of
1277 demanded that the faithful had to concede that God could create other worlds, but not
that such worlds actually existed. Nicole Oresme, a Parisian philosopher and mathemat-
ician, was one of several scholars who examined the question and tried to find weaknesses
in Aristotle’s conclusion that only one world was possible. Oresme, who had translated
Aristotle’s De caelo into French, distinguished between three different ways in which the
plurality of worlds could be conceived:

One way is that one world would follow another in succession of time, as certain ancient thinkers
held . . . Another speculation can be offered which I should like to toy with as a mental exercise. This is the
assumption that at one and the same time one world is inside another so that inside and beneath the circum-
ference of this world there was another world similar but smaller. . . . The third manner of speculating about
the possibility of several worlds is that one world could be entirely outside the other in an imagined space,
as Anaxagoras held.®

After a lengthy analysis of the three possibilities, Oresme concluded that God in his
omnipotence could make more worlds. ‘But, of course, there has never been nor will there
be more than one corporeal world.”

Related to both the question of the finitude of the universe and the question of other
worlds, there was the question of whether or not the corporeal world was surrounded by an
infinite void space, an idea with roots in ancient Greece (see Section 1.2). By and large, the
favoured answer was—once again—that God could have created such a space, but that
there was no reason to believe that he did. Buridan’s conclusion represented the majority
view: ‘An infinite space existing supernaturally beyond the heavens or outside this world
ought not to be assumed . . . Nevertheless, it must be conceded that beyond this world God
could create a corporeal space and any whatever corporeal substances it pleases Him to cre-
ate. But we ought not to assume that this is so [just] because of this.”®®

The extracosmic void considered by the schoolmen was very different from the vacuum
or non-being proposed by the Greek atomists. It was often conceived to be a spiritual
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heaven, God’s abode, and therefore something which could not be confined to a finite
world. Among God’s many attributes were that he was omnipotent, transcendent, and infin-
ite (in some non-spatial sense). It was sometimes suggested that an infinite world—or a
finite material universe and an infinite void space—would be more consonant with God’s
power than a finite world. The eminent Oxford mathematician and natural philosopher
Thomas Bradwardine identified infinite void space with God’s immensity. Although his
void space had neither extension nor dimensions, he nonetheless argued that it was real.
Bradwardine followed Aristotle’s arguments against a void a long way, but did not find
them irrefutable. God could make a void anywhere he wished, within this world or outside
it. ‘Truly, even now, there is in fact an imaginary void place outside of the world, which I
say is void of any body and of everything other than God.”®” Oresme held a similar view.

It should be clear from this brief review that most of the cosmological problems dis-
cussed by medieval philosophers had very little to do with the business of the astronomers.
The scholastic disputes about cosmology and cosmogony took place in a framework based
on Christian theology and Aristotelian philosophy. What mattered was the delicate balance
between these two pillars of insight, and in this context astronomical observations and cal-
culations were of little or no relevance.

1.3.4 New perspectives: Buridan to Cusanus

The condemnations of 1277 helped create an intellectual climate where Aristotle’s writings
could be discussed more freely and critically. ‘The philosopher’ continued to be held in
great esteem, but his system of natural philosophy was far from beyond criticism. We have
an important example of this in the discussion of the Earth’s immobility in the thirteenth
century. Although no one drew the conclusion that the Earth actually moved, the arguments
for a potentially moving Earth were impressive and demonstrated the willingness of some
philosophers to depart from Aristotelian tradition.

Jean Buridan discussed the possibility of a daily rotation of the Earth around 1350. He
pointed out that it was a problem of relative motion and that the motion of the stars could
equally well be explained on this basis as on the traditional assumption that the stellar
sphere revolved around the immobile Earth. In support of the hypothesis of a rotating
Earth, he applied arguments based on the simplicity and economy of nature. ‘Just as it is
better to save the appearances through fewer causes than through many, if this is possible,
so it is better to save [them] by an easier way than by one more difficult.’*® Wasn’t it more
reasonable to assume that the relatively small Earth rotated with a fairly low speed than that
the vast celestial spheres rotated with what must be an incredible speed? In addition to this
argument, he added that rest was nobler than motion. As the noblest bodies, the stars there-
fore ought to be at rest, while the Earth, corruptible and ignoble as it was, ought to be in
motion.

However, having presented his arguments in favour of a daily rotation of the Earth,
Buridan started, in the spirit of dialectical thinking, to criticize them. He arrived at the con-
clusion that the Earth does not rotate after all. One of his counterarguments related to the
strong wind that we would feel if the Earth rotated at high speed. He realized that supporters
of the rotating Earth might ‘respond that the Earth, the water, and the air in the lower region
are moved simultaneously with diurnal motion,” but did not accept this explanation. At any
rate, he adopted the conventional attitude that ‘For astronomers, it is enough to assume a
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way of saving the phenomena, whether it is really so or not.’ In the end, he kept to the
orthodox Aristotelian view.

Buridan’s discussion was further developed by his younger contemporary, Nicole
Oresme, in Le livre du ciel, one of the classics of fourteenth-century natural philosophy.
Here Oresme made the daring suggestion that the laws of terrestrial nature might be valid
also for the celestial regions, a first step towards a dissolution of Aristotle’s old distinction
between the physics of the sublunar sphere and that of the spheres above the Moon. Also in
opposition to Aristotle, but less controversially, he denied that the heavens were moved by
intelligences (or angels). God had initially placed motive powers into the celestial bodies in
such a way that no further application of power, whether animate or inanimate, was needed.
Oresme may have been the first to use the metaphor of a clockwork that was later so
famous when he wrote that ‘the situation is much like that of a man making a clock and let-
ting it run and continue its own motion by itself”.%

As far as the Earth’s diurnal motion was concerned, Oresme basically discussed the same
topics as Buridan, but in more detail and with greater sympathy for the hypothesis. He dis-
missed the problem of the wind that should constantly blow from the east by noting that the
air would rotate along with the surface of the Earth. No experience, he emphasized, was
able to dismiss the hypothesis of an axially moved Earth. Like Buridan, he considered the
idea of a rotating Earth to be supported by reasons of simplicity as it avoided celestial
speeds ‘far beyond belief and estimation’. As another bonus, he mentioned that the hypo-
thesis would do away with the generally assumed ninth sphere, which moved only with the
diurnal motion:

If we assume that the Earth moves as stated above, then the eighth heaven moves with a single slow motion
and it is consequently unnecessary to imagine a ninth natural sphere invisible and starless; for God and
nature would have made this ninth sphere for naught since by another method, i.e., assuming the Earth to
move, everything can remain exactly as it is.”

Oresme referred to the passage in the Bible (Joshua 10:12—14) where God lengthened the
day by commanding the Sun to stand still, and noted that the same dramatic effect could
have been achieved much more easily by a temporary cessation of the Earth’s rotation.
Since God always acted in the most economic way, perhaps this was how he performed the
miracle.

Yet Oresme decided that there were convincing theological reasons not to accept the
rotating Earth. It was an interesting hypothesis, but not the way nature actually worked. In
view of his impressive arguments in favour of a rotating Earth, Oresme’s conclusion in Le
livre du ciel was an anticlimax:

However, everyone maintains, and I think myself, that the heavens do move and and not the Earth: For God
hath established the world which shall not be moved, in spite of contrary reasons because they are clearly
not conclusive persuassions. . . . What I have said by way of diversion of intellectual exercise can in this
manner serve as a valuable means of refuting and checking those who would like to impugn our faith by
argument.

It was one thing to go against Aristotle, quite another to question the authority of the Bible.
Nicholas of Cusa, also known as Cusanus, was a German cardinal and philosopher who
wrote widely on a variety of subjects, including theology, mathematics, and natural philosophy.
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He was fascinated by the concept of infinity, and in De docta ignorantia of 1440 he developed
a metaphysical system (the doctrine of ‘the coincidence of opposites’) which he applied to
cosmology, among other areas. The result was a number of bold claims that departed most
radically from Aristotelian cosmology. However, it should be pointed out that the
Renaissance philosopher Cusanus was essentially a Neoplatonist and Christian mystic, and
that none of his arguments referred to empirical observations or were otherwise scientifically
based. He stated that the cosmos had no fixed centre and no circumference as it was not
bounded by any celestial sphere. His universe was ‘relatively infinite’ and homogeneous in
the sense that any observer anywhere in the universe would observe essentially the same
universe. There was no privileged place.

It is impossible for the world machine to have this sensible earth, air, fire, or anything else for a fixed and
immovable centre. . . . And although the earth is not infinite, it cannot be conceived of as finite, since it
lacks boundaries within which it is enclosed. . . . Therefore, just as the Earth is not the centre of the world,
so the sphere of fixed stars is not its circumference. . . . Since it always appears to every observer, whether
on the earth, the Sun, or another star, that one is, as if, at an immovable centre of things and that all else is
being moved, one will always select different poles in relation to oneself, whether one is on the Sun, the
Earth, the Moon, Mars, and so forth. Therefore, the world machine will have, one might say, its centre
everywhere and its circumference nowhere, for its circumference and centre is God, who is everywhere and
nowhere.”!

And this was not all, for Cusanus also argued that the Earth was actually in motion.
Moreover, he considered gravitation to be a local phenomenon such that each star or planet
was a centre of its own gravitational attraction. Going even further than Oresme, he denied
that there was any difference at all between celestial and sublunar matter; all celestial bod-
ies, however noble, consisted of the same four elements as found on the Earth. Since there
was life on the Earth, and the Earth was but a star, he assumed that there was life all over the
universe. He even conjectured that the extraterrestrial beings differed in rank according to
their location and that some of them, such as the ‘bright and enlightened denizens’ of the
Sun, were superior to earthlings.

Cusanus’ grand and bold cosmological vision anticipated some of the later develop-
ments in cosmology, in particular the cosmological principle, which is the claim that the
universe is uniform on a large scale. But it should be kept in mind that Cusanus was no
scientist and that his aim was not to devise a theory that could account for observable
phenomena.

1.4 The Copernican revolution

And new Philosophy calls all in doubt,

The Element of fire is quite put out;

The Sun is lost, and th’earth, and no man’s wit
Can well direct him where to looke for it.

And freely men confesse that this world’s spent,
When in the Planets, and the Firmament

They seeke so many new; they see that this

Is crumbled out againe to his Atomies.

“Tis all in peeces, all cohaerence gone;

All just supply, and all Relation . . .7
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This passage from John Donne’s An Anatomie of the World, published in 1611, expresses a
bewilderment and lack of orientation that many men of culture felt was the result of the
doubts that natural philosophers raised against the traditional world picture. Foremost
among these doubts was the controversial idea that the Earth, hitherto regarded as the
immobile centre of the universe, was merely one planet among others, whirling around the
Sun at great speed. With the disappearance of the immutable heavens, the comforting sense
of order and unity had disappeared too. The revolution in astronomy seemed to confirm
‘the frailty and the decay of this whole World’. Donne’s better-known contemporary,
William Shakespeare, related to the same theme in Hamlet 11,2:

Doubt Thou the stars are fire
Doubt that the Sun doth move
Doubt truth to be a liar

But never doubt I love.

The controversial part of Copernicus’ new world system, as many saw it, was not so
much that it removed the Earth from its central position in the universe, for that was not
necessarily a dignified position. After all, it was farthest away from the angels and God’s
eternal heaven. Indeed, it was sometimes argued that the natural place for the Earth, in both
a physical and a moral sense, was ‘the centre, which is the worst place, and at the greatest
distance from those purer incorruptible bodies, the heavens’.” It was worse that the Earth
had become reduced to a planet, which could be taken to imply that the other planets were
inhabited by living and rational creatures as well. If so, the door was open for a host of
theological problems.

1.4.1 A heliocentric cosmology

Nicolaus Copernicus, born in 1473 at Torun in the north of what is now Poland, received his
elementary education at the Jagiellonian University of Cracow and subsequently went to
Italy to study at Bologna and Padua. Although his primary field of study was canon law, he
also took an interest in medicine and astronomy. In 1503 he returned to Poland, where he
settled permanently in Frombork (or Frauenburg), a small town in an isolated corner of
Varmia. There he engaged seriously in astronomical studies, the prime result of his studies
being the daring hypothesis of a Sun-centred universe. It is unknown when he arrived at this
idea, but around 1512 he wrote a brief sketch of the new astronomical system, known as the
Commentariolus, which circulated in handwritten copies among a small number of schol-
ars.” Copernicus had only a single disciple, Georg Rheticus, and it is in a work of his, the
Narratio prima of 1540 (a second edition appeared in 1541), that we find the first pub-
lished account of the Copernican system.

After many years of delay, Copernicus’ masterpiece De revolutionibus was finally pub-
lished in 1543, the very year of his death. Whatever the reason for the delay, it is most
unlikely that it was caused by fear of how the Catholic church would react to the book. In
fact, Cardinal Nicolaus von Schonberg had in 1536 urged Copernicus to publish his manu-
script, although at the time to no avail. Copernicus knew that his theory might be consid-
ered to be theologically controversial, but in his preface to De revolutionibus, dedicated to
Pope Paul III, he argued that it was not. Only ‘by shamelessly distorting the sense of some
passage in Holy Writ to suit their purpose’ could certain people ignorant of mathematics
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Fig. 1.10 Two historically important reproductions of the heliocentric world system. The picture on the left is
from Copernicus’ De revolutionibus (1543), with the sphere of the fixed stars completing the system. The
version on the right is from Galileo’s Dialogo (1632). The only difference between the two representations is

that Galileo included the four moons he had observed moving round Jupiter.

find the work heretical.”> Much like Ptolemy’s Almagest, Copernicus’ De revolutionibus
orbium coelestium libri sex was thoroughly mathematical in nature and structure. Written
in six books, it was a difficult and technical work, aimed at mathematically informed
astronomers and at neither astrologers, philosophers, nor cosmologists. Indeed, Copernicus
proudly emphasized that ‘Mathematics is written for mathematicians’ (Mathemata mathe-
maticis scribuntur).

In the Commentariolus, Copernicus started by outlining in seven postulates the main
features of his alternative to the traditional cosmology. The centre of the Earth was not the
centre of the universe, a position which was instead occupied by the Sun. Whatever motion
appeared in the firmament did not arise from it, but from the motion of the Earth, and the
same was the case for the apparent motion of the Sun. Not only did the Earth rotate around
its own axis, it also ‘revolve[s] about the Sun like any other planet’. Copernicus further
pointed out that his universe was of enormous dimensions: ‘The ratio of the Earth’s dis-
tance from the Sun to the height of the firmament is so much smaller than the ratio of the
Earth’s radius to its distance from the Sun that the distance from the Earth to the Sun is
imperceptible in comparison with the height of the firmament.’’® The reason for this postu-
late was the very same problem that Aristarchus had faced in his hypothesis of a heliocent-
ric universe, namely the absence of an observed stellar parallax.

De revolutionibus started with a brief introductory section, in which it was stressed that
the sole purpose of astronomy was to devise models that could save the phenomena. The
message of this section, apparently written by Copernicus, was that the heliocentric theory
was merely a computational model and not one that claimed to be true in a physical sense.
It was not written by Copernicus, however, but by Andreas Osiander, a Lutheran theologian
who was entrusted with the supervision of the printing of De revolutionibus. Copernicus
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certainly did not share Osiander’s opinion, but for a while this was not generally known.
Only in 1609 did Kepler reveal that the anonymous introduction was in fact written by
Osiander. To believe that Copernicus subscribed to the instrumentalist position outlined in
the introduction was ‘most absurd’, he wrote.

Why did Copernicus find it necessary to turn Ptolemy on his head and develop an astro-
nomical theory that ran counter to tradition and common sense? It is often stated that the
Ptolemaic system had grown increasingly complex and that epicycles had to be added to
epicycles in order to match observations. This allegedly led to a crisis, which Copernicus
responded to with his new world system. However, the contrast between the simplicity of the
Copernican system and the complexity of Ptolemy’s system of compounded circles is ficti-
tious. There was no state of crisis at the time Copernicus started to develop his alternative.”’

Copernicus was indeed dissatisfied with the Ptolemaic system, but not because of its num-
ber and arrangement of circles or because it failed observationally. His main objection was
that the centres of its epicycles did not move with uniform speed on the deferents, but with
respect to the fictitious equant. In the opening lines of the Commentariolus, Copernicus
emphasized that such a system ‘seemed neither sufficiently absolute nor sufficiently pleasing
to the mind’. He found it to be a betrayal of the fundamental doctrine that uniform circular
motion was the only allowed form for motion in the heavens and indicated that it was his
desire to remedy this defect that led him to the new theory. Copernicus had also become
annoyed that the astronomers had not been able to discover ‘the form of the world and the cer-
tain commensurability of its parts’, a reference to the order and distance of the planets, which
had no theoretical justification withing the existing astronomy. As a third reason, he wanted to
establish a world system which, methodologically and aesthetically, was simpler than the tra-
ditional one, a system which rested only on a few hypotheses. Geocentric astronomers were
forced to make use of ‘an almost infinite multitude of spheres’, whereas Copernicus would
rather ‘follow the wisdom of nature, which, as it takes very great care not to have produced
anything superfluous or useless, often prefers to endow one thing with many effects’.”

In addition to these arguments of a methodological nature, there were also arguments
that reflected the revival in the Renaissance of Pythagorean and Neoplatonist thought.
Thus, in a lyrical passage in De revolutionibus, Copernicus conceived the Sun—"’this lamp
of the very beautiful temple’—to be the most noble of the celestial bodies and for this rea-
son the one which naturally should occupy a central position. And Rheticus stressed how
wonderful it was that with Copernicus’ innovation, the number of planets was reduced from
seven to six. As he pointed out in Narratio prima, six was a sacred number: ‘For the number
six is honored beyond all others in the sacred prophecies of God and by the Pythagoreans
and the other philosophers. What is more agreeable to God’s handiwork than this first and
most perfect work should be summed up in this first and most perfect number?”7°

Copernicus’ system was able to explain in a simple way the retrograde motions of the
planets and, equally simply, the limited elongations of Mercury and Venus. These phenom-
ena did not need any special hypotheses, but followed directly from the basic assumption of
the Earth’s annual revolution around the Sun. In several ways Copernicus’ world system
resembled that of Ptolemy, only with the Earth and the Sun being interchanged; the celestial
spheres were still largely concentric, and Copernicus even had to introduce epicycles in the
style of Ptolemy. But when we turn to the structure and dimensions of the Copernican uni-
verse we realize how different it was, after all, from the one traditionally accepted.
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Table 1.4 Approximate relative distances of the planets according
to Copernicus, compared with the modern mean distances. All

values in astronomical units.

Least Greatest Mean Modern mean
Mercury 0.26 0.45 0.38 0.39
Venus 0.70 0.74 0.72 0.72
Earth 0.97 1.03 1.00 1.00
Mars 1.37 1.67 1.52 1.60
Jupiter 4.98 5.46 5.22 5.20
Saturn 8.65 9.70 9.17 9.54

Contrary to the astronomers in the Ptolemaic tradition, Copernicus did not have to guess
the order of the planets. He could calculate their distances in terms of the Earth’s mean dis-
tance from the Sun, the astronomical unit (AU). For this unit distance, he found a value of
1142 Earth radii, which was much too small—the correct value is about 23 600—but
Copernicus wisely decided to use the relative planetary distances, as given in Table 1.4.

We first note that Copernicus’ planetary universe, as given by the distance to Saturn, is
smaller by a factor of nearly two than what Ptolemy had found in his Planetary Hypotheses.
Next, and more interestingly, the planetary spheres are much thinner and do not fill at all
the space between the spheres. For example, Mars reaches out to 1.67 AU, far from the min-
imum distance of Jupiter, which is 4.98 AU. In other words, Copernicus’ planetary model
did not satisfy the principle of plenitude which was so dear to Ptolemaic astronomy. Even
more shockingly, in order to accommodate the unobserved stellar parallax, the distance
from Saturn to the sphere of the fixed stars had to be immense. ‘The Earth is to the heavens
as a point to a body and as a finite to an infinite magnitude’, Copernicus wrote.®’ In a cos-
mological perspective, the Earth was merely an atom. ‘It is not at all clear how far this
immensity stretches out’, he continued, but surely there must be an unoccupied space out-
side Saturn many times the planet’s distance from the Sun. In terms of volume, the
Copernican universe was at least 400 000 times as large as that of traditional cosmology!
What was the nature and purpose of the space between the celestial spheres? Was it filled
with some kind of ethereal substance? Was it a void? Nobody could tell.

When it came to the fixed stars, Copernicus had as little to say as Ptolemy. He seems to
have placed all the stars, whatever their magnitude, on the same spherical surface at an
immense distance from the Sun. At any rate, he did not indicate that the stellar sphere had
any appreciable thickness. In Book I, Chapter 8, he briefly addressed the question of whether
there might be something beyond the heavens, or ‘If the heavens are infinite, . . . and finite
at their inner concavity only’. Copernicus, the mathematical astronomer, did not come
up with an answer, and preferred to leave the question to be discussed by the natural
philosophers.

1.42  Tycho's alternative

Copernicus’ theory did not immediately attract much attention. It took a couple of decades
until its significance and novelty were generally recognized and astronomers began to discuss
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its merits and defects. A few accepted the heliocentric system, but most of those who stud-
ied De revolutionibus held a more eclectic attitude: they used what they could use, espe-
cially the mathematics of the planetary theory, but without subscribing to the heliocentric
theory as physically true. The influential Jesuit mathematician and astronomer Christoph
Clavius wrote between 1570 and 1611 a long series of commentaries on Sacrobosco’s De
sphaera in which he critically reviewed alternatives to the traditional Ptolemaic system. He
praised many aspects of Copernicus’ work, but without accepting its heliocentric cosmo-
logy. On the contrary, he objected to Copernicanism with an array of physical, astronomical,
and methodological arguments. Clavius’ Ptolemaic universe, including the empyreum, con-
sisted of 11 spheres. Although there were neither bodies nor motion in the empyrean
heaven, this ‘happy seat and home of the angels and the blessed’ was no less real than the
firmament and the planetary heavens. Clavius stated that beyond the empyreum there
might be a kind of infinite space, where God could create other worlds.

Whereas Clavius defended the traditional world picture, the Danish nobleman Tycho
Brahe suggested an alternative to both of the existing cosmologies.®! In 1572, the 26-year-
old Tycho observed what appeared to be a new star in the constellation of Cassiopeia, and
in his book De nova stella of the following year he argued that it was indeed a new, if
ephemeral, fixed star. This was of cosmological importance because the interpretation
broke radically with the age-old belief that the heavens were perfect and unchanging.
Clavius was among those who accepted Tycho’s interpretation.

In 1574-75 Tycho gave a series of lectures at the University of Copenhagen in which he
introduced the new world system of Copernicus—*the second Ptolemy’, as he called him.
He had much praise for the theory of the Polish astronomer and stated that he would deal in
his lectures with the motion of the planets according to Copernicus and using his para-
meters; but, significantly, he would transfer them to an Earth at rest. Tycho had lost
confidence in the Ptolemaic system, yet he was unable to accept that the Earth really moved
around the Sun. After he (and others) had observed the great comet of 1577, he began
thinking of an alternative that would accommodate the best of both systems, most likely
inspired by ‘proto-Tychonic’ systems developed by the German mathematician Paul Wittich
and others.®? He realized that if the comet had passed through the spheres of Mercury and
Venus, as his data indicated, the spheres could not be solid bodies; hence there was nothing
to bar planetary orbits from intersecting, as in the case of Mars crossing the orbit of the Sun.

Tycho published his world system in 1588, as Chapter 8 of his treatise on the great
comet, De mundi aetherei. According to Tycho, the universe was geocentric, with the Sun
and the Moon circling around the immobile Earth; or, perhaps better, it was geo-heliocentric,
for all the other planets revolved around the Sun (Fig. 1.11). This was clearly a compromise
between the Ptolemaic and the Copernican system, physically closer to the former, whereas
mathematically it was closer to the latter. Since the Tychonic system was geometrically
equivalent to Copernicus’ system, it could match all its predictions except the apparently
non-existent stellar parallax. The dimensions of Tycho’s world up to Saturn did not differ
much from those of Copernicus’. He took the distance of the Sun from the Earth to be
about 20 times the Moon’s distance, for which he adopted the value 60 Earth radii. For the
distance to the farthest planet, Saturn, he ended up with 11,000 Earth radii. In gross
contrast to Copernicus, he put the sphere of the fixed stars immediately above Saturn’s
sphere, at an average distance of about 14 000 Earth radii.
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Fig. 1.11 The Tychonic world system, as reproduced in Tycho Brahe’s De mundi aetherei of 1588. Whereas
the Sun (C) revolves around the Earth (A), the other planets encircle the Sun. Only Mercury and Venus are
shown in the figure. The object X is a comet, supposed to move in a circular orbit near that of Venus.

Why did Tycho, the self-appointed renovator of astronomy, refrain from going the whole
way? Why did he not accept the heliocentric theory as representing the real universe? His
reasons were diverse and not particularly original. In some cases they expressed a conserv-
ative attitude, as when he used the Bible as evidence against a moving Earth. The German
astronomer Christopher Rothmann, with whom Tycho corresponded and who visited
Uraniborg in 1590, denied that the Bible held any authority in scientific matters, but Tycho
begged to disagree and maintained that the Scriptural evidence against Copernicus’ theory
must be taken seriously. What was undoubtedly of more importance, in matters of natural
philosophy Tycho was at heart an Aristotelian. For this reason he accepted the dichotomy
between the world beneath and above the Moon, and he used traditional Aristotelian argu-
ments (already criticized by Buridan and Oresme) to prove the absurdity of a moving Earth.

The missing annual parallax for the fixed stars was another good reason to reject the
Copernican theory. Tycho, armed with his excellent instruments, had looked for stellar par-
allaxes and found none. This he took to mean that the parallax, if there was one, was
smaller than 1’ (minute of arc) or that, according to Copernicus’ theory, the fixed stars were
located at a distance at least 7 million Earth radii away. This enormous void space he
simply was unable to accept; it was not only incredible, but also impossible. This uneasiness
about the empty space between Saturn and the fixed stars was common at a time when it
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was generally assumed that the universe had a purpose, that it had been created for the
benefit of man. In his Dialogo of 1632, Galileo lets Simplicio, the protagonist of the
traditional world view, argue against Copernicus as follows:

Now when we see this beautiful order among the planets, they being arranged around the earth at distances
commensurate with their producing upon it their effects for our benefit, to what end would there then be
interposed between the highest of their orbits (namely, Saturn’s) and the stellar sphere, a vast space without
anything in it, superfluous, and vain. For the use and convenience of whom?%3

Later generations of scientists would smile at such teleological rhetoric, but at the time
of Tycho and Galileo it was still part of the scientific discourse. Moreover, Tycho shared
with other astronomers the belief that the stars had visible diameters, which he found to be
between 1" and 3'. This again implied that if the stars were located as far away as required
by the Copernican system, they would have impossibly large diameters, several hundred
times that of the Sun. Tycho found this to be plainly absurd, and hence a strong argument
against Copernicus’ mistake, but Copernicans such as Rothmann were not convinced. They
typically found refuge in an old theological argument, namely that the vastness of
Copernicus’ universe reflected the vastness of God’s creative power. In response to Tycho,
Rothmann wrote:

Or what absurdity follows if a star of the third magnitude equals the entire annual orb? . . . The absurdity of
things, which at first glance appear so to the multitude, cannot be so easily demonstrated. Indeed, divine
Wisdom and Majesty is much greater, and whatever size you concede to the Vastness and Magnitude of the
World, it will still have no measure compared to the infinite Creator.®*

Although Tycho was mainly interested in devising a planetary system that agreed with
observations, he also had an interest in the physics of the heavens. Like most other
astronomers, he distinguished between the task of the astronomer (or mathematician) and
that of the natural philosopher. As he wrote to Rothmann, cosmology belonged to the realm
of philosophy, not astronomy:

The question of celestial matter is not properly a decision of astronomers. The astronomer labours to invest-
igate from accurate observations, not what heaven is and from what cause its splendid bodies exist, but
rather especially how all these bodies move. The question of celestial matter is left to the theologians and
physicists among whom now there is still not a satisfactory explanation.®

On the other hand, the Renaissance holist Tycho was also convinced that astronomy had a
non-mathematical, astrophysical, or cosmological side, and that this could not be separated
from the studies of terrestrial matter and its changes. A devotee and practitioner of
Paracelsian chemistry, he believed that, in a sense, astronomy was the chemistry of the
heavens and chemistry a kind of terrestrial astronomy. By studying the heavens, the natural
philosopher would get a superior knowledge of processes on the Earth, and he would
likewise become a better astronomer if he was well versed in chemistry and alchemy
(Fig. 1.12).

Although Tycho followed Aristotle in distinguishing between the sublunar and superlu-
nar regions of the world, he did not admit the distinction to be absolute. He was more
inclined to believe that the air gradually became thinner towards the Moon and was then
connected to Aristotle’s ethereal element (he did not admit fire among the atmospheric
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Fig. 1.12 At the two entrances of Uraniborg, Tycho Brahe placed relief sculptures which allegorically repre-
sented astronomy and chemistry. The two inscriptions related to the close connections between the two sci-

ences (‘By looking up, I see down’, and ‘By looking down, I see up’). From Astronomiae instauratae
mechanica (1598).

elements).% The heavens were composed of ether, which appeared in a more dense form in
the Milky Way and even more densely in the stars. In this way he suggested that the new
star of 1572 could be explained as a temporary concentration of ether. Tycho’s sketch of a
physical cosmology was developed further by his pupil Cort Aslaksen, to whom the celes-
tial ether was material in nature, nothing but air in a highly rarefied state. A representative
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of what was called Mosaic physics, he pictured the universe as consisting of three heavens,
the atmosphere, the space containing the heavenly bodies, and God’s eternal heaven.
Contrary to Tycho, Aslaksen accepted that the Earth could perform a daily rotation.?’

In the period from around 1620 to 1660, Tycho’s hybrid cosmology received much
attention and was to some extent also accepted, especially among Jesuits and other
Catholic scholars, who, for theological reasons, could not openly endorse the Copernican
theory. For example, the eminent French natural philosopher Pierre Gassendi was a
Copernican at heart, but he was also a Catholic priest and, publicly, he defended Tycho’s
system (and he wrote a biography of Tycho Brahe, the first full biography of a scientist
ever). Whereas Gassendi used the Tychonian system to further the cause of
Copernicanism, the Jesuit astronomer Giovanni Riccioli believed that Tycho’s world
model was superior to that of Copernicus (Fig. 1.13). Riccioli’s favoured model differed in
its details from Tycho’s by having Jupiter and Saturn (together with the Sun) circling the
Earth, the other three planets revolving around the Sun. During a large part of the
seventeenth century, such ‘semi-Tychonic’ systems were popular and widely discussed.3®
In his important book of 1651, Almagestum novum, Riccioli dealt in penetrating detail
with the question of the mobility of the Earth. Following the scholastic tradition, he
presented arguments for and against, but of course concluded that the Earth was immobile.
Characteristically, in this conclusion theological arguments counted as heavily as did
arguments based on scientific evidence.

For more than half a century, the Catholic church had no problems with the Copernican
system, but in 1616 it was formally banned and after the infamous process against Galileo
in 1633 it was impossible for scientists in Catholic Europe to support it. Copernicanism
was controversial in the Protestant world as well, if not to the same extent or with the same
consequences. Martin Luther allegedly branded Copernicus as a fool who would turn the
entire science of astronomy upside down, but the historical basis for this often-quoted
judgement is next to worthless. Although Luther was not a pro-Copernican, neither was he
an anti-Copernican. For all we know, he may have been indifferent to or perhaps even
ignorant about the revolution in astronomy (Luther died in 1546, three years after the
publication of De revolutionibus).¥’

1.4.3  Towards infinity

Copernicus’ universe was spherical and no less finite than Ptolemy’s and Tycho’s. Yet it was
immensely larger, and for this reason alone invited a renewal of speculations concerning
cosmic infinitude. The possibility of an infinite and infinitely populated universe, as
discussed by a few early Copernicans, should be distinguished from the discussion of an
infinite void space beyond the cosmos. This latter debate had roots in medieval philosophy
and theology, and it continued to be an issue in the sixteenth and seventeenth centuries,
largely unaffected by Copernicus’ new astronomy. The imaginary, infinite void space was
usually conceived to be divine and dimensionless, and hence physically unreal. However, to
Otto von Guericke, the famous Magdeburg mayor and pioneer of vacuum technology, the
infinite space beyond the material cosmos was real and three-dimensional. In his
celebrated treatise of 1672 on the Magdeburg experiments, Experimenta nova, he
described the infinite nothingness as an active and powerful entity, as what has been called

an ‘ode to nothing’.”°
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Fig. 1.13  The Italian Jesuit astronomer Giovanni Riccioli published in 1651 a great work with the ambitious

title Almagestum novum. As is apparent from its frontispiece, he found that a Tychonian system (not quite the
same as Tycho Brahe’s) should be rated higher than the heliocentric system of Copernicus. The Ptolemaic
system is placed on the ground, indicating that it is not considered a worthy competitor. ‘I am raised that I
may be corrected’, Ptolemy utters.
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The discussion in the seventeenth century of an infinite universe was indebted to the
revival of the ancient atomic theory of matter by natural philosophers such as Francis Bacon
in England and Pierre Gassendi in France. The renewed interest in the atomism of
Democritus and his followers was primarily of relevance to chemistry, but also included cos-
mological aspects. In a book of 1675, the Englishman Edward Sherburne summarized what
he took to be the essence of atomistic cosmology (see Fig. 1.4): ‘“The Ancient Philosophers,
especially those of Democritus and his School, and most of the Mathematicians of those
Times, asserted the Universe to be Infinite, and to be divided into two chief Portions;
whereof the One they held to be the World, or rather Worlds, finite as to Bulk and
Dimension, but infinite as to Number. The other Part or Portion, they extended beyond the
Worlds, which they fancied to be a Congeries of infinite Atoms. Out of which not only the
Worlds already made received their Sustenance, but new Ones also were produced.”®”!

Apart from the extra-cosmic, more or less theological void, was the world also infinite
with respect to celestial bodies? Thomas Digges, an English mathematician and contempor-
ary of Tycho, was among those who observed the new star of 1572. An early adherent of
Copernicanism, he tried to prove the new theory by measuring the annual parallax of the
fixed stars, but of course he failed. In 1576 Digges added to a book on meteorology written
by his father a chapter on cosmology, which included a free translation of the cosmological
part (Book I) of Copernicus’ De revolutionibus. The novelty of ‘A Perfit Description of the
Coelestiall Orbes’ was that Digges did not collect the stars in a sphere, as Copernicus had
done, but distributed them throughout an infinite universe (Fig. 1.14) Still, he wrote of the
stars as being located in a fixed sphere or orb, albeit one ‘reachinge vp in Sphaericall alti-
tudes without ende’. Moreover, his infinite starry heaven was ‘the gloriouse court of ye
great god’ and ‘the habitable of the elect, and of the coelestiall angelles’. Digges’s universe
was infinite in this theological sense, but it is more uncertain whether it was also the first
infinite Copernican universe in a physical and astronomical sense.?? Shakespeare may have
been acquainted with Digges’s works and it has been argued that his world picture enters
allegorically in several of the Bard’s plays.”

The Italian maverick philosopher Giordano Bruno (or Filippo Bruno of Nola, as his
name of birth was) was burned at the stake on 17 February 1600 because of his heretical
religious views. He was a martyr of intellectual freedom, but not of science—if for no other
reason because he was not a scientist. At any rate, his unorthodox and partial support of
Copernicanism had little to do with his trial and cruel death.** Talented, undisciplined, and
influenced in particular by Cusanus and related mystical thought, Bruno dealt with cosmo-
logical topics in The Ash Wednesday Supper of 1584, in On the Infinite Universe and
Worlds, also of 1584, and in the Latin poem De immenso of 1591.

It is a matter of some dispute whether Bruno was truly a Copernican. Certainly, his
understanding of the Copernican system was poor and at least on one occasion he
seriously misunderstood it.”> He had neither an interest in nor suffient knowledge of
mathematics to appreciate De revolutionibus and frankly stated that ‘I care little for
Copernicus.” The planetary system that he proposed in De immenso had little to do with
Copernicus’, as he put Venus and Mercury on the same epicycle, which, opposite to it,
also carried the epicycle carrying the Earth and the Moon. The proposal lacked any
observational evidence, a fact that did not bother Bruno the least. He had only disdain for
the astronomers’ concern with the number and order of the planets, questions which he
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Fig. 1.14 Thomas Digges’s Copernican system of 1576.

considered to be unimportant. They were even meaningless, for Bruno was convinced that
comets were planets, which implied that the number of planets encircling the Sun could
not be known. Given that Bruno’s main affinity with Copernicanism was his conviction
that the Earth and planets revolved around the Sun, it is doubtful whether he can reason-
ably be called a Copernican.

At any rate, Bruno saw himself as a reformer of the Copernican system, which in his ver-
sion was given a different and more grandiose perspective. For one thing, he denied that the
orbits of the planets were necessarily circular or reducible to circular motions. For another,
he rejected the Aristotelian notion of a fifth element peculiar to the heavens and declared
that the celestial bodies were made of the very same elements as those constituting terrest-
rial matter. As to Copernicus’ preservation of the sphere of the fixed stars, he dismissed it
as a ‘fantasy’. Even more importantly, he emphasized again and again that the universe—
the real, physical universe—was infinite in size and in a continual state of change. The
Earth was not at the centre of the world; and neither was the Sun, for there was no centre of
the universe, only an infinity of local centres. In On the Infinite Universe and Worlds, he
wrote: ‘There are then innumerable suns, and an infinite number of earths revolve around
those suns, just as the seven we can observe revolve around the Sun which is close to us.’*®
Each of the infinite number of earths was inhabited. Without going into details, Bruno’s
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Fig. 1.15 William Gilbert’s representation of the universe in his De mundo sublunari, published posthumously
in 1651.

cosmic vision included many bold proposals of a kind Copernicus would not have
admitted. There is no doubt that he went much beyond Copernicus, but then he—contrary
to Copernicus and Tycho—could afford the luxury of ignoring observations. The specu-
lative and non-astronomical features in Bruno’s poetic vision are further illustrated by his
suggestion that there might be other earths revolving around our Sun.

In the years around 1600, elements of Copernicanism appeared in many places outside
astronomy. One example was provided by William Gilbert, the English physician who is
best known for his pioneering work on lodestones and magnetism, De magnete of 1600.
Influenced by Bruno and being a Copernican of a sort, Gilbert accepted the diurnal rotation
of the Earth, whereas he ignored the more important annual revolution. However, there are
reasons to believe that he accepted the system of Copernicus (‘a man most deserving of lit-
erary honour’) at the time he wrote his book on magnetism. He seems to have believed in
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an infinite world where the fixed stars were distributed at all distances from the Earth.
Rhetorically, he asked if the stars had ever been found to reside in a single sphere:

No man hath shown this ever; nor is there any doubt that even as the planets are at various distances from
Earth, so, too, are those mighty and multitudinous luminaries ranged at varous heights and at distances
most remote from earth: they are not set in any spharic framework or firmament (as is supposed), nor in
any vaulted structure. . . . What then, is the inconceivably great space between us and these remotest fixed
stars? and what is the vast immeasurable amplitude and height of the imaginary sphere in which they are
supposed to be set? How far away from Earth are those remotest of the stars: they are beyond the reach of
eye, or man’s devices, or man’s thought.”’

Indeed, the new philosophy called all into doubt. One understands John Donne’s worries.
Gilbert operated with two cosmic forces, electricity and magnetism, and he suggested that
the former was responsible for the aggregation of matter, and hence somehow related to
gravitation. His account of gravity was by no means clear, but it did imply that gravity was
not a property restricted to the Earth; the other celestial bodies had their gravities, too, a
view that contradicted the Aristotelian distinction between the sublunary and superlunary
regions of the world.

Renaissance cosmology was a far broader subject than the kind of mathematical astro-
nomy practised by Copernicus and the professional astronomers. Astrology was an inte-
grated and most important part of the period’s cosmology, although Copernicus was
exceptional in his lack of interest in astral influences. So-called Paracelsianism, named after
the Swiss physician Paracelsus (Philippus Aureolus Theophrastus Bombastus von
Hohenheim), was an important intellectual force in the second half of the sixteenth century
and a source of inspiration for Tycho Brahe, among others. The Paracelsians were primarily
interested in chemistry and alchemy, which they used in understanding the cosmos. For
example, they explained in detail the creation of the world, as recounted in Genesis, in terms
of chemical transformations. Their universe was a living entity where all parts interacted
through ‘sympathies’ and ‘antipathies’, and it was represented in the microcosmos by means
of so-called correspondences. Paracelsus and his allies considered the universe as a vast
chemical laboratory, but their interests were largely limited to the Earth and did not include
mathematical models of the universe. While it makes sense to speak of Paracelsian cosmol-
ogy, it was a cosmology of a very different kind from the one cultivated by the astronomers.

Although chemical philosophers of a Paracelsian inclination were strongly anti-
Aristotelian, they did not support the Copernican system. One of them, the English
physician and mystic Robert Fludd, recognized the primacy of the Sun but nonetheless
rejected the views of Copernicus and Gilbert. Fludd’s arguments were mainly traditional,
including references to the Bible and the lack of an annual parallax. He was convinced
that the Earth was the most massive body in the universe and therefore immobile.
‘Certainly the reasons of Gilbert are ridiculous,” he wrote in 1617, ‘it is impossible to
believe that the heavens can be carried around in the space of twenty-four hours because
of their boundless magnitude.*®

1.4.4 Galileo and Kepler

The Copernican revolution was largely completed during the first half of the seventeenth cen-
tury, not least through the path-breaking works of Galileo Galilei and Johannes Kepler. As a
young man, Galileo was in favour of traditional cosmology, but he soon came out in support
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Fig. 1.16 The Paracelsian universe as magnificently depicted in Robert Fludd’s Utriusque cosmi of 1617. The
sublunary world of the four elements, governed by the alchemical goddess, is separated from the lower heav-
enly regions. Beyond the sphere of the fixed stars is the upper celestial world. The ape sitting on the central
Earth symbolizes humans’ poor reflection of divinity.

of the Copernican world picture, which he tirelessly defended throughout his life. His
approach to celestial problems was decidedly physical and in this respect very different from
the astronomical approach of Copernicus, Tycho, and Kepler and also different from the
philosophical approach of Bruno. This may explain his limited interest in cosmology, a field
he seems to have regarded with a mixture of scepticism and indifference. All the same, the
sensational discoveries he made with the new optical tube in 1610 and reported in Sidereus
nuncius did much to change the picture of the universe. When he turned his primitive tele-
scope toward the Milky Way he instantly solved a riddle that had occupied astronomers and
natural philosophers for two thousand years. The Milky May, he now realized, was ‘nothing
but a congeries of innumerable stars grouped together in clusters’. Galileo’s discoveries
caused great excitement, and the news was rapidly disseminated throughout learned Europe.
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Intellectuals and artists excelled in praising the Italian master philosopher, as exemplified by
a contemporary poem by Johann Faber, a German—Italian physician and botanist:

Yield, Vespucci, and let Colombus yield. Each of these

Attempts, it is true, a journey through the unknown sea. . . .

But you, Galileo, alone gave to the human race the sequence of stars,
New constellations of heaven.”’

Galileo also discovered the spots on the Sun, traditionally believed to be a perfect and
sacred body, and deduced that the Sun rotated with a period of about 28 days. (The
Englishman Thomas Harriot had studied the Sun with a telescope and observed sunspots a
little earlier, but without publishing his observations, and Chinese naked-eye observations
were made much earlier.) Wherever Galileo directed his telescope, he found crowds of stars
invisible to the naked eye, and he discovered that while his instrument could magnify the
planets and make them look like discs, it could not do the same with the fixed stars. The
stars consequently must be at enormous distances from the Earth, just as Copernicus had
claimed. Another strong argument for Copernicanism, and against the Ptolemaic system,
came from Galileo’s discovery that Venus exhibited phases. The only way to explain the
observed phases of Venus was to assume that the planet moved in an orbit round the Sun;
the observed change in phases did not fit with the Ptolemaic system.

With regard to the number of stars and their spatial distribution, Galileo was not very
clear. He denied that the stars were placed in the same sphere, but without asserting that
they were found at all distances with no limit. In the famous Dialogo, he denied the infinity
of space, and in other of his writings he indicated that it would never be known whether the
universe was finite or infinite. During the last years of his life, Galileo, who since the
infamous trial of 1633 had lived in forced isolation in his house in Arcetri outside Florence,
corresponded with Fortunio Liceti, a professor of philosophy of Aristotelian inclination.
From this correspondence, we learn about Galileo’s agnostic attitude to cosmology.
Concerning the question of the finitude or infinitude of the universe, he wrote:

The reasons on both sides are very clever, but to my mind neither one is necessarily conclusive, so that it
always remains ambiguous which assertion is true. Yet one argument alone of mine inclines me more to
the infinite [universe] than the finite, this being that I cannot imagine it either as bounded or as unbounded
and infinite; and since the infinite, by its very nature, cannot be comprehended by our finite intellect,
which is not the case for the finite, circumscribed by bounds, I should refer my incomprehension to the
incomprehensible infinite [rather] than to the finite, in which there is no necessary reason of incompre-
hensibility.!®

In another letter to Liceti, of 1641, he described the question of the centre of the universe as
‘among the least worthy of consideration in all astronomy’ and went on to state that any
search for a centre of space, or for the shape of space, was ‘a superfluous and idle task’.'?!

If Galileo expressed reservations with respect to the grand questions of cosmology, his
contemporary Kepler did not. On the contrary, the German mathematician was fascinated
by such questions and wrote exuberantly about them.!”? His main concern was with the
spatial dimensions of the universe but he also had an interest in the temporal dimension. On
the basis of Biblical and astronomical evidence, he concluded that God had created the
universe in 3992 BC and that Jesus Christ was born in 4 BC.



FROM MYTHS TO THE COPERNICAN UNIVERSE 63

In his De stella nova of 1606, a work discussing a new star that had appeared in the skies
two years earlier, Kepler took up the question of the extension of the sphere of the fixed
stars. He was aware that Bruno and Gilbert had defended the infinity of the universe, a
notion that filled him with a ‘secret, hidden horror’ and which he was eager to refute. He
likewise denied Bruno’s version of the cosmological principle, the claim that the world
looks the same to every cosmic observer, whatever star is chosen as the vantage point. His
arguments in favour of a finite world in which the solar system occupies a privileged posi-
tion were in part metaphysical, in part based on observations that he thought spoke against
a world filled with an infinite number of stars. The Milky Way and the fixed stars limit our
space, but is it not possible that beyond the limit there is an infinite space, either a void or a
space thinly populated with stars? Kepler discussed the question systematically and his
answer was a firm no.

Kepler’s early rejection of infinity relied on philosophical reasoning and naked-eye
astronomy. The picture of the starry heaven changed with Galileo’s telescopic discoveries,
yet the change only confirmed Kepler in his conviction of a finite world. This he made clear
in Dissertatio cum nuncio sidereo of 1610, a hastily composed comment on and summary
account of Galileo’s Sidereus nuncius. In the course of his argument against infinitism, he
examined Bruno’s idea of an infinite number of worlds, each of them differing from ours.
He claimed that in these other worlds the five regular polyhedra—the geometrical basis of
his world model described in Mysterium cosmographicum of 1596—would not exist in the
same form as we know them. To Kepler, this was reason enough to conclude that ‘this world
of ours is the most excellent of them all, if there should be a plurality of worlds’.!%3

Kepler returned to the question in later works, in particular in the Epitome astronomiae
Copernicanae published in three instalments between 1618 and 1621. As Galileo had
shown, there are numerous stars that cannot be seen with the naked eye. This might be
because they were too far away from the Earth, or because they were too small to be seen.
Kepler unhesitatingly endorsed the second option, concluding that ‘the visible sky
is...everywhere raised above us by nearly the same distance. There is therefore an
immense cavity in the midst of the region of the fixed stars, a visible conglomeration of
fixed stars around it, in which enclosure we are.” He believed that an infinite number
of stars could be ruled out logically, as the very notion was contradictory—*all number of
things is actually finite for the very reason that it is a number’.!® As to the possibility of a
finite world immersed in an infinite space, he rejected it on conceptual grounds, using the
Aristotelian argument that there cannot be space without bodies located in it.

In Epitome, Kepler not only reconfirmed the finitude of the universe, he also calculated
its size.!% The radius of the sphere of the fixed stars he took to be 60 million Earth radii or
4 million solar radii. From this it follows that the volume of space up to the stars was 64 X
10'8 as great as the volume of the Sun. Kepler argued that the volume of the entire stellar
sphere was merely 8 X 10° times the volume of the Sun, thus ending up with a cosmos in
which the stellar region was of negligible size. The sphere of the fixed stars was curiously
thin: its thickness was 6000 times smaller than the radius of the Sun, not more than nine
English miles! This implied that the stars were incredibly small bodies, an assertion Kepler
thought was supported by telescopic observations (which revealed stars as points, not as
round discs). He found this surprising picture of the stellar world to be satisfactory for at
least two reasons. For one thing, it refuted Tycho’s main objection to the Copernican
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system; for another, it showed how radically different the Sun was from the fixed stars and
how much more impressive the central body was. Kepler was no less a sun-worshipper than
Copernicus. ‘Of all the bodies in the universe the most excellent is the Sun, whose whole
essence is nothing else than the purest light’, he wrote. He continued:

It is a fountain of light, rich in fruitful heat, most fair, limpid, and pure to the sight, the source of
vision,. . . called king of the planets for his motion, heart of the world for his power, its eye for his beauty,
and which alone we should judge worthy of the Most High God, should he be pleased with a material domi-
cile and choose a place in which to dwell with the blessed angels.'%

Kepler’s universe was indeed heliocentric.

Notes

1. One indication of the strong interest in archaeoastronomy as a research field is the foundation in 1977 of the
journal Archaeoastronomy Bulletin and in 1979 of Archaeoastronomy, published as a supplement to Journal
for the History of Astronomy. Among the many scholarly works on Stonehenge as an astronomical obser-
vatory, North 1996 deserves to be singled out as a most detailed and erudite book on the subject.

2. See Plumley 1975, which I largely follow. See also Frankfort 1959, pp. 51-70.

. Cited in Plumley 1975, p. 34.

. Cited here from Jacobsen 1957, pp. 18—19. Other accounts of Mesopotamian cosmology are given in Lambert

1975 and Rochberg-Halton 1993.

. English translation in Schiaparelli 1905.

. Gombrich 1975 provides a summary account of ancient Indian cosmologies.

. Gombrich 1975, p. 115.

. Needham and Ronan 1993, p. 66.

. For details and historical evidence, see May 1994. May’s assertion that creation out of nothing is not to be
found in the Bible has not remained uncontested. Copan and Craig 2004 argue forcefully that the idea is
indeed in the Old Testament, if not explicitly stated.

10. Quotations from McKirahan 1994, pp. 11 and 9. Online version: http://sunsite.berkeley.edu/OMACL/Hesiod/

theogony.html.

11. Quoted in Whitrow 1998, p. 47. On the idea of the cyclical universe in a cultural and historical perspective,
see, e.g., Eliade 1974 and Jaki 1974.

12. Quoted in McKirahan 1994, p. 23. The following quotations are from the same source.

13. A detailed analysis of Empedocles’ cyclical cosmos can be found in O’Brien 1969.

14. On Pythagoras and the Pythagorean school, see Riedweg 2002.

15. McKirahan 1994, p. 104.

16. Ibid., p. 326. Much later, this cosmic scenario was taken up by cosmologists of a speculative orientation,
including Kant, whose cosmological vision was much indebted to the atomists (see Section 2.2).

17. De rerum natura exists in many translations. The quotations are from Lucretius 1997, a reprint of a translation
from 1904, pp. 45-46, 93, 96, and 205. An online version can be found on http://classics.mit.edu/Carus/
nature_things.html.

18. Quoted in Sambursky 1963, p. 202. See also Jaki 1974, p. 114.

19. Aiton 1981, p. 79.

20. For Plato’s possible influence on Eudoxus’ world model, see Knorr 1990.

21. Eudoxus’ system was reconstructed by Schiaparelli in 1874. However, it is possible that Schiaparelli’s clever
reconstruction was also to some extent a modernization and that it included features that did not appear in the
authentic version.

22. Farrington 1953, p. 279.

23. Quoted in Heath 1959, p. 275.

24. Quoted in Wright 1995, p. 151.

25. For details on Plato’s cosmology, see Cornford 1956.

26. De caelo, as quoted in Munitz 1957, p. 95.

27. Sambursky 1963, p. 203.

28. Quoted in Freudenthal 1991, p. 50.

29. See Webb 1999 for an overview.

W

O 00 3 &N W


http://sunsite.berkeley.edu/OMACL/Hesiod/theogony.html
http://sunsite.berkeley.edu/OMACL/Hesiod/theogony.html
http://classics.mit.edu/Carus/nature_things.html
http://classics.mit.edu/Carus/nature_things.html

30.

31.
32.
33.
34.
35.
36.

37.

38.
39.
40.
41.

42.
43.
44,
45.
46.
. Lactantius 1964, 111.24
48.
49.
50.

SIL.
52.
53.
54.

55.
56.
57.
58.
59.
. On Chaucer’s cosmology, see North 1990.
6l.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.

72.
73.

74.

FROM MYTHS TO THE COPERNICAN UNIVERSE 65

Van Helden 1985 provides an excellent survey of distance determinations from ancient Greece to the late sev-
enteenth century.

Aristarchus’ work is translated in Heath 1959 (first edn. 1913).

Heath 1959, p. 353.

Van Helden 1985, p. 6.

See Gingerich 1985.

The Sandreckoner is translated in Heath 1953 (first edn 1912). Quotations from pp. 221-221 and p. 232.

The similarity between Archimedes’ and Eddington’s numbers is discussed in Brown 1940, who argues that
the number of particles in Archimedes’ model universe may be interpreted to be of the same order of magni-
tude as Eddington’s cosmical number.

Pliny 1958. Quotations from book II, pp. 171-173 and 177-179. A ‘book’ denoted a part or large chapter of a
work, not a separate text.

Ptolemy 1984, pp. 45-46.

Ibid., p. 37.

Ibid., p. 38.

See Goldstein 1967. Accounts of Ptolemy’s cosmology can be found in, e.g., Evans 1993 and Aaboe 2001, pp.
114-134.

Goldstein 1967, p. 8. Other quotations are from the same source.

Quoted in Cohen and Drabkin 1958, p. 118.

See Haber 1959 and Dean 1981.

The complex story is told in May 1994. But see also Copan and Craig 2004 for a different view.

Lindberg 2002, p. 48.

Dreyer 1953, pp. 207-219.

Cosmas’ cosmography was translated into English in 1897. Quotations from Cosmas 1897, pp. 11 and 129.
Galileo’s Letter is reproduced in Drake 1957 (online version at www.fordham.edu/halsall/mod/galileo-tus-
cany.html). Quotation from p. 184.

Hoskin 1999, p. 72. The two historians are Michael Hoskin and Owen Gingerich.

Sambursky 1973, p. 135. See also Sambursky 1987, pp. 154—163.

Brehaut 1912, 111, 32.1, 40.1, and 52.1.

Crombie 1953, p. 107. Grosseteste’s light (/ux) should not be understood as ordinary, visible light, but rather
as the principle of light, of which ordinary light is only one manifestation.

Cosmology during the late Middle Ages is described in detail in Grant 1994.

Quoted in Crowe 1990, p. 74.

Lindberg 1992, p. 262.

Crowe 1990, p. 74.

See North 1975, p. 6.

Orr 1956, p. 297, which offers a detailed account of Dante’s universe.

A selection of the condemned articles is presented in Grant 1974, pp. 47-50.

From Thomas’s Writings on the Sentences of Peter Lombard, as quoted in Carroll 1998, p. 88.

See the careful account in Dick 1982.

Grant 1974, pp. 548-550.

Grant 1994, p. 170.

Grant 1974, p. 560.

Ibid., p. 501.

Grant 1994, p. 478.

Grant 1974, p. 509.

Cusanus 1997, pp. 158-161. Jasper Hopkins’ English translation of De docta ignorantia can be found online
at www.cla.umn.edu/jhopkins/DI-Intro12-2000.pdf.

Quoted in Koyré 1968, p. 29. On the Copernican revolution, see also Kuhn 1957.

Lovejoy 1964, p. 102, who quotes John Wilkins, Discourse Concerning a New Planet (London, 1640).
Wilkins, an English natural philosopher who played a leading role in the founding of the Royal Society, was in
favour of Copernicanism.

Commentariolus was only rediscovered and published in the late nineteenth century. I use the English transla-
tion in Rosen 1959, which also includes a translation of Rheticus’ Narratio prima. Rheticus’ work can be seen
at www.lindahall.org/services/digital/ebooks/rheticus.


www.fordham.edu/halsall/mod/galileo-tuscany.html
www.fordham.edu/halsall/mod/galileo-tuscany.html
www.cla.umn.edu/jhopkins/DI-Intro12%E2%80%932000.pdf
www.lindahall.org/services/digital/ebooks/rheticus

66

75

76.
71.
78.

79.
80.
81.
82.
83.
84.
85.
86.

87.

88.
89.
90.

91.
92.
93.

94.

95.
96.

97.
98.

99.

100.
101.
102.
103.
104.
105.
106.

CONCEPTIONS OF COSMOS

. Copernicus 1995, p. 7. To illustrate the foolishness of his potential enemies, he referred to Lactantius, who,
as we have seen, used arguments from the Bible to deny the spherical shape of the Earth.

Rosen 1959, p. 58.

Gingerich 1975.

Copernicus 1995, p. 24. On the basis of the very same metaphysical doctrine of nature’s economy, the
Copernican system would soon be criticized for its vast gaps in the form of superfluous and useless voids.
Rosen 1959, p. 147.

Copernicus 1995, p. 14. The sentence is to be understood figuratively, not as a claim that the universe is infinite.
On Tycho and his cosmology, see Schofield 1981 and Thoren 1990, pp. 236-264.

Gingerich and Westman 1988.

Galilei 1967, p. 367.

Van Helden 1985, p. 52. Letter of 18 April 1590.

Howell 1998, p. 526. Letter of 17 August 1588.

Tycho outlined his view of the relationship between the heavens and the Earth in the preface to a book pub-
lished by one of his assistants in 1591. See Christianson 1968.

Blair 2000. A part of Aslaksen’s work, De natura caeli triplicis from 1597, was translated into English as
The Description of Heaven (London, 1623).

Variants of the Tychonic system are discussed in Schofield 1981.

Hooykaas 1972, pp. 121-122.

Grant 1969, especially pp. 55-57. Von Guericke’s description of the extra-cosmic void has a curious similar-
ity to the quantum vacuum of modern physics.

Quoted in Heninger 1977, p. 193.

Koyré 1968, pp. 35-39.

See Usher 1999, where it is suggested that the true theme of Hamlet is the controversy between the three
rival world systems, Ptolemy’s, Tycho’s, and Digges’s. Usher argues that Shakespeare was probably a
Copernican.

Singer 1950; Koyré 1968, pp. 39-54. It is commonly recognized that Bruno’s crimes were theological and
political, rather than related to his espousal of the Copernican system. See, e.g., Lerner and Gosselin 1973.
McMullin 1987.

Singer 1950, p. 304, which includes a translation of On the Infinite Universe and Worlds. Available online at
www.positiveatheism.org/hist/bruno00.htm.

Gilbert 1958, pp. 319-320. On Gilbert’s magnetic cosmology, see Freudenthal 1983.

Quoted in Debus 1977, p. 244. Fludd became involved in a bitter dispute with Kepler concerning the correct
application of mathematics to natural phenomena; see pp. 256-260.

Quoted in Cohen 1985, p. 74. Amerigo Vespucci was the Italian seafarer who sailed to the Americas about
1500 and after whom America is named.

Quoted in Drake 1981, pp. 405-406. See also Koyré 1968, pp. 95-99.

Drake 1981, p. 411.

Koyré 1968, pp. 58-87.

Rosen 1965, p. 44, which includes a complete translation of Kepler’s Dissertatio.

Koyré 1968, pp. 81 and 86.

Van Helden 1985, pp. 87-90.

Quoted in Burtt 1972, p. 48.


www.positiveatheism.org/hist/bruno00.htm

2

THE NEWTONIAN ERA

2.1 Newton’s infinite universe

During the seventeenth century, the road to Copernicanism often went through
Cartesianism. The famous French philosopher, mathematician, and physicist René
Descartes developed an ambitious theory based on matter and motion that purportedly
explained all natural phenomena, including those in the heavens. The proud motto of later
Cartesian natural philosophers was ‘Give me matter and motion, and I will construct the
universe.” Cartesian astronomy and cosmology became hugely popular, but at the end of the
seventeenth century Descartes’s theory was challenged by Isaac Newton’s very different
system of natural philosophy. Although Newton’s physics celebrated its greatest triumphs
in celestial mechanics, it was also applied to cosmology and provided, for the first time, the
field with a measure of scientific authority based on the universal law of gravity. The
Newtonian universe, as it appeared in the early years of the eighteenth century, consisted of
a multitude of stars spread out over infinite space. While the law of gravitation governed
Newton’s cosmos, the true governor was God, who was never absent from the mind of
Newton and his contemporaries.

2.1.1 Celestial vortices

Starting in 1629, Descartes was preparing a comprehensive work on his mechanical
cosmology when he learned about the condemnation of Galileo’s Dialogo. In a state of
shock, he decided to withhold from publication Le monde, a cosmological work firmly
founded upon Copernican principles. ‘I wouldn’t want to publish a discourse which had a
single word that the Church disapproved of’, he piously confided to Marin Mersenne, his
learned friend who was not only a chief scientific intelligencer but also had sympathy for
Copernicanism.! Nonetheless, Descartes did publish the main part of his cosmology (if
only anonymously) in his famous Discours de la méthode of 1637 and also in Principia
philosophiae, published in 1644. Le monde, ou traité de la lumiére appeared posthumously
in 1664. He claimed that the relativity of motion made the Copernican theory acceptable
from a formal point of view, whereas as a physically true theory it had to be rejected.
Descartes’s physics was nothing but geometry and motion, and so was his cosmology. In
Principia philosophiae he ambitiously sought to understand nature in purely mechanical
terms. He argued that space (or extension) and matter were identical, a doctrine that had
important consequences. First, if space itself is meaningless without matter, there can be no
genuine vacuum. The world is necessarily a plenum. Second, since space cannot vary in
density, neither can matter. Yet we do not experience a completely uniform world, but a
world with differences between one part and another. The differences, as they appear as
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structures and objects, are to be explained as different states of motion, which is all that
distinguishes a planet or a star from its surroundings. Third, if space is infinite, the same
must be the case with the material universe. Descartes believed that the world was infinite
in the sense that it was impossible to conceive any limits to the matter of which it consists.
Because only God was truly infinite, he preferred to speak of an indefinite rather than an
infinite world, but this was merely a tactical manoeuvre. ‘Because it is not possible to ima-
gine such a great number of stars that we do not believe that God could have created still
more, we shall suppose their number to also be indefinite,” he wrote.?

The cosmic machinery of the Cartesian world was driven by mechanical actions of
matter particles on other particles, giving rise to vortical motions of any size and kind.
Although Descartes’s matter was made up of particles, he was no atomist, as the particles
were indefinitely divisible. He distinguished between three elements, luminous, transpar-
ent, and opaque. The Earth and planets were made of the third element, the Sun and stars of
the first; the second, the ethereal or celestial element, filled, together with particles of the
first element, the spaces between the cosmic bodies but could also penetrate the pores of
terrestrial matter. The large celestial vortices, whirlpools of subtle matter, carried the
planets with them and were also the mechanism behind other celestial phenomena, such as
comets.

As one of the fathers of the very idea of natural laws, Descartes believed that law-
governed mechanical processes had to replace teleology. As he saw it, cosmogony and
cosmology were products of matter in motion and nothing but. God had of course installed

Fig. 2.1 Descartes’s universe, as described in
Le monde, consisted of an indefinite number
of contiguous vortices, each with a sun at its
centre and with planets revolving around it.
The symbol S marks our Sun with its six plan-

ets. The path above the solar system represents

a comet.
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the laws, as he had created the material world, but what followed was strictly a consequence
of the laws of motion and the initial conditions. In Discours and elsewhere, Descartes made
it clear that the laws were all-important, not the initial conditions. What would happen, he
asked, if God created a new world and ‘if He agitated in diverse ways, and without any
order, the diverse portions of this matter, so that there resulted a chaos as confused as the
poets ever feigned, and concluded His work by merely lending His concurrence to Nature
in the usual way, leaving her to act in accordance with the laws which He had established?’?
Descartes answered that the mechanical laws would eventually lead to the very same world
that we inhabit. Cosmic development was strictly determined by the laws of nature, which
were of such a nature that even if God had created other worlds, these would be governed
by the same laws that we observe. God had imposed his laws on an original chaos, and any
kind of chaos would do, as it would lead to the same world.*

Cartesian cosmology was a great success, if perhaps more socially and ideologically
than from a scientific point of view. It was presented in an elegant and compelling fashion
by Bernard le Bouvier de Fontenelle, permanent secretary of the Royal Academy of
Sciences in Paris, in his Entretiens sur la pluralité des mondes. Fontenelle’s work,
published in 1686, became an instant classic and did much to disseminate Descartes’s
world picture. Also, many scientists found his cosmology attractive and sought to develop
it further. As presented by Descartes, his theory was qualitative and speculative, for which
reason later scientists such as Huygens, Malebranche, and Leibniz strove to turn it into a
quantitative, mathematically formulated version. However, the popularity of Cartesian
cosmology could not hide the fact that scientifically it was plagued by great problems. By
1740 at the latest, it was no longer considered a scientifically viable theory, not even in
France.

The great Dutch scientist Christiaan Huygens, who was much influenced by Descartes’s
system of natural philosophy, preferred to deal with limited problems rather than questions
of a cosmological nature. In his posthumous Cosmotheoros of 1698—perhaps best known
for its detailed description of extraterrestrial life—he severely criticized Kepler’s Sun-
centred cosmology and emphasized, as others had done before him, that the Sun was just
one star among many. There surely was a gigantic number of stars, but Huygens refrained
from entering ‘that intricate dispute of infinity’.> Although he tended to believe that the
universe was infinitely extended, he realized that this was nothing but a belief. Knowledge
of the universe at large was beyond man’s faculty, he thought.

2.1.2  Newton's cosmos

As a young man, Isaac Newton studied Descartes’s theory of celestial vortices only to reach
the conclusion that it was unsatisfactory as it could not account for Kepler’s planetary laws
(Descartes, who died in 1650, seems to have been unaware of the laws). It was Kepler’s
third law and the analysis of circular motion by means of centrifugal force that set Newton
off on the long travel that resulted in the universal law of gravitational attraction. Only
around 1680 did he encounter Kepler’s area law, which to him implied that the Sun must
exert a force on the planets that varied with the inverse square of the distance. Some years
later he started preparing his masterpiece Philosophiae naturalis principia mathematica,
which he completed in less than three years of intense labour and which was published in
the summer of 1687.
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From a cosmological point of view, Principia is important mainly because it offered the
first mathematically formulated explanation of all known celestial phenomena based on a
single set of physical laws.® The core of Newton’s system of the world was the universally
valid law of gravitation, in modern terminology that any two masses (or mass points) m and
M separated by a distance r attract each other with a force F' given by

M
F=G"7,
l”2

where G is a constant of nature. It had been suggested earlier that the same laws governed
terrestrial and celestial phenomena, but Newton’s claim was superior because it included a
definite law that could be applied mathematically and had an impressive explanatory range.
The action that Newton postulated between material bodies was a force acting over
distances, something very different from the impact actions in the Cartesian plenum.

The meaning and nature of the gravitational force soon became controversial, and
Newton wavered over the years about how to conceive it. To many natural philosophers in
about 1700, his concept of gravity seemed to be an ‘occult quality’, a quasi-Aristotelian
notion that had to be rejected. Forces or actions were supposed to be mechanically explain-
able, yet Newton had dismissed Descartes’s vortices and he had nothing mechanical to
offer as a substitute. In Principia he adopted an instrumentalist attitude and famously
wrote: ‘I have not as yet been able to deduce from phenomena the reason for these properties
of gravity, and I do not feign hypotheses. . . . And it is enough that gravity really exists and
acts according to the laws that we have set forth and is sufficient to explain all the motions
of the heavenly bodies and of our sea.”’

In Book II of Principia, Newton subjected Descartes’s theory to devastating criticism.
First, he demonstrated that there could not exist a cosmic material medium, such as the one
postulated by the Cartesians, as it would have catastrophic consequences for the motions of
the planets; second, Descartes’s vortices were assumed to be self-sustaining, a claim that
Newton refuted; third, vortical motion did not yield the relations stated by Kepler’s three
laws. The visualizable celestial vortices were chimera with no scientific justification, he
concluded. The heavens, far from being a plenum, were almost completely devoid of
matter: ‘The hypothesis of vortices . . . serves less to clarify the celestial motions than to
obscure them.”®

Newton’s rejection of the Cartesian system went back some twenty years before the
publication of Principia. In an unpublished manuscript from about 1667, called De gravita-
tione, 25-year-old Newton argued that space and matter were unconnected. Space was
infinite, he held, ‘For we cannot imagine any limit anywhere without at the same time
imagining that there is space beyond it.” While we can imagine ‘that there is nothing in
space, yet we cannot think that space does not exist, just as we cannot think that there is no
duration, even though it would be possible to suppose that nothing whatever endures.”® At
that time Newton thought of the universe as a limited sidereal system surrounded by an
infinite space. He explicitly mentioned that empty space—such as known from ‘the spaces
beyond the world, which we must suppose to exist’—was something different from the
void. Although he did away with Descartes’s plenum, he did not replace it with a vacuum
but with an ethereal substance which was universally diffused through absolute space.
However, later in life he denied the existence of a subtle matter that carried the celestial
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bodies in their orbits. In a letter to Leibniz of 1693 he emphasized that interplanetary space
was devoid of matter and that gravity alone was responsible for the motions of the planets.

Contrary to Descartes, Newton insisted that the universe could not be fully understood
by the laws of mechanics alone. He found it ‘unphilosophical . . . to pretend that it [the
world] might arise out of a Chaos by the mere Laws of Nature’,'” a direct repudiation of
Descartes. The wonderful uniformity in the planetary and sidereal systems was only pos-
sible because they were constructed and maintained by an intelligent agent. In the ‘General
Scholium’ of the Principia, Newton noticed that ‘the light of the fixed stars is of the same
nature with the light of the Sun’. This was an important astrophysical observation, but for
Newton it had wider implications, as he considered it a theological argument for monotheism.
The uniformity of nature, as illustrated by the Sun and the stars being like bodies emitting the
same light, surely demonstrated that all of nature’s objects are ‘subject to the dominion
of One’.

Newton’s universe was mechanical but neither deterministic nor free of vital principles
and spirits. On the contrary, such non-mechanical principles were all-important to keep the
universe going, for ‘Motion is more apt to be lost than got, and is always on the decay.’ This
comment of Newton’s reflected an attitude shared by almost all British writers and natural
philosophers at the time, the effectiveness of nature’s denudational forces.!! The topography
of the Earth was gradually decaying, a process which was as natural as it was inevitable.
The concept of denudation was primarily applied to the surface of the Earth, but there was
no reason why it should not be applicable to the universe in its entirety.

In a passage which may bring to mind much later discussions concerning possible
counter-entropic processes (see Section 2.4), he wrote: ‘If it were not for these principles,
the Bodies of the Earth, Planets, Comets, Sun, and all things in them, would grow cold and
freeze, and become inactive Masses; and all Putrefaction, Generation, Vegetation and Life
would cease, and the Planets and Comets would not remain in their Orbs.” Also contrary to
Descartes, Newton believed that the laws of nature might well have been different from
what they are, and that there might in principle be other worlds where these alternative laws
were realized. This was possible because of God’s omnipotence, as he explained in Opticks:

And since Space is divisible in infinitum, and Matter is not necessarily in all places, it may also be allow’d
that God is able to create Particles of Matter of several Sizes and Figures, and in several Proportions to
Space, and perhaps of different Densities and Forces, and thereby to vary the Laws of Nature, and make
Worlds of several sorts in several Parts of the Universe.

It needs to be emphasized that Newton’s cosmos was far from a perfect machine or a
clockwork universe. The clockwork metaphor was popular in the seventeenth century and
frequently employed by Leibniz, among others, but Newton never mentioned the image of
the clock. Leibniz and other critics believed that a perfect God would have created a perfect
world, at least in the sense of being the best of all possible worlds, a machine in no need of
maintenance. In 1715, Leibniz wrote about the ‘very odd opinion’ of the Newtonians:

According to their doctrine, God Almighty wants to wind up his watch from time to time: otherwise it
would cease to move. He had not, it seems, sufficient insight to make it a perpetual motion. . . . According
to my opinion, the same force and vigour remains always in the world, only passes from one part of matter
to another, agreeably to the laws of nature, and the beautiful pre-established order.
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But Newton and his protagonists found such a world view dangerously close to deism and
crypto-materialism. Samuel Clarke, Newton’s spokesman in the controversy with Leibniz,
retorted: ‘The notion of the world’s being a great machine, going on without the interposi-
tion of God, as a clock continues to go without the assistance of a clockmaker, is the notion
of materialism and fate, and tends (under the pretence of making God a supra-mundane
intelligence) to exclude providence and God’s government in reality out of the world.”!?

Leibniz disagreed with Newton on a number of issues, including the nature of space and
time, but he shared his belief in a materially infinite universe, which he found to be ‘more
agreeable’ to God’s wisdom. While there could be no spatial bounds, he admitted the
possibility of a temporal bound, a beginning of the universe. Yet Clarke maintained that if
one accepted Leibniz’s relational view of space and time one would also have to accept
temporal infinity. This Leibniz denied. With a reference to the discussion in the Middle
Ages, he added that even if the world had existed for an eternity it would still depend upon
God, and hence be created. Leibniz further speculated that God’s mind necessarily
contained an infinity of worlds, each of which was possible in the sense of being logically
consistent. However, God had actually created only our universe, which was the best
possible world, if not a perfect one. This idea has a certain similarity with later hypotheses
of multiple worlds, except that Leibniz did not conceive his alternatives as actually
existing. His entire discussion of other possible worlds belonged to philosophy and
theology, not to cosmology in a physical or astronomical sense.

During the seventeenth century, cosmology not only was an astronomical science but
also was associated with geological attempts to understand the formation of the Earth and
the changes of its surface. The century witnessed a number of speculative cosmogonical
scenarios, some of which relied on assumptions about the universe at large. In view of the
static conception of the universe, it is remarkable that these scenarios were thoroughly
evolutionary. Descartes offered a mechanical history of how the solar system had come into
being, and Thomas Burnet, a contemporary of Newton, proposed another cosmogony
which appealed as much to the Old Testament as to the new science. In his Telluris theoria
sacra of 1681 Burnet reconstructed the Earth’s history, starting from a primeval chaos and
going through a sequel of six cosmic phases. The current world was only a transitory stage
in the development, as it would give way to a global conflagration after which paradise
would be restored. Burnet’s evolutionary scenario caused much debate, but it was not the
only one of its kind. In 1696 it was followed by William Whiston’s New Theory of the Earth,
a work which was more in line with Newtonian theory and which was received favourably
by Newton. Also, Leibniz was engaged in the science of evolutionary cosmogony, although
his Protogaea only appeared in 1749, many years after his death.

2.1.3  Correspondence with Bentley

As indicated, Newton believed that the world, if left to itself, would gradually dissolve. But
dissolution was not necessarily the end, for he also believed, at least in his later years, that
the decay might be counterbalanced by a replenishing of activity in the cosmos, possibly
including the formation of new planets from the light of the Sun. Even if the world were
destroyed, turned into a chaos, a new world might emerge out of the ashes of the former.'3
This kind of cyclical world view had roots in Greek antiquity and was entertained by
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several of Newton’s British contemporaries, with regard to either the Earth or the universe
at large. It also appeared, if only briefly, in the important correspondence of 169293 that
Newton had with the young theologian Richard Bentley, later Master of Trinity College,
who at the time was preparing for publication the first series of Boyle Lectures.'* In his
third letter, Newton considered the possibility ‘that there might be other Systems of Worlds
before the present ones, and others before those, and so on to all past Eternity’. Or, alterna-
tively, ‘that this System had not its Original from the exhaling Matter of former decaying
Systems, but from a Chaos of Matter evenly dispersed throughout all Space’. However, he
was careful not to defend the theologically dangerous idea of a phoenix universe, which he
dismissed as ‘apparently absurd’.

Newton’s universe was a dynamic system kept in careful balance between disruptive and
constructive forces. Every part of it interacted dynamically with every other part in order to
keep the delicate balance that, ultimately, could be traced back to God’s benevolent design.
This was the case for the universe at large, just as it was the case for the solar system, as he
told Bentley in his first letter. Jupiter and Saturn were much greater and more massive
bodies than the other planets, and they were also placed very far away. According to
Newton, this was no coincidence, for these

qualifications surely arose, not from their being placed at so great a distance from the Sun, but were rather
the cause why the Creator placed them at great distance. For, by their gravitating powers, they disturb one
another’s motion very sensibly, . . . and had they been placed much nearer to the Sun and to one another,
they would, by the same powers, have caused a considerable disturbance in the whole system.

In his correspondence with Bentley, Newton abandoned the notion of a limited sidereal
universe contained in an infinite space and instead adopted a space uniformly filled with
stars. He argued that if the world was finite, all matter would eventually coalesce into one
huge central mass, and therefore went on to consider an infinite sidereal system. Even in
this case, his favoured model of the universe, it was hard to imagine how the stars could be
‘so accurately poised one among another, as to stand still in a perfect Equilibrium’ (he did
not consider the possibility of proper motions among the stars). Yet, in spite of his insight
that such a universe might be gravitationally unstable, he believed it was possible, ‘at least
by a divine power’."> In his Confutation of Atheism of 1693, Bentley confirmed what
Newton had taught him: ‘The continuance of this Frame and Order for so long a duration as
the known ages of the World must necessarily infer the Existence of God. For though the
Universe was Infinite, the Fixt Starrs could not be fixed, but would naturally convene
together, and confound System with System.’!®

This is the first appearance of the so-called gravitation paradox, in a more modern
formulation the problem that in an infinite universe of uniform mass density the gravita-
tional potential is undefined. This problem was to play an important role in theoretical
cosmology until the time of Einstein, and we shall meet it again in later chapters. Newton
intended to investigate the problem more closely, but nothing came of it. In one of his last
comments on cosmology, in the 1726 edition of Principia, he stated that God had placed
the fixed stars at enormous distances from each other in order that they should not collapse
gravitationally, hardly a convincing argument. He was unable to provide a physical
explanation of the stability of an infinite universe uniformly populated with stars.
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Fig.2.2 Richard Bentley’s Confutation of Atheism did much to disseminate Newton’s view of an infinite

universe governed by the law of gravity.

Edmund Halley, for one, did not recognize the insight that Newton had taught Bentley. In
a paper read to the Royal Society in 1720, Halley stated that in an infinite universe each star
would be attracted by equal forces in any direction and therefore be in a state of equilibrium.
But this was precisely the misunderstanding that Newton had corrected in his correspond-
ence with Bentley. Two infinities do not cancel. To Halley and his contemporaries—not to
mention later generations—an infinite number of stars was a most strange notion. It implied
that there were more stars than any finite number, and how can such a number be construed?
Yet Halley did not consider the objection fatal to an infinite universe filled throughout with
stars, for ‘by the same Argument we may conclude against the possibility of eternal
Duration, because no number of Days, or Years, or Ages, can compleat it’.!”

As Newton’s natural philosophy was gradually accepted, first in England and later on the
Continent, his view of an infinite stellar universe governed by gravitational forces also won
increasing approval. By the mid eighteenth century many scientists also accepted Newton’s
argument that if gravity remains unchanged (and if divine intervention is excluded), the
universe becomes more and more unstable and will eventually come to a catastrophic end.
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At least one Newtonian astronomer, James Ferguson, realized that the scenario could be
used as an argument against the eternity of the world. In a book of 1757, he explained:

For, had it [the world] existed from eternity, and been left by the Deity to be governed by combined actions
of the above [Newtonian] forces or powers, generally called Laws, it had been at an end long ago. . . . But
we may be certain that it will last as long as was intended by its Author, who ought no more to be found
fault with for framing so perishable a world, than for making men mortal.'®

More than a century later, Ferguson’s argument for a finite-age universe would be reformu-
lated in a thermodynamic context, with entropy replacing mechanical decay, a theme to
which we shall return in Section 2.4. Although dressed here in terms of Newtonian
mechanics, the argument relied on a more general line of thinking and can be seen as a late
version of the concept of denudation, so popular in the second half of the seventeenth
century. Indeed, in 1677 Matthew Hale, a British judge, published The Primitive
Origination of Mankind, in which we find a similar kind of argument: ‘That if the World
were eternal, by the continual fall and wearing of Waters all the protuberances of the Earth
would infinite Ages since have been levelled, and the superficies of the Earth rendred plain,
no Mountains, no Vallies, no inequalities would be therein, but the Superficies thereof
would have been as level as the Superficies of the water.”!

2.2 Enlightenment cosmologies

Cosmology in the age of reason was characterized by two trends of different nature. On the
one hand, with the construction of larger and better telescopes, astronomers penetrated
farther out in the universe and discovered that it was inhabited by new and strange objects,
such as nebulae. It was on the basis of astronomical observations that William Herschel
proposed his cosmological theory at the end of the century. The other trend had little to do
with observation and much to do with philosophy of a speculative kind. Inspired by
progress in stellar astronomy, but in no way restricted by it, scientists and philosophers
developed a number of theories of the entire universe. A few of these theories, such as
Kant’s, included an evolutionary perspective of the universe.

It is often stated that acceptance of an infinite universe followed the victory of Newton’s
physics in the eighteenth century. But it is not generally the case that the Enlightenment
marked a transition from the closed world to the infinite universe. On the contrary, infinity
continued to be seen as a strange and unwelcome concept that one could not attach any
physical meaning to and therefore had to be avoided in cosmological reasoning. Kant and a
few others disagreed, but they were exceptions.?

Although the discovery of the finite velocity of light was generally accepted by the early
eighteenth century, astronomers were curiously reluctant to recognize that when we look
far out in space we also look far back in time. This was known, but it only made an impact
on cosmological thought with William Herschel at the end of the century. In order to
illustrate the ‘prodigious vastness’ of the stellar universe, the Englishman Francis Roberts
wrote in 1694 that ‘Light takes up more time in Travelling from the Stars to us, than we in
making a West-India Voyage (which is ordinarily performed in six Weeks). . .[and] a Sound
would not arrive to us from thence in 50,000 Years, nor a Canon-Bullet in a much longer
time.?! For the speed of light, Roberts adopted Newton’s value from Principia,
corresponding to a travelling time from the Sun to the Earth of 10 minutes.
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2.2.1 Advances in astronomy

With improved telescope technology, which involved not only more powerful telescopes
but also sophisticated use of the filar micrometer, in the eighteenth century the fixed stars
moved to the forefront of astronomical research.?? Since the days of Hipparchus, the stars
had been regarded as fixed—occupying the same positions relative to one another—a
notion that Newton still took for granted. The first to question the orthodoxy was Halley,
who in a communication of 1718 compared modern observations of the stars with those
reported by the Greeks, such as in the star catalogue of the A/magest. He came to the con-
clusion that the only way to account for the discrepancies was to ascribe to three of the
brightest stars (Aldebaran, Sirius, and Arcturus) a southerly motion; although his data for
the fainter stars did not allow a similar conclusion, he believed that they, too, performed
proper motions.

Halley’s claim, although confirmed with respect to Arcturus by Jacques Cassini in 1738,
was not generally accepted until the question was taken up for systematic examination by
the Gottingen astronomer Johann Tobias Mayer. Rather than using as comparison data
Greek observations, he compared modern observations with those made by the Danish
astronomer Ole Remer only half a century earlier. In his De motu fixarum proprio (‘On the
Proper Motion of the Stars”) of 1760, Mayer reported incontrovertible evidence that 80 of
the brightest stars had changed their positions relative to the equatorial frame of reference.
After Mayer’s important work, the proper motions of the stars became a reality and ‘fixed
stars’ merely a name of historical convention.

The search for proper motion was mixed up with the search for observational evidence
that the Earth revolved around the Sun. By the time of Newton’s death no astronomer
seriously questioned (at least not privately) that this was the case, but solid proof was
lacking. Such proof, or something close to it, came with the discovery of the aberration of
light. In an attempt to measure the parallax of the star Gamma Draconis, James Bradley, a
young vicar who would eventually become Astronomer Royal, was puzzled by the star’s
extraordinary movements. After much confusion he arrived at the conclusion that what he
had discovered was not a stellar parallax but an effect of the Earth’s motion about the Sun.
As he explained in his paper ‘A new discover’d motion of the fixed stars’, published in
Philosophical Transactions in 1728, the precise position of a star would depend on the ratio
between the Earth’s orbital velocity and the finite velocity of light.

Bradley’s discovery had profound implications, not only for astronomy but also, if more
indirectly, for cosmology. For one thing, it amounted to a near proof of the fundamental
assumption of the Copernican system: after 1728, the only way to resist the annual revolu-
tion of the Earth was to deny Remer’s discovery of 1676, that light propagates with a finite
speed. Moreover, since all stars showed the same aberration, it followed that the speed of
light was the same, irrespective of the distance it had travelled through space. The speed of
light appeared to be a constant of nature, a quantity like Newton’s constant of gravitation.
Using the value 137.73 million km for the astronomical unit, Bradley found for the speed
of light ¢ = 279 939 km/s, only seven per cent smaller than the modern value.

Bradley believed that he was able to determine changes in position as small as 1”, and
since he had found no parallax for Gamma Draconis he concluded that the distance of the
star must be greater than 400 000 AU. His result agreed nicely with Newton’s argument,
based on the method of magnitudes, that the nearest stars were at a distance of about one



THE NEWTONIAN ERA 77

million astronomical units. The two methods were entirely independent and therefore
provided convincing evidence that interstellar distances had to be counted in millions of
astronomical units. Needless to say, this was a result of the greatest significance.

As mentioned, the discovery of the aberration of light amounted to a proof of the Earth’s
revolution around the Sun, but it was an indirect one only. What was lacking was still the
old problem of stellar parallaxes, a phenomenon that had been looked for since the days of
Tycho Brahe (and even earlier) but which seemed to defy resolution. Numerous were the
reports of astronomers announcing that now, finally, a stellar parallax had been detected,;
and equally numerous were the disappointments when it turned out on closer inspection
that this was not the case after all. It was only in the late 1830s—nearly three hundred years
after Copernicus’ De revolutionibus—that the thorny question was resolved. The
Russian—Baltic astronomer Friedrich Wilhelm Bessel studied the double star system 61
Cygni with an instrument (a heliometer) that allowed resolution of the components, only
1.2" apart. In 1838 he announced that he had found for the star an annual parallax of
0.3136", corresponding to a distance of 657 000 AU.* This time the claim was not
retracted.

Although the discovery of the first stellar parallaxes was of great importance, it was
for reasons other than what originally had motivated the search for parallaxes. After all,
the Copernican system had long ago been accepted as a fact, scarcely in need of final
confirmation. The result of Bessel and his contemporaries was not a cosmological
sensation, but it did prove that stellar distances could be determined by observational
means. The distances to the nearest stars turned out to be in fair agreement with what
Newton had predicted and what Bradley had estimated. Of course, it was assumed that the
distances to the fainter stars were much greater, but by how much nobody could tell.

2.2.2  From Wright to Buffon

The age of reason was a great era for cosmologies of a speculative and philosophical kind,
grand schemes of the universe which paid lip service to physics and astronomy but rarely
more than that. Yet some of these schemes included brilliant insights that changed the
course of cosmological thinking. Among the early philosophical cosmologies of the
century was Cosmologia generalis, a book of 1731 written by the influential Leibnizian
philosopher Christian Wolff. Whatever its scientific merits, Cosmologia is worth mentioning
because it was the first book that included in its title ‘cosmology’ in a sense not limited to
theology. The Englishman Thomas Wright, an author and teacher, began at the same time
to speculate about the composition of the universe and its relation to God. In 1750 he
published An Original Theory of the Universe,** in which he postulated that all the stars
comprising our Milky Way, including the Sun, are in orbital motion around a centre. This
centre was divine, the place from where God’s infinite power emanated. Wright further
stated that there existed in the universe other star systems, similar to our Milky Way, and
that these surrounded their own local divine centres.

In order to bring into agreement a spherically arranged stellar universe with the apparent
concentration of stars around a plane in the Milky Way, Wright suggested that the shell of
stars was thin and, because it was so vast, only slightly curved. By hypothesis, the solar
system was part of the spherical shell and so, when we looked along the tangent plane, we
would see numerous stars with the appearance of the Milky Way. (When we looked in a
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direction perpendicular to the plane, we would only see few, bright stars.) Contrary to what
has often been claimed, Wright did not propose that the Milky Way was a disc-shaped
conglomerate of stars with the Sun near its centre, a picture which was wholly foreign to his
theologically based cosmology. Whereas Wright’s cosmology as described in An Original
Theory was largely stable and static, in a later draft essay, Second or Singular Thoughts
upon the Theory of the Universe, he argued that the universe was in a state of evolution. In
his new version the universe was Sun-centred, the Sun being likened to a circulating fire
which was responsible for the dynamic features of the world. Whatever the version, it is
important to realize that Wright’s cosmology was thoroughly moralistic—theological and
that its purpose was not primarily to account scientifically for the observed universe.

An Original Theory was not widely read, but it did exert some influence on the course of
cosmology, mainly through Immanuel Kant, the famous philosopher. Kant, who at the time
was an unknown Privatdozent at the University of Konigsberg in Prussia, never read the
book, but he was acquainted with its main content from a detailed review that appeared in a
Hamburg journal in 1751. By his own account, the review inspired him to develop a
cosmological system of his own, which appeared in a small book of 1755, Allgemeine
Naturgeschichte und Theorie des Himmels.”> Kant was no newcomer to cosmological
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Fig. 2.3 Thomas Wright’s universe of 1750. The Sun
and the Earth are located in the outer shell together
with most of the fixed stars. In the centre is the
divine ‘sacred throne’ in the direction of one of
the poles of the Milky Way. From Wright 1971,
plate 27.
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Fig.2.4 The title page of Kants treatise on the constitution and evolution of the world. The complete title is
Universal Natural History and Theory of the Heavens, or an Essay on the Constitution and Mechanical

Origin of the Whole Universe Treated According to Newton s Principles.

speculations, as witnessed by his very first book of 1749, where the 25-year-old philosopher
claimed from theological arguments that there must exist universes with any number of
spatial dimensions, not only the three-dimensional world we live in. Kant’s 1755 book
marked a new phase in the history of cosmology, primarily because it presented a
thoroughly naturalistic and evolutionary account of the universe in its totality. It was a
cosmogony in the tradition of the ancient atomists, a grandiose attempt at a Universal
History and Theory of the Heavens, as the title reads in English. Although Kant referred
frequently to God and presented his theory as theistic, in reality the references to the
Creator were largely rhetorical except for the original creation of matter. Contrary to
Newton, but in agreement with Descartes and Leibniz, he found no place for divine
miracles in the universe. ‘A world-constitution, which without a miracle does not maintain
itself does not have the character of steadyness which is the hallmark of God’s choice,” he
wrote.?

Kant started with a primeval, divinely created chaos of particles at rest, distributed
throughout an infinite void. This initial chaos was unstable, he said, and the denser particles
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would begin to attract the more tenuous, and thus form condensations. With Descartes he
claimed that, given the laws of nature, the primary chaos must necessarily evolve into
regular and orderly structures—a definite cosmos. In order to avoid the possibility that all
the particles coalesced into one mass, Kant introduced a repulsive force acting between the
particles. However, he did not provide any law for the repulsion and never explained how
the mechanisms of attraction and repulsion (to which he added collision) could produce
the angular momentum of a rotating system. He merely claimed that ‘Through this
repulsive force, . . . the elements sinking toward their points of attraction become directed
sidewise in all sorts of ways and the perpendicular fall issues in circular motions which
surround the center of sinking.’?’ Although Kant’s system violated the law of conservation
of angular momentum, it would be anachronistic to dismiss it on that count: by 1755, the
law had not yet been generally formulated and accepted.

Whatever the details, Kant claimed to be able to explain the formation of the solar
system, and went on to generalize his system of formation to still larger structures.
However large these structures were, they rotated about a common centre, which contra-
dicted another of Kant’s basic assumptions, that the universe was infinite. For how could
there be a centre in an infinite universe? Kant acknowledged that, geometrically, there
could be no central point, but asserted that, from a physical point of view, the original seed
of cosmic evolution ‘can have the privilege to be called the centre’.

One of Kant’s great insights was that the Milky Way had a disc-like structure, that it was a
flattened conglomerate of a multitude of stars encircling a galactic centre. Even more
innovatively, he suggested that the nebulous stars were not individual stellar objects, but vast
congeries of stars of the same type and structure as the Milky Way. He stated clearly that the
nebulae were ‘just universes and, so to speak, Milky Ways’. The world was an island
universe, the islands being nebulae floating in an immense sea of void space. But the islands
were not isolated, for they were themselves members of even larger structures, the hierarchical
arrangement continuing indefinitely throughout the infinite depths of space. Kant’s insight
was to some extent foreshadowed by the French polymath Pierre-Louis Moreau de
Maupertuis, who in his Discours sur les différentes figure des astres of 1732 discussed the
shapes of the nebulous stars. Maupertuis likened the objects to celestial millstones formed
by a revolving fluid material, and he also pointed out that they might appear in shapes
varying from a sphere to a flattened oval, depending on their position relative to the line of
sight. However, he did not recognize that the nebulae might be large aggregations of stars.

Infinitude, evolution, and creation were key notions in Kant’s dynamic cosmology. He
found it imperative that the world must be infinite in space, as only such a universe
accorded with the attributes of God. But God had not created the universe in its present
state, it had slowly developed from the primeval chaos governed by the laws of nature: ‘One
can therefore posit with good basis that the ordering and arrangement of the world-edifice
should gradually happen from the supply of the created nature-stuff.” Kant’s cosmic
creation was anything but creation once and for all. He wrote of the creation process as a
sort of wave propagating from a central area of the (infinite!) universe, bringing life,
activity and organization with it:

The sphere of developed nature is incessantly busy in expanding itself. Creation is not the work of a
moment. . . . millions and entire mountains [bundles] of millions of centuries will flow by, within which
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always new worlds and world-orders form themselves one after another in those reaches [so] distant from
the center of nature and reach perfection. . . . Creation is never completed. Though it has once started, but
will never cease. It is always busy in bringing forth more scenes of nature, new things and new worlds.?®

In Kant’s vision, destruction was no less important than creation. Entire worlds perished
and were ‘devoured by the abyss of eternity’, but at the same time destruction was counter-
acted by creative processes from which new cosmic formations resulted. It was in the very
nature of finite things, however big, that they would eventually decay. ‘We must not,
however, bemoan the decay of a world-edifice as a true loss of nature. . . . The infinity of
creation is great enough to view in relation to it[self] a world or a Milky Way of worlds [in
the same way] in which man looks upon a flower or an insect in comparison with the
Earth.’?® The constructive and destructive forces of the universe were subject to definite
laws, for example that the celestial bodies nearest to the centre of the universe would perish
first. Kant was not very precise with respect to these laws, which were at any rate
untestable, but asserted that the developed world was bounded in the middle between the
ruins of nature that had been destroyed and the chaos of nature that was still unformed.

Kant even speculated that the entire world, or parts of the world, might return to a chaotic
state and then re-emerge, possibly an infinity of times. ‘Can one not believe that nature,
which was capable of placing herself from chaos into a regular order and a skilful system,
will not be in the position to restore herself from the new chaos, into which the diminution
of her motions had lowered her, just as easily and to renew the first combination?’ Kant had
no problem with believing such a scenario of ‘this phoenix of nature, which burns itself out
only to revive from its ashes rejuvenated, across all infinity of times and spaces.’*

Allgemeine Naturgeschichte remained little known for a long time, and Kant himself
seems to have had second thoughts about his cosmogony. At one point he referred to it as a
‘weak sketch’. At any rate, when he wrote his famous Kritik der reinen Vernunft, published
in 1781, he concluded that the notions of age and extent were meaningless when applied to
the universe as a whole. The universe was not an object of possible experience, not some-
thing that existed objectively, but a regulative principle of merely heuristic value. In his
so-called first antinomy, Kant proved by means of a reductio ad absurdum argument the
thesis that ‘“The world has a beginning in time, and is limited also with regard to space.” He
then went on to prove the anti-thesis, that ‘The world has no beginning and no limits in
space, but is infinite, in respect both to time and space.” Since the concept of the world is
thus contradictory, it cannot cover a physical reality.’! In his argument, Kant relied crucially
on assumptions of Newtonian physics, such as mechanical determinism and Euclidean
space. Although these assumptions would turn out to be unwarranted, in Kant’s time they
were taken for granted and remained so for more than a century. Kant’s Kritik provided a
penetrating analysis of cosmological problems, but it was ‘cosmology’ in the philosophical
and not the scientific sense.

In Cosmologische Briefe of 1761 the polymath Johann Heinrich Lambert, an accomp-
lished German mathematician and philosopher, proposed a cosmological theory which in
some respects had similarities to Kant’s. The book was an honest if by no means clear
attempt to deal scientifically with the entire system of the world, but of course it included
heavy doses of theology and philosophy as well. On the basis of a mixture of Newton’s
physics and the teleological philosophy of Leibniz and Wolff, Lambert adopted a picture of
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the nebulae similar to that proposed by Kant, and he also argued for a hierarchically
organized universe in which the same disc-like pattern was displayed on all its levels.
However, although his universe was inconceivably vast, it was finite nonetheless. Also in
contrast to Kant’s dynamic cosmos, it did not evolve in time, for ‘the heavens are made to
endure, and the things of the Earth to pass away’. In the concluding chapter of Briefe,
Lambert recapitulated: ‘The Sun being of the number of fixed stars, revolves round the
centre like the rest. Each system has its centre, and several systems taken together have a
common centre. Assemblages of their assemblages have likewise theirs. In fine, there is
auniversal centre for the whole world round which all things revolve. Those centres are not
void, but occupied by opaque bodies.’>

Apart from those already mentioned, several other Enlightenment natural philosophers
took up cosmological questions. One of them was the Croatian—Italian astronomer and
physicist Roger Boscovich, a Jesuit scholar, who in 1758 published his main work Theoria
philosophiae naturalis. Although best known for its contribution to dynamical atomism
and matter theory, the book also included considerations of a cosmological nature. For
example, Boscovich imagined that, apart from our space, there might exist other spaces
with which we are not causally connected. His conception of the universe was relativistic,
such as illustrated by a passage from the end of Theoria, which may bring to mind much
later cosmological ideas:

If the whole Universe within our sight were moved by a parallel motion in any direction, & at the same time
rotated through any angle, we could never be aware of the motion or the rotation. . . . Moreover, it might be
the case that the whole Universe within our sight should daily contract or expand, while the scale of forces
contracted or expanded in the same ratio; if such a thing did happen, there would be no change of ideas in
our mind, & so we should have no feeling that such a change was taking place.*

Boscovich imagined all matter to consist of point-atoms bound together by Newtonian-like
attractive and repulsive forces. If no forces were present, a body might pass freely through
another without any collision (after all, points have no extension in space). The possibility
led him to a daring cosmological speculation: ‘There might be a large number of material
& sensible universes existing in the same space, separated one from the other in such a way
that one was perfectly independent of the other, & the one could never acquire any indica-
tion of the existence of the other.”>* Boscovich did not elaborate. Here we have, in 1758, a
new version of the many-universe scenario: not different universes distributed in space and
time, but coexisting here and now. It was surely a scenario that harmonized in spirit with
ideas that some cosmologists would propose more than two hundred years later.

Perhaps the most important innovation in Kant’s cosmology was that he provided the uni-
verse with an evolutionary perspective. The emphasis on time and development was novel
and can be found in many authors in the second half of the eighteenth century, whether
dealing with astronomy, geology, or natural history. If the universe had a history, and if it
was created (as of course it was), it also must have an age.> Traditionally this age had been
inferred from the Bible and estimated to be about 6000 years, but this timescale soon came
to be seen as wholly inadequate. Benoit de Maillet, a French diplomat, argued in about
1720 that the Earth had once been covered by water, and by estimating the rates of decline
and evaporation he reached the result that the Earth must have existed for more than two
billion years. De Maillet prepared a manuscript with his arguments, and Telliamed, as the
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book was titled (the author’s name spelled backwards), appeared in 1748, anonymously and
posthumously.

The great French naturalist Georges Louis Leclerc, Comte du Buffon, had no patience
with Biblical chronology and in his Epoque de la nature of 1778 he decided to determine
the age of the Earth experimentally. Assuming that the Earth was originally formed in a hot
molten state, he performed a large number of experiments with red-hot balls of iron and
stone and determined the time until they had cooled to room temperature. Extrapolating
from his experimental globes to the real Earth, Buffon arrived at the staggering figure of
about 75 000 years as the age of the Earth. Privately, he concluded that this figure was
much too low and that the age of the Earth was probably closer to a couple of million years.
This may not sound much to modern ears, yet at the time it was an age difficult to grasp,
scarcely different from the ‘Millions and whole myriads of millions of centuries’ that Kant
had visioned. Buffon was neither an astronomer nor a cosmologist, but his empirically
established value for the age of the Earth nonetheless had cosmological implications. The
universe must evidently be older than (or as old as) the Earth, and so Buffon’s value
established for the first time a scientifically based lower limit for the age of the universe.*®

2.2.3  Olbers’ paradox

The darkness of the night sky, if combined with the assumption of an infinite space uniformly
filled with stars, may present a cosmological problem. Although the light received from a star
varies with the inverse square of the distance, and so is negligible for distant stars, the number
of stars at a certain distance increases with the square of the distance. Consequently, we
should receive so much starlight that the sky at night is as bright as on a sunny day. It is not, of
course, and this is the essence of what is known as Olbers’ paradox.’’ This puzzle or paradox
has a curious history. Although it has been known for nearly four hundred years, for most of
the time it was considered neither paradoxical nor particularly interesting. Today the darkness
of the night sky counts as an important cosmological fact, but it is only recently that Olbers’
paradox has been situated within the domain of cosmology. Before the First World War, the
paradox was rarely seen as relating to the universe as a whole .3

Kepler seems to have been the first to note the paradox. As we have seen, he was
convinced that the universe was finite, and among his arguments in Dissertatio cum nuncio
sidereo of 1610 was that ‘in an infinite Universe the stars would fill the heavens as they are
seen by us’. William Stukeley, a physician and antiquarian, became acquainted with
Newton in early 1718, and in one of their first conversations they discussed questions of
astronomy and cosmology. Stukeley raised the question of an infinite space populated
throughout with stars and pointed out that, in this case, ‘the whole hemisphere would have
had the appearance of that luminous gloom of the Milky Way. We should have lost the
present sight of the beauty and the glory of the starry firmament.”* It may have been from
Stukeley that Halley came to appreciate the paradox, which he examined in a brief paper of
1720, “Of the Infinity of the Sphere of Fixd Stars’, published in Philosophical
Transactions. A convinced infinitist, Halley’s purpose was to demonstrate that it was not a
valid objection against an infinite stellar universe. His demonstration, brief and somewhat
obscure, rested on the claim that the intervals between the stars in an infinite system
decreased linearly with distance while the intensity of light from them decreased with the
square of the distance.



84 CONCEPTIONS OF COSMOS

Jean-Philippe Loys de Chéseaux, a 26-year-old Swiss astronomer, published in 1744 an
essay on a comet that had recently appeared. In an appendix, he analysed in considerable
detail the paradox of the night sky. Following Halley in conceiving the stars to be situated in
concentric spherical shells, he stated that the quantity of light emitted from each shell was
proportional to the sum of the squares of the apparent diameters of the stars in the shell. He
did not consider the possibility of shielding, i.e. that stars may fall on the same line drawn
from the Earth (neither did Halley). Chéseaux concluded that the paradox would arise not
only if the number of stars was infinite, but also if it was exceedingly large (but finite),
namely larger than a value fcorresponding to 76 X 10'3 concentric shells. His solution to
the paradox was new. Rather than opting for a finite, relatively small stellar universe, he
suggested that the intensity of starlight decreased at a greater rate than given by the
squared-distance law. Chéseaux was familiar with Pierre Bouguer’s work on photometry
and light absorption in media, and his answer was that there existed in interstellar space an
ethereal fluid which absorbed starlight. He argued that the problem would be solved if the
medium was only 33 X 10! times more transparent than water (that is, if the intensity of
light were to diminish by 3% when passing through a layer with a thickness equal to the
diameter of our solar system).

The postulate of a light-absorbing medium, first proposed by Chéseaux, would become the
standard answer to Olbers’ paradox in the nineteenth century. However, in the previous
century Chéseaux’s work was by and large met with silence. One of the few Enlightenment
scientists who did respond to the problem of the dark night sky was Lambert, who was as
confident that the stellar universe was finite as Chéseaux was confident that it was infinite.
Lambert pointed out that the paradox rested on the basic assumption that the stars were
uniformly distributed in space, an assumption that need not be accepted and that Lambert
denied.

‘Is space not endless? Is it possible to conceive limits of it? And is it conceivable that the
creative omnipotence should have left empty that infinite space?’*® While the first two
questions were rhetorical—it was generally accepted that space was unlimited—the third
was not. However, at the time when Olbers wrote these lines, the pendulum had swung in
favour of an infinite space filled throughout with stars. Heinrich Wilhelm Olbers, an
eminent astronomer who earned his living as a physician, realized that the question could
not be resolved on observational grounds, but for philosophical reasons he strongly
believed in an infinite, Newtonian universe. That the context of his paper of 1826 (which
was submitted three years earlier) was cosmological is evidenced by its introduction, a
lengthy quotation from Kant’s Allgemeine Naturgeschichte. Olbers’ motive was the same as
Chéseaux’s, to demonstrate that the riddle of the night sky was not truly paradoxical. His
formulation of the riddle was that ‘should there really be suns in the whole infinite
universe . . . the whole sky should be as bright as the Sun’. To defuse the paradox he relied
on the same assumption that Chéseaux had made, that interstellar space was not perfectly
transparent, an assumption which he found was most natural. What came to be known as
Olbers’ paradox was not, in Olbers’ view, a paradox at all.

Although the Chéseaux—Olbers hypothesis of interstellar absorption was widely
accepted—for example, in 1837 it received support from Friedrich Struve—it was not
without problems. In 1848, at a time when the first law of thermodynamics had been fully
formulated and accepted, John Herschel pointed out in the Edinburgh Review that radiant
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heat from the stars, when absorbed, would heat up the interstellar medium until it reached a
state of thermal equilibrium and itself became radiant.*! On the other hand, Herschel
realized that the infinite universe could be reconciled with the dark night sky even without
assuming light absorption, if the stars were arranged in a suitable, non-uniform way.
Nothing is easier, he wrote, ‘than to imagine modes of systematic arrangement of the stars
in space . . . which shall strike away the only foundation on which [the problem] can be
made to rest, while yet fully vindicating the absolute infinity of space’.*> Herschel did not
elaborate his proposal, but a cosmological model of the kind he may have envisaged was
constructed by the Swedish astronomer Carl Charlier sixty years later.

What if light absorption is abandoned and a hierarchical universe is considered too
artificial? Even in that case there is a solution to Olbers’ paradox, an alternative first
proposed by the German astronomer Johann Madler, who in 1858 called attention to the
following argument:

The world is created, and hence is not eternal. Thus no motion in the universe can have lasted for infinite
time; in particular, this applies to a beam of light. In the finite amount of time it could travel before it
reached our eye, a light beam could pass through only a finite space no matter how large the speed of light.
If we knew the moment of creation, we would be able to calculate its boundary.®

Clearly, if we only receive light from stars within a certain horizon, Olbers’ paradox need
not arise. Madler repeated his suggestion three years later in a popular book, but it failed to
make an impact on his colleagues in astronomy. However, in 1872 it turned up again in an
essay ‘On the Finiteness of Matter in Infinite Space’ written by the German astrophysicist
Karl Friedrich Zdllner, and in 1888 a similar suggestion was made by George Ellard Gore,
an Irish author on astronomy. Z6lIner, whose essay is of considerable cosmological interest,
mentioned the possibility, but without endorsing it. For philosophical reasons he found the
solution unsatisfactory, and instead he came up with another and highly original solution to
Olbers’ paradox, namely to modify the standard assumption that space is Euclidean.
Acquainted with the works of Gauss, Riemann, and other pioneers of non-Euclidean
geometries, Zollner suggested that cosmological space might be positively curved. Olbers’
paradox would dissolve, he wrote, ‘if we ascribe to the constant curvature of space not the
value zero but a positive value, however small’.* This is, to my knowledge, the first time
that non-Euclidean geometry was applied to cosmology.

Zollner’s proposal went as unnoticed as that of Madler. When William Thomson (then
Lord Kelvin) took up the matter in 1901, he was unaware of the contributions of Madler
and Zollner and may not even have known of Olbers’ work.* Yet his route to solving what
was in fact Olbers’ paradox was similar to that proposed by Madler. Thomson considered
a stellar Milky Way universe uniformly filled with stars up to the enormous distance of
3.3 X 10'* light years and took into consideration that each star has a finite lifetime. He
believed that a star could shine for at most 100 million years, which meant that the time it
took for light to travel from one of the stars farthest away would be about 3.3 million times
the lifetime of a star. To ‘make the whole sky aglow with the light of all the stars’ would
require that the periods of time during which the various stars shone were very precisely
correlated to their distances from the Earth. This was completely unlikely and for this
reason Thomson’s reference to a finite, relatively small stellar lifetime provided a solution
to Olbers’ pradox.
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Because of the belief in interstellar absorption, Olbers’ paradox was not taken very
seriously in the nineteenth century. Only during the early part of the new century did
evidence indicate that space was much more transparent than had been assumed, and then
Olbers’ paradox did become paradoxical, if still not widely noticed. In 1917, the American
astronomer Harlow Shapley formulated the paradox in essentially the same way that Halley
had done two centuries earlier, albeit with a different conclusion: ‘Either the extent of the
star-populated space is finite or “the heavens would be a blazing glory of light”. . . Then,
since the heavens are not a blazing glory, and since space absorption is of little moment
throughout the distance concerned in our galactic system, it follows that the defined stellar
system is finite.’#®

2.2.4  The construction of the heavens

The discovery of proper motions of the stars inevitably raised the question of whether the
solar system itself was moving through space relative to the neighbouring stars. And, if it
did, with what speed and in which direction? As Bradley had clearly perceived in 1748, the
problem was to disentangle the true proper motions of the stars from the apparent motion
caused by a moving solar system carrying the Earth with it. In 1760, Tobias Mayer
explained that if the solar system were moving towards some region (the apex), ‘all the stars
which appear in that region would seem to be gradually separating from each other one by
one, and those which are in the opposite part of the sky would seem to be joining up.’¥’
Could such a pattern be discerned? Mayer looked for it in his data of proper motions, but
found nothing. He concluded pessimistically that it would take centuries until the problem
might be resolved. The great French astronomer Joseph-Jérome Lalande agreed in a
memoir of 1779, yet only four years later William Herschel found just such a pattern from
a smaller number of proper motions.

William Herschel, one of the greatest astronomers ever, never received formal training in
astronomy or any other science. He was born in Hanover as Friedrich Wilhelm Herschel,
and when he came to England as a young man he earned his living by teaching what he
knew best, which was music. (He had been an oboist in the Hanoverian Guards, was a
skilled organ player, and composed symphonies and choral works.) In England, Herschel
developed an all-absorbing interest in astronomy, a subject he taught himself, in part by
reading and in part by making his own, excellent telescopes. In the construction of his large
mirror telescopes, and in his scientific work in general, he received invaluable help from
his sister, Caroline Herschel, herself a talented amateur astronomer.*® William Herschel’s
fate changed when, in 1781, he discovered a new celestial object, which he first thought
was a comet but soon turned out to be a planet—Uranus. Following in the wake of this
momentous discovery, he moved to the neighbourhood of Windsor Castle, where he
became a kind of personal astronomer to the king, George III. He was also elected a Fellow
of the Royal Society and promptly awarded its Copley Medal.

Herschel’s astronomical interests were broad and he contributed to most parts of the
science, including cosmology. In his 1783 paper ‘On the Proper Motion of the Sun and
Solar System’, he determined the direction of the Sun’s course through space, concluding
that the solar apex was in the constellation Hercules, close to the star Lambda Herculis.*’
His remarkably precise sky coordinates were largely verified by Pierre Prévost later in
1783 and more fully by Georg Simon Kliigel in 1789. In later studies from 1805-06
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Herschel returned to the problem, now aiming at determining the speed of the Sun, but
without arriving at a convincing result. For a period there continued to be considerable
uncertainty with regard to the proper motion of the solar system. Only in 1837 did the
German astronomer Friedrich Argelander unequivocally demonstrate that the Sun moves
toward a point 6° north of Lambda Herculis, a position not far from that found by Herschel
54 years earlier.

Whereas Herschel’s work on proper motions was theoretical, during the following years he
concentrated on an ambitious observational programme of scanning or ‘sweeping’ the night
sky for stars and nebulae with his new 20-foot reflector. In order to determine the structure of
the Milky Way, which was one of his chief aims, he made two assumptions: first, that the stars
were distributed nearly uniformly throughout the space covered by the Milky Way; and,
second, that his telescope could reach to the very limits of the star system, and in all direc-
tions. These assumptions implied that the more stars he saw in a given direction, the deeper
was the extent of the sidereal system in that direction. From this there followed a method of
estimating relative distances, given by the cube root of the number of stars seen in the field of
the telescope. From such considerations Herschel pieced together the architecture of the
Milky Way. He concluded, as Kant and a few others had done earlier, that our Milky Way was
only one nebula among many others. Herschel was not the first to propose an island universe
theory, but he was the first to support the theory with observational evidence.

In ‘The Construction of the Heavens’, Herschel’s important paper of 1785, he started
with some general considerations on the stability of star systems which were very much in
the tradition of Newton, Bentley, and Halley. Just as Newton had reassured us, Herschel
was confident that ‘the great Author’ had constructed the system in such a way that
gravitational collapse would be avoided or would only occur in an indeterminable future.
On the other hand, even if large-scale destruction took place in the universe, this might be
God’s way to keep it eternally alive: “We ought perhaps to look upon such clusters, and the
destruction of now and then a star, in some thousands of ages, as perhaps the very means by
which the whole is preserved and renewed. These clusters may be the Laboratories of the
universe, if [ may so express myself, wherein the most salutary remedies for the decay of
the whole are prepared.’>® This passage is strikingly similar to what Wright and Kant had
stated earlier. (Herschel was unaware of Kant’s Allgemeine Naturgeschichte and, although
he owned a copy of Wright’s Original Theory, it did not influence him.)

As has become clear, Herschel’s universe had a history. ‘I have looked further into space
than ever human being did before me’, he told a friend, and mentioned that he had observed
stars at a distance of more than two million light years. ‘If those distant bodies had ceased
to exist millions of years ago, we should still see them, as the light did travel after the body
was gone.”>! Herschel’s analysis resulted in a picture of the Milky Way as a ‘very extensive,
branching, compound Congeries of many millions of stars’ with the solar system near the
middle of the giant structure. As mentioned, the picture depended on several presupposi-
tions, of which the most problematical was the assumption that the 20-foot reflector was
able to spot the farthest objects of the Milky Way. This, he came to realize, was not the case.
When he made use of his new 40-foot telescope many more stars became visible, which
made him wonder if the number and distances were a matter of telescopic power. The old
Herschel consequently modified his earlier view and concluded, somewhat agnostically,
that the Milky Way might be ‘fathomless’ and its extent unknown.
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Fig. 2.5 William Herschel’s explanation of the Milky Way, as proposed in a paper of 1784. The Sun is located
near the centre of the system. From The Scientific Papers of Sir William Herschel, vol. 1 (London: Royal
Society, 1912), plate 8.

In another paper on the construction of the heavens, published in 1789, Herschel
philosophized about how the slow evolution in the heavenly bodies could be recognized
empirically. Evidently, the astronomer could not focus on a single nebula and follow its
development over time. But he could nonetheless form an evolutionary picture of the
universe, namely by collecting data from different parts of it, some far away and others
closer to the Earth. Herschel expressed the method in—well—flowery language:

[The heavens] now are seen to resemble a luxuriant garden, which contains the greatest variety of produc-
tions, in different flourishing beds; and one advantage we may at least reap from it is, that we can, as it were,
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extend the range of our experience to an immense duration. For, to continue the simile I have borrowed
from the vegetable kingdom, is it not almost the same thing, whether we live succesively to witness the
germination, blooming, foliage, fecundity, fading, withering, and corruption of a plant, or whether a vast
number of specimens, selected from every stage through which the plant passes in the course of its
existence, be brought at once to our view!*?

From the mid nineteenth century onwards, it became common to compare the myriads of
stars to the molecules of a gas, an analogy which eventually would be extended to galaxies.
The analogy relied on a picture of gases consisting of molecules in motion but can be found
even earlier. John Dalton, the founder of chemical atomism and a younger contemporary of
William Herschel, did not think of a gas as made up of molecules in swift motion, yet he
knew that the molecules were tiny and separated from each other at ‘a respectful distance’.
In his main work, A New System of Chemical Philosophy of 1808, we find, probably for the
first time, a picture of stars as the molecules of the universe. ‘“When we attempt to conceive
the number of particles in an atmosphere, it is somewhat like attempting to conceive
the number of stars in the universe,” he wrote.>?

2.3 Astrophysics and the nebulae

Astrophysics, an invention of the nineteenth century, significantly changed the course of
astronomy. Moreover, it also had important consequences for cosmology, although these
were only fully recognized in the following century. The emergence of the field was closely
related to the introduction of spectroscopy, which from its very beginning was applied to
the study of the stars. Indeed, for a couple of decades astrophysics and astrospectroscopy
were nearly synonymous terms.

Until about 1800 light from the celestial bodies was thought of as just light signals, without
structure and therefore with no particular information hidden in them. Thanks to advance-
ments in optical instruments, however, it turned out that the spectrum of light extended to
invisible rays at both ends of the spectrum and also, even more importantly, that analysis of
light received from stars could yield information about the stars’ physical and chemical
composition. The very notion of a ‘star’ changed from a geometrical to a physical concept, a
change which implied a profound transformation of the astronomical sciences. Since
antiquity astronomy had been thought of as an observational science using mathematical
methods, and nothing more. It was a science that observed and hypothesized about the
motions of celestial bodies, not one that could possibly deal with the nature of those bodies.
As mentioned in Section 1.4, in 1588 Tycho Brahe affirmed the traditional view that it was
not part of astronomy to investigate ‘what heaven is and from what cause its splendid bodies
exist’.

As late as 1832, Bessel emphasized in a lecture that the business of astronomy was
restricted to precise measurements of the positions and orbits of celestial bodies. In a letter
to the great naturalist Alexander von Humboldt, he wrote ‘Everything else that one may
learn about the [heavenly] objects, for example their appearance and the constitution of
their surfaces, is not unworthy of attention, but is not the proper concern of astronomy.”>* At
about the same time, the French philosopher Auguste Comte composed his massive Cours
de philosophie positive, a pioneering work of positivist philosophy of science. Comte was
well versed in astronomy but, like most of his contemporaries, was unable to imagine that
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the physics and chemistry of the stars could ever be subjects of scientific study. In an often
quoted passage, he wrote about the stars:

We conceive the possibility of determining their forms, their distances, their magnitudes, and their move-
ments, but we can never by any means investigate their chemical composition or mineralogical structure,
still less the nature of the organic beings that live on their surface etc. In short, to put the matter in scientific
terms, the positive knowledge we can have of the stars is limited solely to their geometrical and mechanical
phenomena, and can never be extended by physical, chemical, physiological, and social research, such as
can be expended on entities accessible to all our diverse means of observation.>

Comte further advised the astronomers to restrict their attention to the solar system, to what
he called ‘the world’. This solar or planetary world should be separated from the idea of
‘the universe’, for certain knowledge could only be attained about the former. ‘As for those
innumerable stars scattered in the sky, they have scarcely any interest for astronomy other
than as markers in our observations, their position being regarded as fixed relative to the
movements internal to our system, which alone concern us’.>® It soon turned out that Comte
was wrong, and seriously so.

2.3.1 Astrospectroscopy

With the benefit of hindsight, one may trace the origin of astrophysics to optical discoveries
made in the early years of the nineteenth century. In measurements of the temperature
increase in a thermometer placed at various positions in a solar spectrum, William Herschel
observed in 1800 that the increase was greatest (9 °F) beyond the red end of the visible
spectrum. Apparently the Sun emitted invisible heat rays—infrared rays—in addition to its
visible rays. Although Herschel was able to demonstrate that the new rays followed the
familiar optical laws of reflection and refraction, for several decades it remained a matter of
dispute whether radiant heat was a phenomenon like ordinary light, but only of longer
wavelength. In the wake of Herschel’s discovery Johann Wilhelm Ritter, a German
Naturphilosoph and leading electrochemist, suggested the existence of rays beyond the violet
part of the visible spectrum. Herschel had found no heating effect in this area, but in 1801
Ritter proved the existence of ‘chemical rays’, or ultraviolet light, by means of their blacken-
ing effect on paper impregnated with silver chloride (that is, a photochemical effect). The
extension of the light spectrum demonstrated by Herschel and Ritter did not immediately lead
to advances in astronomy, yet in the long run it would prove most important for astronomy
and astrophysics.

William H. Wollaston, a London chemist and retired physician, noticed in 1802 seven
dark lines in the spectrum of the Sun. However, he mistakenly believed these to be natural
boundaries between colour zones in the spectrum rather than lines originating in the
illuminating source. It was only in 1814 that the mistake was corrected, in the course of a
careful and systematic study of the solar spectrum made by Joseph Fraunhofer, a Bavarian
optician and instrument maker.’’ Fraunhofer found, as Wollaston had done earlier, dark
spectral lines, but he interpreted them differently and greatly extended the number of them.
Although he did not offer an explanation for the mysterious dark lines, of which he charted
nearly 600, he was convinced that they were intrinsic to sunlight, that they somehow
originated in processes in the Sun itself. That the dark lines, or ‘Fraunhofer lines’, were not
specially connected with sunlight was recognized in the 1830s, when it was shown, first by
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the Scotsman David Brewster, that they could be produced artificially in the laboratory by
passing white light through a gas.

Fraunhofer’s discovery was not much noticed at the time, and it took more than thirty
years until the enigmatic dark lines attracted wide attention among physicists and
astronomers.>® It was gradually realized that each chemical element was identifiable by its
emission spectrum, and also that the emission lines coincided with the dark lines observed
when continuous light from a glowing solid or liquid traversed a cooler gas of that element
(such as sodium, which in the vaporized state yields a gas that absorbs certain wavelengths
of the continuous spectrum: the dark absorption lines coincide with sodium’s double yellow
emission line). Spectrum analysis was established on a firm basis in 1859-60 by the
German physicist Gustav Robert Kirchhoff, partly in cooperation with the chemist
Wilhelm Bunsen, his colleague at the University of Heidelberg. In experiments using
Bunsen’s new gas burner the two German scientists demonstrated that the emission spectra
of the chemical elements coincided with their absorption spectra and could be used to
identify the elements. Kirchhoff immediately pointed out that this had important astronom-
ical consequences: ‘The dark lines of the solar spectrum . . . result from the presence of
that substance in the luminous solar atmosphere which produces in the flame spectrum
bright lines in the same place. . . . The dark D lines in the solar spectrum allow one there-
fore to conclude, that sodium is to be found in the solar atmosphere.’>

The work of Kirchhoff and Bunsen effectively founded the chemical study of the Sun and
the stars, and it also led Kirchhoff to a theoretical study of the thermodynamics of radiant
heat, an area of research that eventually would lead to quantum theory. By means of thermo-
dynamic arguments, Kirchhoff investigated the properties of what he called black-body radi-
ation, proving that the radiant energy emitted from an ideal black body equals the energy
absorbed by that body. Later in the century, Kirchhoft’s black-body radiation became the sub-
ject of intense experimental and theoretical studies, culminating in Max Planck’s celebrated
radiation law of 1900 which heralded the age of quantum theory and modern atomic physics.

The first prism spectroscopes, based on the original design of Kirchhoff and Bunsen,
were primarily used to study the chemical composition of the Sun, comets, and other celes-
tial bodies, but it soon turned out that the modest optical instrument had wider areas of
application. In 1842 the Austrian physicist Christian Doppler announced the effect named
after him, that if a light source is moving relative to the observer with radial velocity v there
will be a change in wavelength given by

where c is the velocity of light and A' signifies the measured wavelength, redshifted relative
to the emitted wavelength A. As Einstein proved in his paper of 1905 in which he intro-
duced the theory of relativity, if the recession velocity is large the formula becomes

14+ 5= 1+v/c.
VI1-—ve

Einstein’s expression reduces to Doppler’s in the limit v < c.
The effect was soon verified for sound waves, whereas Doppler’s claim that it was valid
also for light remained controversial for many years.®® Several attempts to detect stellar
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Doppler shifts by means of the spectroscope were made in the 1860s, and in 1868 the
British gentleman astronomer and pioneer of astrospectroscopy William Huggins
announced a positive result. Comparing the Hg line in the spectrum of Sirius with that
produced by a Geissler discharge tube filled with hydrogen, he found a shift in wavelength
of about one angstrom.®! On the assumption that this shift was due to a Doppler effect, it
implied a recession velocity of Sirius of 29.4 miles per second, a result which was wrong
both in amount and sign but nonetheless was widely accepted as proof of stellar Doppler
shifts. Huggins realized that his result was controversial because it contradicted the gener-
ally held view of a static universe, and consequently he was careful in formulating his
claim.

For some time the situation continued to be unclear and it was only in the 1880s that the
validity of the optical Doppler effect was firmly demonstrated, not by using stellar motions
but by examining the rotation of the Sun. Accurate measurements of radial velocities began
with the work of the German astronomer Hermann Vogel, director of the Potsdam
Astrophysical Laboratory, who in work with his colleague Julius Scheiner from 1888 to
1891 obtained results with an error of only 3 km/s. With this accuracy, he could easily
demonstrate photographically the orbital motion of the Earth around the Sun. It took
another twenty years until the Doppler effect for light was detected in the laboratory, first
by the German physicist Johannes Stark in 1905.

2.3.2  Chemistry of the stars

In a lecture of 1807 the Danish physicist Hans Christian Orsted, the discoverer of
electromagnetism, prophesied that ‘some day chemistry will have just as much influence
on cosmology as mechanics so far...and all natural science will finally become a
cosmogony’.%? @rsted’s prophecy eventually became reality, namely when the spectroscope
was used to gain information about the chemical composition of stars and nebulae.
Astrospectroscopy provided chemical science with a greater perspective and promised an
extension of terrestrial chemistry to a cosmic or celestial chemistry. As the British
chemist Henry Roscoe expressed it in a lecture of 1875, ‘[We] now possess means for
extending our knowledge of the chemistry of the universe beyond the narrow limits of
our tiny planet . .. by help of the peculiar light which the Sun and fixed stars emit we
are able to ascertain their chemical composition, and to lay the foundation of a celestial
chemistry.®

The astrochemistry that emerged in the 1860s opened up new and exciting questions to
be answered by means of the spectroscope. What is the chemical constitution of the Sun
and the stars? Do there exist chemical elements in the stars that are not found on the Earth?
Do stellar spectra provide evidence of matter in a primordial state and of the complexity of
the chemical atom? These were some of the questions asked by William Crookes, Norman
Lockyer, Angelo Secchi, and other researchers within astrophysics and chemistry. A major
aim of the astrospectroscopists was, in the words of Huggins, ‘to discover whether the same
chemical elements as those of our Earth are present throughout the universe’. He concluded
that this was indeed the case and that ‘a common chemistry . . . exists throughout the
universe’.* Yet a few scientists, including Crookes and Lockyer, believed that there were
elements in the heavens that did not exist on Earth. Spectroscopy was the most important
technique for studying cosmic matter, but it was not the only one. It was assumed that
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meteorites could be analysed as probes of the chemical composition of the universe, and
such analyses demonstrated that the elements of meteorites were the same as those of the
Earth, but also that the abundance distribution of elements in meteorites differed from that
found in terrestrial minerals.

A small group of researchers, in particular in Great Britain, believed that the stellar
spectra indicated the complexity of the chemical atom and that there might exist elemental
matter in the stars different from that found on the Earth. In an address to the 1886 meeting
of the British Association for the Advancement of Science, Crookes brilliantly speculated
on the nature and origin of the elements. Anticipating later ideas in cosmology, he invited
his audience to ‘picture the very beginnings of time, before geological ages, before the
earth was thrown off from the central nucleus of molten fluid’ and to ‘imagine that at this
primal stage all was in an ultragaseous state, at a temperature inconceivably hotter than
anything now existing in the visible universe; so high, indeed, that the chemical atoms
could not yet have been formed, being still far above their dissociation point’. According to
Crookes, the elements were formed cosmologically through processes of ‘inorganic
Darwinism’.%> Even more daringly, he ventured to look into the distant past before any
matter existed:

Let us start at the moment when the first element came into existence. Before this time matter, as we know
it, was not. It is equally impossible to conceive of matter without energy, as of energy without matter; from
one point of view the two are convertible terms. . .. Coincident with the creation of atoms all those
attributes and properties which form the means of discriminating one chemical element from another start
into existence fully endowed with energy.

Crookes was not the only Victorian chemist who associated the supposed evolution of
the elements with cosmological speculations. Benjamin Brodie, an Oxford professor of
chemistry, developed an unorthodox system of what he called ‘ideal chemistry’, on which
subject he delivered a lecture in 1867. The lecture included a remarkable anticipation of
much later ideas of cosmological element formation:

We may conceive that, in remote time or in remote space, there did exist formerly, or possibly do exist now,
certain simpler forms of matter than we find on the surface of our globe. ... We may consider that in
remote ages the temperature of matter was much higher than it is now, and that these other things existed
then in the state of perfect gases . . . We may then conceive that the temperature began to fall, and these things
to combine with one another and to enter into new forms of existence . . . We may further consider that, as
the temperature went on falling, certain forms of matter became more permanent and more stable, to the
exclusion of other forms. . . . We may conceive of this process of the lowering of the temperature going on,
so that these substances, when once formed, could never be decomposed—in fact, that the resolution of
these bodies into their component elements could never occur again. You would then have something of our
present system of things.®

The power of the spectroscope as a detector of chemical elements was convincingly
demonstrated in 1860 when Kirchhoff and Bunsen discovered a new metallic element,
caesium, from its blue spectral lines; the success was duplicated the following year with the
discovery of rubidium and Crookes’s discovery of thallium. Although most spectral lines
from the stars could be identified with lines known from laboratory experiments, there
were some unidentified lines that might indicate the presence of elements, or states of
elements, particular to the stars. On the basis of stellar spectra, scientists claimed the
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Fig.2.6 Norman Lockyer’s comparison of spectral lines and bands from different stars. He believed that some
of the lines were due to elements in forms unknown on Earth (asterium, helium, proto-hydrogen, and several
proto-metals). From N. Lockyer, Inorganic Evolution as Studied by Spectrum Analysis (London: Macmillan,
1900), p. 62.

existence of several spurious elements, including ‘coronium’ (1871), ‘nebulium’ (1898),
and ‘asterium’ (1900). However, not all the claims of celestial elements were wrong.

In 1868, Lockyer studied spectral lines from a solar prominence and noticed a yellow
line with a wavelength of 5876 angstroms, smaller than that of the D doublet lines from
sodium. The new line, which he named D;, did not correspond to any line from a known
element, nor to any of the Fraunhofer lines in the solar spectrum. Lockyer consequently
supposed that he had detected a new element that might exist only in the Sun, and for which
he suggested the name ‘helium’. For most of two decades helium remained a ghost element
that the majority of chemists refused to accept, but in 1895 its status changed abruptly
when William Ramsay identified the gas in the terrestrial mineral cleveite. Meanwhile,
Lockyer had found the Dj; line in the absorption spectra of certain stars. Helium was ori-
ginally believed to be exceedingly rare, and since it was chemically inert it was considered
little more than a curiosity. At that time nobody could foresee helium’s central role in the
universe and how importantly knowledge of that element and its cosmic abundance would
influence cosmological science.

Lockyer, a self-taught Victorian sage and founder of the journal Nature, was a leading
proponent of the so-called dissociation hypothesis, the idea that the chemical elements in
the stars were broken down to smaller and simpler forms of matter.®” He first proposed the
hypothesis in 1873 and expounded it fully in his Chemistry of the Sun of 1887; over the next
two decades he continued to defend and develop it. Lockyer reasoned that if chemical
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compounds dissociated in a gas burner, at the much higher temperatures in the stars the
elements themselves might plausibly dissociate. His enthusiasm for element dissociation
and the complex atom made him experiment with electrical-discharge decomposition of
elements, and in 1879 he announced that he had succeeded in actually decomposing some
elements into hydrogen (impurities were the cause of his blunder).

The dissociation hypothesis, in one of its several versions, was popular among British
scientists in particular. For example, it was of direct importance to J. J. Thomson in his
celebrated experiments of 1897 which resulted in the discovery of the electron, the first
known elementary particle. Indeed, Thomson considered the electron a kind of chemical
proto-element and referred in his 1897 address to Lockyer’s ‘weighty arguments’ in
favour of the composite atom. In 1903 he discussed why the hydrogen atom was the
lightest of all known atoms and why there was a limited number of chemical elements.
According to Thomson, the elements had gradually evolved during the long cosmic
history; atoms lighter than hydrogen had once existed, but later had formed
aggregations, the smallest of which happened to be hydrogen. The following year he
discussed the opposite hypothesis, that the final stage of the universe would consist of
the simplest atoms, which he identified with electrons (or ‘corpuscles’ as he insisted on
calling them).

Speculations about dissociation and evolution of the chemical elements were entertained
also by George Ferdinand Becker, an American geologist. Impressed by the discoveries of
the electron and radioactivity, Becker suggested in 1908 a periodic system based on ‘the
cosmic distribution of the elements’, probably the first of its kind. Becker distinguished
between elements found on the Earth and those found in meteorites, the Sun, the stars, and
the nebulae. He concluded that by charting the distribution of the elements in this way ‘the
plausibility of the evolution hypothesis is increased’ and that his table pointed to ‘the truth
of the hypothesis that elements are evolved, those of highest molecular weight being
youngest and confined to cooling stars or planetary bodies’.*® At about the same time, the
British physicist John Nicholson contributed to the astrochemical tradition by suggesting
that proto-elements such as coronium and nebulium existed in stellar atmospheres and that
astrophysical data provided evidence for the complex structure of atoms. Foreshadowing
much later developments in the physics of elementary particles, he suggested that, in the
future, fundamental physics would have to rely on astrophysics:

Astronomy, in the wider interpretation of its scope which is now general, owes much to Physics. . . . A point
appears to have been reached in its [astronomy’s] development at which it becomes capable of repaying
some of this debt, and of placing Physical Science in its turn under an obligation. . . . The reason for the
possibility of this position of astrophysics—as an arbiter of the destinies of ultimate physical theories—
is . .. [that] the terrestrial atoms are apparently in every case too complex to be dealt with by first
principles . . . [but] when an astrophysicist discovers hydrogen in a spectrum, he is dealing with hydrogen
in a simpler or more primordial form than any known to a terrestrial observer.

Moreover, referring to the primitive elements that he and others assumed to exist in the
stars but no longer on Earth, he wrote, ‘The astronomer . . . may have a field of chemical
study which is closed to the chemist.’®® Nicholson was not the first to use the metaphor that
the stars were celestial laboratories—as mentioned, it goes back to William Herschel-—nor
was he the last.
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2.3.3  The riddle of the nebulae

William Herschel started observations of the nebulae in 1781 and five years later he
published his Catalogue of One Thousand Nebulae and Clusters of Stars. A major aim of
his observation programme was to elucidate the nature of the objects, but no easy answer
was forthcoming. On the one hand, he was convinced that he had seen changes in the
nebula in Orion, which could therefore not be a star system; on the other hand, he was able
to resolve many nebulae into stars and more or less suspected that it was only because of
the great distances that not all nebulae could be resolved. For a few years he thought that all
nebulae were clusters of stars, although he was cautious not to state this conclusion
categorically. And wisely so, for in 1790 he discovered what he called a ‘nebulous star’
which caused him to conclude that truly nebulous objects—‘shining fluids’ perhaps
comparable to the aurora borealis—did after all exist in the heavens. He continued to hold
this view, which became an integral part of his cosmological speculations concerning the
evolution of star clusters from nebulae, which he described in his 1811 paper on the
construction of the heavens. According to Herschel’s version of the nebular hypothesis,
some of the nebulaec were composed of hot gaseous clouds that would undergo different
stages of condensation and end up as stellar objects.”®

By 1830 the nebular hypothesis had won wide acceptance, not least because it seemed to
support and widen the eminent French physicist Pierre-Simon Laplace’s nebular theory of
the origin of the solar system, first proposed in 1796 in his Exposition du systeme du
monde. Although Laplace was not a cosmologist in the sense of either Kant or Herschel—
his applications of celestial mechanics were largely restricted to the solar system—his work
was highly significant to what was considered cosmology in his own time.”! For example,
Laplace proved that ‘the world’ was a mechanically stable system and that there was no
reason to fear that perturbations or frictional forces would one day cause the system to
disrupt, such as Newton had believed.

During parts of the nineteenth century the nebular hypothesis was associated with the
fashionable view of nature being in a state of continual evolution, and for this reason it was
rated highly by evolutionists many years before Darwin gave a new meaning to evolution.
John Pringle Nichol, a professor of astronomy in Glasgow, was among the champions of
evolutionary astronomy. Contrary to most of his colleagues, he believed that astronomy
should not be concerned merely with what could be observed from telescopes on Earth.
His cosmo-evolutionary vision covered not only stars and nebulae, but also the universe
at large, and in his case the vision was tightly connected with his religious belief in a
progressive and teleological development.” Cosmic progressivist as Nichol was, though,
he shared the view of many of his contemporaries that the solar system, and possibly the
entire universe, was decaying. However, he saw no reason for pessimism in the ultimate
dissolution of the solar system, for he convinced himself that evolution was the grand
design of the universe and the overall tendency was towards progress. This was the happy
message that ran through his popular book The Architecture of the Heavens of 1851.

In spite of his interest in the nebular hypothesis and the evolutionary aspects of the
universe, Nichol was not a ‘cosmologist’. In accordance with the standards of the time, he
refrained from treating the universe in tofo as a subject of astronomical science. This may
be illustrated by his successful Cyclopaedia of the Physical Sciences, a work of 900 pages
which first appeared in 1857. This one-volume encyclopedia included extensive articles on
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Fig. 2.7 ‘The Leviathan of Parsonstown’, Lord Rosse’s giant reflector, was ready in 1845. For a period of
seventy years it was the world’s largest telescope.

‘Nebulae’” and ‘Nebular Hypothesis’, but the reader would look in vain for entries on
‘Cosmology’, ‘Cosmogony’, and ‘Universe’.

After William Parsons, the Earl of Rosse, had completed his giant mirror telescope (54
feet in focal length) at Birr Castle, Ireland, the nebular hypothesis began to crumble. Rosse
had his telescope ready in 1845 and among the first to use it was Thomas Robinson, an
astronomer at Armagh Observatory, near Dublin. Contrary to Nichol, Robinson was a
staunch opponent of the nebular hypothesis, which to his mind was associated with danger-
ous ideas such as evolutionism and materialism. He was therefore happy to conclude from
his observations of nebulae that they were all resolvable into stars, a conclusion which
agreed with his preconceived dislike of the nebular hypothesis.

Rosse discovered in the same year the spiral structure of the M51 nebula, the first known
example of a spiral nebula. In the next year, he found that the Orion Nebula was resolvable
into stars. The more nebulac Rosse studied with his huge telescope, known as ‘the
Leviathan of Parsonstown’, the more of them he was able to resolve into clusters of discrete
stars. From this it was tempting to infer that all nebulae were star clusters, as Robinson did,
but Rosse realized that his observations did not justify the wider claim ‘that all nebulosity
is but the glare of stars too remote to be separated by the utmost power of our instru-
ments’.”® Yet this was a claim accepted by most astronomers. For example, in 1849 John
Herschel admitted in Outlines of Astronomy that there were inductive reasons to abandon
the reality of nebulous matter. As he wrote, ‘it may very reasonably be doubted whether
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Fig. 2.8 With his great reflector, Lord Rosse and his collaborators discovered the spiral structure of many
nebulae. These two drawings are based on observations from 1850, reported in the Philosophical
Transactions of the Royal Society of London. Reproduced from The Scientific Papers of William Parsons
(London, 1926), p. 111.
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there be really any essential physical distinction between nebulae and clusters of stars’.
Nichol was led to the same conclusion.

John Herschel was, like most nineteenth-century astronomers, cautious about indulging
in cosmological speculations and grand theories about the structure and distribution of the
nebulae. Yet he did from time to time expound cosmological views, if only with many
qualifications, and usually he did not include them in his publications and public addresses.
At the end of his life he corresponded with Richard Proctor, a popularizer of astronomy,
and in one of his letters he revealed a glimpse of his vision of an infinite, hierarchical
universe not unlike the one that Kant had suggested in 1755. Speaking of the forms of
nebulae and clusters of nebulae, John Herschel speculated that,

if the forms belong to and form part and parcel of the galactic system, then that system includes within itself
miniatures of itself on an almost infinitely reduced scale; and what evidence then have we that there exists a
universe beyond?—unless a sort of argument from analogy that the galaxy, with all its contents, may be but
one of these miniatures of that vast universe, and so ad infinitum: and that in that universe there may exist
multitudes of other systems on a scale as vast as our galaxy, the analog of those other nebulous and clustering
forms which are not miniatures of our galaxy.”

At the time of Herschel’s letter the nebular hypothesis had dramatically reappeared as
another phoenix from the ashes, a revival that was mainly due to the invention of the spec-
troscope. But even before this invention there were a few observations in favour of the
nebular hypothesis. Thus, in 1852 the British astronomer John Hind found a small nebula in
Taurus which over the next couple of years rose in luminosity and then started to fade, to
disappear in 1861. Such an appearance strongly suggested that the nebula could not be a
huge system of stars.

Huggins knew from Kirchhoff’s work that line spectra were produced only by gaseous
bodies, whereas hot solids yielded a continuous spectrum. In 1897 he recalled how he had
observed the planetary nebula in Draco one August night in 1864. ‘I looked into the
spectroscope. No spectrum such as I expected! A single bright line only!” To Huggins, there
could be no doubt about the significance of the observation: ‘The riddle of the nebulae was
resolved. The answer, which had come to us in light itself, read: Not an aggregation of stars,
but a luminous gas. . . . There remained no room for doubt that the nebulae, which our
telescopes reveal to us, are the early stages of long processions of cosmical events, which
correspond broadly to those required by the nebular hypothesis in one or other of its
forms.’”

The origin of the bright green line that Huggins had found (there were a few more lines)
was a subject of confusion and controversy, as neither Huggins nor other scientists were
able to reproduce the line in the laboratory. For a time he thought it was due to nitrogen, but
was forced to abandon the idea. In 1898 he proposed that the unknown nebular gas respons-
ible for the lines was ‘nebulium’, a hypothetical element that was taken fairly seriously for
more than a decade. The nebulium lines were only explained long after Huggins’s death. In
1927 the American physicist Ira Bowen used quantum theory to identify the lines as
transitions from metastable states of doubly ionized oxygen and nitrogen.”® Exit nebulium.

The riddle of the nebulaec was of crucial importance to another cosmic riddle, of
whether or not the nebulae were structures similar to the Milky Way or much smaller
objects within it. If all nebulae could be resolved into individual stars, this would amount
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to a proof of the former view, the island universe theory as proposed by Kant and others.
When Huggins in 1864 found bright line spectra in six planetary nebulae, he considered it
an argument against the nebular hypothesis and its associated island universe theory, and
his further work only confirmed him in this view. The spectroscopic observations of
Huggins and others of the gaseous nature of nebulae were a major reason why the island
universe view fell in to disfavour by the end of the century. In addition, in 1885 a blazing
nova (in fact a supernova) was observed near the centre of the Andromeda Nebula, and the
‘new star’ was so bright that it was comparable in luminosity to the entire nebula. If the
Andromeda Nebula consisted of a myriad of stars, how could a single one of its stars be so
bright?

On the other hand, some of the nebulae, including the Andromeda Nebula, showed
continuous spectra, which seemed to imply that island universes were at least a possibility.
Huggins did not find this a compelling argument, though. In 1889 he preferred to interpret
the spectrum of the Andromeda Nebula as coming from single stars physically connected
with the nebula rather than a collection of stars outside the Milky Way. He believed that ‘the
nebula, as a whole, may not be at a distance from us greater than that which we should
attribute to such stars, if they occurred alone in the heavens’.”’

Julius Scheiner, a German astronomer at the Potsdam Astrophysical Observatory near
Berlin, succeeded in 1899 in obtaining a spectogram of the Andromeda Nebula. From an
examination of the spectrum, he concluded that it was surprisingly similar to the solar
spectrum, which made him suggest that the spiral nebulae were huge star clusters compar-
able to the Milky Way system. ‘Since the previous suspicion that the spiral nebulae are star
clusters is now raised to a certainty,” he wrote, ‘the thought suggests itself of comparing
these systems with our stellar system, with especial reference to its great similarity to the
Andromeda nebula.’”® Scheiner’s observation obviously supported the island universe
theory, but it did not have the effect of significantly changing the balance between this
theory and that of the rival Milky Way universe. By about 1910, the theory of island
universes had regained some of its former strength, if more because of its grandeur and
aesthetic attractiveness than because of observational support. The whole question of
island universes remained unsolved until the mid 1920s, and we shall return to it in a later
section.

2.4 Thermodynamics and gravitation

Cosmology in the second half of the nineteenth century was not primarily, and certainly
not exclusively, an astronomical science. Astrophysical and astrochemical considerations
made their impact, and much of the interest in cosmology continued to have its origin in
philosophical and theological contexts rather than in contexts of a strictly scientific nature.
In contrast to the timidity with which most astronomers approached cosmological
problems, physicists, philosophers, and amateur cosmologists addressed fearlessly such
problems as the finiteness or infiniteness of the universe, whether in the spatial or the
temporal sense. They came up with many interesting speculations, but, perhaps unsurpris-
ingly, with little that could be justified by means of empirical tests. Two fundamental
laws of science were at the centre of these discussions, one being Newton’s old law of
gravitation and the other being the second law of thermodynamics, a product of the mid
nineteenth century. These laws concerned different aspects and phenomena, but they had in
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common that they were believed to be valid for any part of the universe, and perhaps even
the universe itself.

2.4.1 The heat death

The thermodynamical theory that emerged in the mid nineteenth century was claimed to be
universally valid, and for this reason it had important cosmological implications. The two
laws on which the theory was founded were supposed to work not only for steam engines
and test tube reactions but also for the solar system and perhaps even for the universe at
large. The first law stated that the net energy of a closed system remained the same; or, in
its cosmological version, that the energy of the universe might change in form but overall it
would remain constant. The second law implied a unidirectionality of all natural processes
in harmony with the evolutionary world view, and it had consequences for both extremes of
the cosmic timescale. If extrapolated to the far future, it indicated that the world would
come to an end; and if extrapolated to the far past, it might lead to the conclusion that the
world had not always existed but had a beginning in time. Neither of these predictions was
beyond criticism or could be tested, but this only made them more popular as subjects of
discussion.

The cosmic significance of heat phenomena was occasionally discussed before 1840,
notably by Jean-Baptiste-Joseph Fourier in his analytical theory of heat, which he applied
to the physics of the Earth and the Sun.” The problem of the Sun’ heat received a new
foundation after the principle of energy conservation (the first law of thermodynamics) was
enunciated in the 1840s by scientists such as Julius Robert Mayer, James Joule, and
Hermann von Helmholtz. Indeed, the law led Mayer to advance a ‘meteoric hypothesis’ as
early as 1848 and Helmholtz to suggest an alternative theory in 1854 based on the hypo-
thesis of the Sun’s gradual contraction. (Both ideas were independently proposed by the
Scottish engineer John James Waterston).%’ These were early applications of the law of
energy conservation to solar physics, but not to cosmology in the wider sense. It was the
second, not the first law of thermodynamics that principally was discussed in relation to the
universe at large.

The second law of thermodynamics was formulated only a few years after Helmholtz
had written in 1847 the definitive essay on the principle of energy conservation. In his
seminal paper of 1850, Rudolf Clausius stressed the natural tendency of heat to equalize
temperature, and four years later he reformulated his theory by basing it on a function that
in 1865 reappeared under the new name ‘entropy’. Armed with his entropy concept,
Clausius famously stated the second law of thermodynamics as ‘the entropy of the world
tends towards a maximum’ and similarly expressed the first law globally, as ‘the energy of
the world is constant’. Although Clausius’s formulations referred to the world or universe
(die Welt), in his later works he only rarely phrased the thermodynamical principles in such
global terms.

The cosmological connection was cultivated more fully in William Thomson’s altern-
ative route to the second law, the first result of which was ‘On the Dynamical Theory of
Heat’ of 1851. Thomson never used the concept of entropy, but preferred to speak of
dissipation of heat or energy, a concept that corresponds roughly to what Clausius con-
ceived as entropy change. In another paper, of 1852, Thomson summarized, ‘There is at
present in the material world a universal tendency to the dissipation of mechanical energy.’
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As a consequence, he stated that “Within a finite period of time past, the Earth must have
been, and within a finite period to come the Earth must again be, unfit for habitation of
man as at present constituted, unless operations have been, or are to be performed, which
are impossible under the laws to which the known operations going on at present in the
material world are subject.’®!

At the Liverpool meeting of the British Association in 1854, Thomson went a step
further. Inviting his audience to trace backwards in time the actions of the laws of physics,
he speculated that the source of mechanical energy in the universe might be sought in
‘some finite epoch [with] a state of matter derivable from no antecedent by natural laws’.
However, such an origin of matter and motion, mechanically unexplainable and different
from any known process, contradicted his sense of both causality and uniformitarianism.
‘Although we can conceive of such a state of matter,” he wrote, ‘yet we have no indications
whatever of natural instances of it, and in the present state of science we may look for
mechanical antecedents to every natural state of matter which we either know or can
conceive at any past epoch however remote.’®? Here we have the second law used not to
predict the far future but to speculate about a singular state in the distant past.

Thomson did not propose a universal ‘heat death’ in 1852 (although he did suggest a
terrestrial heat death), but two years later Helmholtz extended his ideas to the prediction
that in the course of time the universe would approach a state of equilibrium and, when this
state had been reached, it would be condemned to eternal rest. In the 1860s the heat death
scenario was expounded by several leading physicists and entered, either explicitly or
implicitly, the physical literature. Clausius, who coined the term ‘heat death’ (Wdirmetod),
formulated it in terms of entropy in the following way: ‘The more the universe approaches
this limiting condition in which the entropy is a maximum, the more do the occasions of
further change diminish; and supposing this condition to be at last completely attained, no
further change could evermore take place, and the universe would be in a state of unchan-
ging death.’®® Clausius further emphasized that the second law contradicted any idea of a
cyclic universe. Not only for Clausius, but also even more so for Thomson and his circle of
Christian scientists (which included Maxwell and Peter Guthrie Tait), was it an appealing
feature of the second law that it countered what they considered the materialistic and
un-Christian notion of a cyclical world.

The claim of the heat death did not go uncontested. Far from it. Many scientists, as well
as non-scientists, felt it unbearable that life in the universe (if not the universe itself)
should one day cease to exist, and they came up with various suggestions to avoid the
scenario, either by devising counter-entropic processes or by questioning the premises
upon which the heat death prediction rested. Remarkably, astronomers took very little part
in this discussion, possibly a reflection of their reluctance to deal with such a metaphysical
concept as ‘the universe’. It is striking that works on astronomy and astrophysics
rarely included references to the second law of thermodynamics and its cosmological
consequences.®*

As early as 1852, before the heat death hypothesis had been fully formulated, the
Scottish engineer and physicist William Rankine suggested that radiant heat might under
certain circumstances allow a reconcentration of energy (and hence physical activity) to go
on endlessly. He conjectured that radiant heat was conducted by a bounded interstellar
medium, and that outside this medium there was nothing but empty space. In that case,
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Fig. 2.9 The fate of the Earth and the universe was much discussed in the last part of the nineteenth century,
when it was realized that the cosmos and its constituent bodies, including life, might not last forever. The
theme is illustrated here in a plate from Camille Flammarion’s Astronomie populaire of 1880.
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when the radiant heat reached the boundary it would be reflected and eventually reconcentrate
in one or more focal points. If one further imagines one of the extinct celestial bodies to
pass such a focal point, ‘it will be vaporised and resolved into its elements’, and part of the
heat radiation would be converted into chemical energy and wake the body alive. It was
thus conceivable that ‘the world, as now created, may possibly be provided within itself
with the means of reconcentrating its physical energies, and renewing its activity and life’.
Dissipative and constructive processes might eternally go on together, ‘and some of the
luminous objects which we see in distant regions of space may be, not stars, but foci in the
interstellar ether’.®® Clausius would have nothing to do with Rankine’s brilliant but
contrived speculation, and answered it in 1864 in a long paper in which he made use of
Kirchhoff’s recent work on black-body radiation. Clausius unambiguously concluded that
radiant heat was no exception to the second law and consequently it could provide no
escape from the heat death.

Less discussed than the heat death, but of no less cosmological importance, the second
law of thermodynamics was also taken to indicate that the universe had a finite age. The
‘entropic argument’ is simple, if not necessarily convincing: according to Clausius’s law,
the entropy of the world increases continually towards an equilibrium state, but our present
world is obviously far from this state and so cannot be of infinite age. To some comment-
ators in the Victorian era this implied that the world was created supernaturally, which
explains why the argument attracted much attention among theologians and Christian
scientists (and, for different reasons, among atheist scientists). The entropic argument was
enunciated in the late 1860s, in public first by the Wiirzburg physiologist and physicist
Adolph Fick, who in a lecture series of 1869 presented it as the following dilemma:

Either we have overlooked some important points in our highest, most general and most fundamental
abstractions of science, or—if these abstractions are strictly and generally valid—the world cannot have
existed for an eternity but must have come into existence at a time not infinitely far from today in an event
which cannot be understood as part of the chain of natural courses; that is, a creative act must have taken
place.®

In Great Britain, this line of reasoning was taken up independently by Maxwell and Tait,
among others. In an address to the British Association in 1871, Tait concluded that ‘the
present order of things has not been evolved through infinite past time by the agency of
laws now at work, but must have had a distinctive beginning, a state beyond which we are
totally unable to penetrate, a state, in fact, which must have been produced by other than the
now acting causes’.®” Tait’s other agency was of course God. For the next fifty years or so
the entropic argument for a universe of finite age was much discussed, if more by
theologians, philosophers, and social critics than by scientists trained in physics and
astronomy. | am not aware of any astronomer of repute who referred to the argument.

If entropy was a problematic concept to use in arguing for a finite-age universe, after
about 1900 there was the possibility of replacing it with another cosmic clock, the newly
discovered radioactivity. In a popular lecture of 1911 the Austrian physicist Arthur Haas
suggested that the laws of physics indicated a finite, unbounded universe, such as allowed
by Riemannian geometry. In that case he could avoid Olbers’ paradox and also the gravita-
tional paradox without modifying Newton’s law of gravitation. As to the timescale, he
pointed out that radioactive elements such as uranium and thorium were still present in the
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Earth’s crust, in spite of their lifetimes being finite (if very long). How could there still be
radioactive elements if the world had existed for an eternity? Haas’s suggestion of linking
radioactivity and cosmology in this way may not have been the first of its kind, but it was
one of the first examples of an argument that would attract attention in the context of later
and more scientifically based ideas of a finite-age universe.

2.4.2  The universe—finite or infinite?

Apart from denying the validity of the second law altogether (which no physical scientist
dared to propose), two arguments were mounted against the heat death: there might be
processes in the universe that reduced the entropy, and the second law might not be applic-
able to an infinitely large universe. Although no proof was offered, it was widely believed
that the second law of thermodynamics could be meaningfully applied to the universe, if it
could be applied at all, only if the universe contained a finite amount of matter. For this
reason the cosmo-energetic discussion involved some of the classical questions of cosmo-
logy, namely whether the universe was finite or infinite in space, matter, and time. In this
discussion, however scientifically it was framed, matters of ideology and faith played an
important role.

In spite of being one of the chief architects of the second law of thermodynamics,
William Thomson did not accept the universal heat death as physically real. His argument
was that matter was distributed throughout endless space, and in this case the law of energy
dissipation did not hold. How did Thomson know that space was infinite? He did not, of
course, his only argument being that it was impossible to conceive a limit to space. In a
popular lecture of 1884 he said, ‘finitude is incomprehensible, the infinite in the universe is
comprehensible’. His illustration of the claim was less than convincing: ‘“What would you
think of a universe in which you could travel one, ten or a thousand miles, or even to
California, and then find it come to an end? Can you suppose an end of matter or an end of
space?’®® Thomson could not. The Swedish astronomer Carl Charlier, a professor at the
University of Lund, favoured the opposite combination of views. In a paper of 1896 he
argued that the universe was spatially finite, but temporally infinite: ‘A finite time is a con-
tradiction, . . . An infinite time may be difficult to conceive, but it is not contradictory.’®
This kind of subjective argument—based on what individual scientists could comprehend
or not comprehend—coloured much of the debate.

The Viennese physicist and philosopher of science Ernst Mach attacked the heat death and
its corollary, the entropic creation argument, from the perspective of positivist methodology,
arguing that the concepts were scientifically meaningless. In a lecture published in 1872, he
stated that it was illusory to apply thermodynamics to the universe because no meaningful
statements could be attached to the universe in its entirety. Scientific statements about the
universe ‘appear to me worse than the worst philosophical theorems’ was the verdict of the
physicist-philosopher.”® Expressions such as Clausius’s ‘the energy of the world’ and ‘the
entropy of the world” made no scientific sense because they did not cover measurable
quantities. Mach’s critique was shared by other scientists and philosophers of a positivist
orientation, such as John Stallo in the United States and Georg Helm in Germany.
From their point of view, there could be no physics of the universe, only a metaphysics, a
view which made physical cosmology impossible. The French physicist, historian, and
philosopher Pierre Duhem, who was influenced by Machian positivism, similarly denied
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the validity of the heat death, if by somewhat different arguments. He understood the
entropy law as a statement that the entropy of the world increased endlessly, not that it had
any lower or upper limit. If so, there was no need to accept the heat death or any other
cosmological inference from thermodynamics.

Orest Chwolson, a respected Russian physicist who served as a professor at the University
of St Petersburg, took up the question in papers of 1908 and 1910. Distinguishing
between the observable ‘world’ and the much larger ‘universe’, he concluded (like
Thomson) that a finite, bounded universe was an impossibility; but (contrary to Thomson)
he was not therefore led to infinitism, for an infinite universe was nothing but ‘a meaning-
less combination of empty words’. He also denied that the laws of physics, including the
entropy law, were valid throughout the entire universe or could have any meaning in an
infinite universe. Chwolson vehemently insisted that the domain of science was strictly the
world, or what were parts of the world: ‘Physics has nothing to do with the universe; it is
not an object of scientific research as it is not accessible to any observation. . . . When the
physicist speaks of the “world”, he means his limited world. . . . To identify this world with
the universe is a proof of either thoughtlessness or madness, and in any case lack of scientific
understanding.®'

Whereas Mach and his allies attacked the heat death on methodological grounds, the
Swedish Nobel Prize-winning chemist and physicist Svante Arrhenius recognized the force
of the second law even on a cosmological scale. Yet he was convinced that the universe was
infinite and self-perpetuating, in a steady state of eternal evolution. As he wrote in his
best-selling Worlds in the Making, ‘My guiding principle . . . has been the conviction that
the Universe in its essence has always been what it is now. Matter, energy, and life have only
varied as to shape and position in space.’®? In a paper of 1909 Arrhenius argued that the uni-
verse at large was not only spatially infinite but also uniformly populated with stars and neb-
ulae, a claim he justified by analogy to the observed part of the universe (or ‘world’ in
Chwolson’s terminology).”® He strongly believed that both the heat death and the creation
scenario must be wrong—*absolutely inconceivable’, he stated—and therefore was led to
look for entropy-increasing processes, such as Rankine had done more than half a century
earlier. In works between 1903 and 1913 he developed a theory based on radiation pressure
that would compensate entropy increase and allow continual cosmic development. However,
Arrhenius’s suggestion did not win approval, and after Henri Poincaré had shown that it was
unable to counter the second law of thermodynamics, little more was heard of it.”*

The American mathematician, physicist, and philosopher Charles Sanders Peirce seems
not to have believed in a global heat death, and neither did he believe in immutable laws of
nature. He thought that the universe had evolved from a chaotic primordial state,
completely characterized by chance and spontaneity, to later states increasingly governed
by law-bound regularities. Peirce did speak of an end of the universe, but it was a state of
maximum complexity and thus very different from Clausius’ heat death.®

As a final example of a late-nineteenth-century physicist who was led to cosmological
questions from thermodynamics, consider Ludwig Boltzmann, the eminent Austrian
theorist who founded thermodynamics on the basis of statistical mechanics. Whereas the
laws of mechanics are symmetric in time, the principle of entropy increase expresses an
irreversible feature in nature, leading to an apparent contradiction, which was much
discussed in the 1890s. Boltzmann realized that there was a theoretical possibility that the
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second law of thermodynamics could be reversed (at some time and in some region in the
universe), and in 1895 he developed a remarkable scenario of anti-entropic pockets in a
universe which as a whole was in thermal equilibrium. Because of the probabilistic nature
of entropy, there was a non-zero probability that our world would be in its present,
low-entropy state even though the universe at large was in thermal equilibrium:

But can we imagine, on the other side, how small a part of the whole universe this world is? Assuming the
universe great enough, the probability that such a small part of it as our present world be in its present state,
is no longer small. If this assumption were correct, our world would return more and more to thermal
equilibrium; but because the whole universe is so great, it might be probable that at some future time some
other world might deviate as far from thermal equilibrium as our world does at present.”®

Boltzmann continued for some time to think over his scenario of entropy fluctuations in an
otherwise high-entropy universe. In the second volume of his classical textbook on gas
theory, Vorlesungen tiber Gastheorie of 1898, he included a chapter in which he repeated
and amplified his ideas of many worlds, entropy fluctuations, and time reversal. He fully
realized that these cosmological considerations were highly speculative, but found them
consistent, and valuable enough to include them in his book. Astronomers ignored them,
but many years later this kind of many-worlds or ‘multiverse’ thinking would occupy a
central position in theoretical cosmology.

Not all late-nineteenth-century cosmological speculations were related to issues of
thermodynamics. The British physicist Arthur Schuster suggested in 1898 that there might
exist a hitherto unknown form of matter—he called it ‘anti-matter’—with the property
that it would be repelled gravitationally by ordinary matter. ‘Worlds may have formed of
this stuff, with elements and compounds possessing identical properties with our own,
undistinguishable in fact from them until they are brought into each other’s vicinity.” The
fact that no such anti-matter had been detected did not count as a compelling argument
against the hypothesis, ‘for had it ever existed on our Earth, it would long have been
repelled by it and expelled from it’. Schuster speculated that atoms and anti-atoms might
enter into chemical combinations, with the short-range attractive forces dominating over
the gravitational repulsion. ‘Large tracts of space might thus be filled unknown to us with
a substance in which gravity is practically non-existent, until by some accidental
cause . . . unstable equilibrium is established, the matter collecting on one side, the
anti-matter on the other until two worlds are formed separating from each other, never to
unite again.” As Schuster was well aware, this was nothing but a speculation, ‘a holiday
dream’, and he did not pursue it.*’

The discovery of X-rays and radioactivity in the 1890s stimulated speculations that all
matter might be unstable, in the process of transforming into the imponderable ether from
where it had once originated. According to the French psychologist and amateur physicist
Gustave LeBon, matter and energy represented two different stages in a cosmic evolutionary
process, the end result of which would be a pure ethereal state. His was a vision of a cosmic
death, but not the heat death justified by thermodynamics. In The Evolution of Matter, a hit
that sold 44 000 copies, LeBon summarized his cosmic scenario, which started with ‘a
shapeless cloud of ether’. Through ‘forces unknown to us’, this primordial ether was
organized in to the form of energy-rich atoms. However, these would be unstable and
radioactive, and slowly release their energy: ‘Once they have radiated away all their store of
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energy in the form of luminous, calorific, or other vibrations, they return...to the
primitive ether whence they came. This last, therefore, represents the final nirvana to which
all things return after a more or less ephemeral existence.””® Here we have another early
case of physical eschatology.

Speculations along such lines attracted considerable attention from physicists, many of
whom found LeBon’s scenario fascinating, even reasonable. For example, the respected
British physicist Oliver Lodge held views not widely different from LeBon’s. Another
Englishman, the chemist Frederick Soddy (a Nobel laureate of 1921), likewise thought that
radioactivity was of cosmological importance, but he favoured a cyclical scenario, namely
that ‘matter is breaking down and its energy being evolved and degraded in one part of a
cycle of evolution, and in another part still unknown to us, the matter is being built up with
the utilisation of waste energy’. Thus, ‘in spite of the incessant changes, an equilibrium

condition would result, and continue indefinitely’.”

2.4.3 Gravitational paradoxes

In his correspondence with Bentley, Newton argued in qualitative terms that an infinite,
uniform stellar universe was possible. Although the two infinite gravitational forces that
acted on a particular mass did not cancel (as Bentley believed), he asserted that the mass
would nonetheless be in a state of equilibrium. Curiously, it took almost precisely two
hundred years until Newton’s argument was subjected to rigorous examination.

In 1895 the German astronomer Hugo von Seeliger, a professor in Munich and secretary
of the German Astronomical Society (and from 1896 its president), proved that an infinite
Euclidean universe with a roughly uniform mass distribution could not be brought into
agreement with Newton’s law of gravitation. He showed that calculation of the gravita-
tional force exerted on a body by integration over all the masses in the infinite universe
does not lead to a unique result, as the integral diverges. Hence the conclusion, ‘Newton’s
law, applied to the immeasurably extended universe, leads to insuperable difficulties and
irresolvable contradictions if one regards the matter distributed through the universe as
infinitely great.’!® Seeliger’s concern was not really to save Newton’ infinite stellar
system, for he rejected the notion of an actual infinity and tended to believe that the
universe was finite.

The following year Seeliger framed the gravitation paradox differently, by showing that
the Newtonian universe allowed motions that start with finite speed and accelerate to
infinitely great speeds in a finite time. As he pointed out, such motions are no less inadmissible
than a collapsing universe. In a popular presentation, he summarized that whatever the
mass distribution in the universe, there must occur infinitely great accelerations in it. From
this followed ‘motions which, starting from finite velocities, would lead within a finite
time, to infinite velocities’. The conclusion ‘contains within itself either an absurdity, or a
direct contravention of the theory of mechanics’.!”' Seeliger therefore suggested that
Newton’s law should be modified at very large distances. A body moving in a gravitational
field of a central mass M will, according to Newton, experience a gravitational potential
&(r) = —GM/r. Seeliger therefore suggested that Newton’s law should be modified at very
large distances. A body of mass m moving in the gravitational field of a central mass M
will, according to Newton, experience a gravitational pull given by GmM/r?. Seeliger sug-
gested that for very large distances, the body would move as if there was a repulsive force
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in addition to the attractive gravitational force. The suggestion amounted to introducing an
attenuation factor of the form exp(— Ar), which leads to the new law of force

Seeliger contemplated that the constant A might be important in planetary astronomy
but did not seriously pursue the idea. The modified force law was essentially ad hoc and
also arbitrary, since many other modifications might resolve the gravitation paradox in a
similar way. The idea of modifying Newton’s inverse-square law was not, by itself, very
original, as many such modifications were proposed in the nineteenth century. The expo-
nential correction factor can be found in 1825 in Laplace’s Mécanique céleste, which can
hardly have avoided Seeliger’s attention. However, what was original in Seeliger’s approach
was that he used it in a cosmological context and not, as in most other proposals, to
solve problems of planetary astronomy (such as Mercury’s anomalous revolution around
the Sun).

William Thomson, apparently unaware of Seeliger’s work, arrived at essentially the same
results in two papers published 1901-02. In the first paper he proved that in an infinite
universe with a non-zero density of matter, ‘a majority of the bodies in the universe would
each experience infinitely great gravitational force’. Considering a homogeneous model
universe of radius 3 X 10'® km, he concluded that the number of stars, assumed to be of
solar mass on average, must be neither too great nor too small. He found it ‘highly prob-
able’ that there were fewer than two billion stars within the sphere, and more than one
hundred million. Thomson also calculated the time it took for the stellar system to collapse
to zero radius. This collapse time turned out to be independent of the initial size of the
universe and to depend only on its density p:

1 /3@
tcollapse = n TGPU.

For a universe containing one billion stars, the collapse time would be 17 million years, a
figure of the same order of magnitude as that which Thomson had found for the age of the
Earth from thermodynamical reasoning (his favourite age at the time was 20 million years).
Contrary to Seeliger, Thomson did not present his investigation clearly as a problem for the
infinite Newtonian universe, and he did not propose a way out of the problem.

There were other ways to escape gravitational collapse than modifying Newton’s law of
gravitation. One could leave the law intact and change some of the cosmological assump-
tions of the Newtonian universe, such as the homogeneous distribution of matter. This is
what Richard Proctor did in his widely read Other Worlds than Ours of 1870, although he
developed his model in the context of Olbers’ optical paradox and not the gravitational para-
dox. Proctor conceived of a hierarchic model universe in which the higher star systems were
separated by increasingly larger distances from the lower ones; in that case, the contributions
of light from stars lying in successive shells would not be equal, but successively less, and
the total amount of light received from the infinite number of stars could be quite small.'%?

In 1908, Carl Charlier developed in mathematical detail a hierarchic model in a paper
titled ‘Wie eine unendliche Welt aufgebaut kann’ (i.e., ‘how an infinite world can be
constructed’).! This was not the first time he expressed an interest in the grander aspects of
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cosmology. Unusually for professional astronomers at the time, Charlier transcended the
divide between scientific astronomy and philosophical reflections on the more speculative
aspects of cosmology. In 1896 he argued that Olbers’ and Seeliger’s paradoxes indicated that
the universe must be finite, a solution he preferred to Seeliger’s modification of Newton’s
law of gravitation. However, he also pointed out that the paradoxes rested on the assumption
of uniformly distributed stars, an assumption that might be questioned. If the distribution of
stars followed a law such that ‘the density of the stars decreases faster, as we move out in
space’, the paradoxes did not need to arise.'® As mentioned, this idea, as far as it is related to
Olbers’ paradox, goes back to John Herschel in 1848 and was revived by Proctor in 1870.

Charlier’s early advocacy of a finite universe was contradicted by his later work, where
he concluded that the infinity of the world could be defended after all, at least in the sense
that the gravitation paradox could be avoided. His idea was a fractal, hierarchic universe
built up in a particular way from spherically arranged nebulae and clusters of nebulae. Let
the Milky Way S, be composed of N, stars and let N, Milky Way galaxies form a second-
order galaxy S,; N; galaxies of type S, form a third-order system S;, and so forth. The
system S, has a radius R;. Charlier showed that if the mean density of matter decreased in
such a way that the inequality R,, /R, = N,,, was satisfied, Seeliger’s gravitation paradox
would disappear and there would be no infinite velocities.His ideas received support from
Franz Selety, a Viennese physicist, who in 1922 developed them as a Newtonian alternative
to the relativistic cosmology that Einstein had introduced five years earlier. Selety
criticized Einstein’s theory and argued that if matter became diluted in a suitable way with
distance (faster than 1/7%), Newtonian theory allowed an infinite universe completely filled
with matter. A brief debate followed between Einstein and Selety in the pages of Annalen
der Physik, but after his first reply in 1922 Einstein chose not to respond to Selety’s papers.

One year after Charlier’s paper had appeared, another Swedish scientist, Arrhenius,
examined the gravitation paradox in a work which has been referred to above. As
mentioned, Arrhenius was an ardent advocate of a homogeneous and infinite universe, and
consequently he felt it necessary to criticize Charlier’s hierarchic model. One might have
thought that he would be sympathetic to Seeliger’s solution, but this was not the case; he
could see no problem with the Newtonian universe and therefore found Seeliger’s work to
be irrelevant. (As Seeliger was quick to point out, Arrhenius had partly misunderstood his
work.) ‘There really is no weighty reason why the world would not be sown uniformly with
stars’, Arrhenius concluded.'® Arrhenius’s denial that there was a problem at all hardly
convinced anyone except himself.

2.5 The Via Lacta

At the end of the nineteenth century it was generally recognized that if an observationally
based cosmology was ever to be established, a first step would be to understand the size and
structure of the Milky Way. Space was usually thought to be infinite, but there was no
consensus at all about the distribution of stars and nebulae in the universe—many
astronomers hesitated to admit it as a problem that could be solved scientifically. In a book
of 1878, Proctor gave voice to the dilemma by writing that the ‘only question for us is
between an infinity of occupied space and an infinity of vacant space surrounding a finite
[material] universe’.!% Some years later, the astronomer and astronomy writer Agnes
Clerke raised what by then had become a crucial question, whether the nebulae were
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located inside or outside the Milky Way; or, to put it differently, whether everything visible
belonged to our galaxy. She confidently asserted:

No competent thinker, with the whole of the available evidence before him, can now, it is safe to say, main-
tain any single nebula to be a star system of coordinate rank with the Milky Way. A practical certainty has
been attained that the entire contents, stellar and nebular, of the sphere belong to one mighty aggregation,
and stand in ordered mutual relations within the limits of one all-embracing scheme—all-embracing, that is
to say, so far as our capacities of knowledge extend. With the infinite possibilities beyond, science has no
concern.'"’

Not all astronomers would agree, but there is little doubt that the majority shared the
view that the Milky Way was approximately identical to the material universe. In an essay
of 1906 on unsolved problems in astronomy, the leading American astronomer Simon
Newcomb addressed the same question, of whether the universe was populated with stars
all over, or whether they were largely contained in the system of the Milky Way. This ques-
tion, he wrote, ‘must always remain unanswered by us mortals . . . Far outside of what we
call the universe might still exist other universes which we can never see.” For all practical
purposes, the Milky Way ‘seems to form the base of which the universe is built and to bind
all the stars into a system’.'% In the spirit of positivism, Newcomb asserted that theories
and hypotheses were put forward to explain facts, and hence no theory would be required
where there were no facts to be explained: ‘As there are no observed facts as to what exists
beyond the farthest stars, the mind of the astronomer is a complete blank on the subject.
Popular imagination can fill up the blank as it pleases.”!?

2.5.1 The Milky Way universe

The first spiral nebula had been discovered by Rosse in 1845, and with the many
observations of spiral-shaped nebulae that followed during the subsequent decades it
became natural to ask whether the Milky Way itself might not be a spiral. The first such
suggestion was made as early as 1852 by an American astronomer, Stephen Alexander, but
it took nearly half a century until the idea became widely known.

Cornelis Easton was a Dutch journalist, science writer, and respected amateur
astronomer who around the turn of the century published several works on stellar astro-
nomy. Having initially thought of the Milky Way as an annular structure, in a review article
in the Astrophysical Journal of 1900 he proposed a new theory, in which he compared the
Milky Way with some of the spiral nebulae. He placed the solar system containing the
Earth in the centre of the system, and argued that the convolutions of the ‘galactic spiral’
were situated in two planes forming an angle of about 20°. Easton stated that his drawing of
the Milky Way ‘indicates in a general way how the stellar accumulations of the Milky Way
might be distributed so as to produce the galactic phenomenon, in its general structure and
its principal details, as we observe it’.!! In a later article, published in 1913, he revised his
picture by placing the Sun halfway between the centre and the edge of the spiral system.
Easton’s modern-looking picture and conclusion that the Milky Way was shaped like a
spiral nebula did not mean that he advocated the island universe theory. On the contrary, he
described the other spirals as nothing but ‘small eddies in the convolutions of the great one’
and thought it safe to assume that ‘the great majority of the small spiral nebulae, if not all,

form part of our galactic system’.!!!
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Fig.2.10 Cornelis Easton’s representation of 1900 of the Milky Way as a spiral nebula. In 1913 he suggested a
similar, but more elaborate model. From Easton 1900.

Cosmology around 1900 was a field that appealed as much to amateurs as to profes-
sional astronomers, or even more so. Alfred Russell Wallace is best known as Darwin’s
rival, a brilliant naturalist and pioneer evolutionist, but he also had an interest in astronomy,
in part because he found the science relevant to his spiritual convictions. In 1903, at the age
of 80, he published Man s Place in the Universe, in which he presented his view of a stellar
universe centred on the solar system. Drawing on authorities such as Newcomb, J. C.
Kapteyn, and John Herschel, he concluded that the Sun was centrally located in a globular
cluster of stars situated in the centre of a finite, bounded universe, the Milky Way. He took
Olbers’ paradox to be an ‘altogether conclusive’ proof that the stellar universe was of lim-
ited extent, and estimated its diameter to be a mere 3600 light years. Wallace’s universe was
Sun-centred and unusually small, but apart from this it did not differ greatly from the view
held by many astronomers.

Professional astronomers trained in observational techniques and mathematical methods
were not impressed by Easton’s visualizable model of the universe and preferred to ignore
Wallace’s. Seeliger and his contemporary, the leading Dutch astronomer Jacobus C.
Kapteyn of the University of Groningen, attempted to obtain a scientifically founded
picture of the Milky Way by a laborious analysis of the proper motions and apparent magni-
tudes of the stars. Although they worked independently and used different methods—
Seeliger’s approach was mathematical and analytical, Kapteyn’s empirical and
numerical—their conclusions had much in common, and for our purpose we need not make
a sharp separation between their theories.'!? Seeliger started his research programme in
‘statistical cosmology’ in 1898, based on advanced mathematical analysis of star counts
and stellar magnitudes. For a long time the lack of good data prevented conclusive results,
but in 1920 he finally published ‘Untersuchungen iiber das Sternsystem’ (‘investigations of
the star system’), which contained the mature form of his cosmology. The stellar system he
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arrived at was ellipsoidal, extending about 33 000 light years in the Milky Way plane and
3900 light years toward the galactic poles. Seeliger’s work benefitted from mathematical
improvements by Karl Schwarzschild, a former student of his. Schwarzschild’s work on
stellar statistics around 1910 resulted in a picture of the Milky Way as a flattened, Sun-
centred disc with dimensions in rough agreement with Seeliger’s later conclusion.

Kapteyn’s favoured method was based on his discovery of ‘star streaming’, which he
announced in 1904. By examining the proper motions of a large number of stars, he found
that they did not move randomly but tended to drift in two streams that pass through each
other as they move in opposite directions in the Milky Way plane.'!* The extensive and
data-demanding work of the Dutch astronomer bore fruit in 1920 when Kapteyn published
a paper together with his former student Pieter van Rhijn. The stellar data led to a density
distribution and a corresponding model for the stellar system, the so-called ‘Kapteyn
universe’, a term coined by James Jeans in 1922. Kapteyn’s universe was, like Seeliger’s, an
ellipsoidal, Sun-centred stellar system in which the star density diminished with increasing
distance from the centre. In the galactic plane it covered a distance of 59 000 light years and
towards the galactic poles about 7800 light years; at a distance of 26 000 light years from
the centre the density was one-hundredth of the value in the solar region, or about four stars
in a volume of ten cubic light years.

In 1922, shortly before his death, Kapteyn revised his model in another paper in the
Astrophysical Journal '** Whereas he had previously assumed that the Sun was at the
centre of the system, he now stressed that this was ‘infinitely improbable’ and found a way
to estimate the true position of the Sun. Kapteyn now concluded that the Sun lay in the
galactic plane, but was probably located some 2100 light years from its centre. This was
still suspiciously near the centre, which many astronomers considered to be a problematic,
un-Copernican feature of the model. In his 1922 paper, Kapteyn estimated the mass density
of the Milky Way, on the basis of the number of luminous stars, to be about 102* g/cm?. He
was aware that dark matter might increase the real density, but concluded that ‘this mass
[from dark matter] cannot be excessive’. Seeliger and Kapteyn both assumed that starlight
was not absorbed by interstellar matter. Although Kapteyn realized that there might be a
slight absorption, in the absence of conclusive results he chose to ignore the possible effect.
As it would turn out later, light is in fact attenuated on its journey from the stars, which was
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Fig. 2.11 The final version of Kapteyn’s universe, from the Astrophysical Journal of 1922. The Sun is placed
about 1800 parsecs to the right of the galactic centre. The lines refer to surfaces in the ellipsoid with constant

matter density.
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a major reason why the stellar universe of the statistical cosmologists had a size of only a
few tens of thousands of light years.

2.5.2  Discoveries in stellar and galactic astronomy

There are essentially two kinds of interstellar absorption caused by diffuse matter. General
absorption relates to the overall reduction in intensity of the received light, whereas selective
absorption is a reddening effect. The question of whether or not there existed light-absorbing
matter in interstellar space, and how much it affected the apparent magnitude of a star, was
important to nineteenth-century astronomers discussing Olbers’ paradox, as mentioned on
p- 84. It was also highly relevant to the models of the Milky Way developed in the first
decades of the twentieth century, which was the main reason why Kapteyn took such a
strong interest in the absorption problem. However, observations were confusing, and
Kapteyn and most other astronomers wavered in their attitude; around 1910 many were
ready to accept the evidence for absorption, yet few wanted to commit themselves.'!?

It was only in 1917, when Harlow Shapley published his results of studies of globular
clusters, that the situation changed. After studies at the University of Missouri, Shapley had
gained his PhD in Princeton in 1913 and the following year he went to the Mount Wilson
Observatory, where he established his reputation as one of the period’s most brilliant
astronomers. In his work from 1917 Shapley found that globular clusters were distributed
asymmetrically and he concluded that there was no selective absorption. His arguments
were accepted by most astronomers, including Kapteyn. However, there still was room for
dissent, and not all agreed with Shapley’s interpretation. For example, the young Jan Oort
at Leiden Observatory concluded from his studies of the Milky Way’s rotation that the Sun
must be located much farther from the galactic centre than was implied by Kapteyn’s
model. In an important paper of 1927 he suggested that the discrepancy between his and
Kapteyn’s results could best be explained by interstellar absorption. By that time many
astronomers had begun to reconsider the reality of absorption, and a few years later the
increasing evidence for the phenomenon was turned into a definite proof of interstellar
obscuring matter.

The proof was due to the Swiss-born Robert Trumpler at Lick Observatory, whose
comprehensive study of open clusters was published in 1930. Trumpler argued convinc-
ingly that his data could be explained only if it was assumed that there was general as
well as selective absorption in stellar space. For the interstellar absorption effect, he found
that it amounted to an average change in apparent magnitude of 0.67 per kiloparsec
(1 parsec = 3.26 light years). With the confirmation of a significant absorption in
space, Kapteyn’s theory of the stellar universe was further undermined. However, Trumpler
failed to recognize this implication and erroneously believed that his work showed the
Milky Way to be spiral-shaped and with the Sun at its centre. He wrote about his work that
it was ‘in good agreement with the results of the statistical investigations of Seeliger,
Kapteyn and others who describe the stellar system as a flattened lens shaped system
10,000-15,000 parsecs in diameter and 3,000—4,000 parsecs in thickness, with the stars
concentrated toward the center and thinning out toward the edge’.!'® Although he mentioned
Oort’s results, he did not try to reconcile his own data with those obtained by Oort.

In order to obtain a reliable picture of the Milky Way, and of the relationship between it,
the globular clusters, and the spiral nebulae, it was all-important to have a method of
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measuring distances over very long stretches of space (where the parallax method was of
no help). Such a method was developed in the second decade of the twentieth century, and
was based on a kind of variable stars known as cepheids. The prototype of the cepheid vari-
ables is the star Delta Cephei, whose regular light variation was discovered in 1784 by the
English amateur astronomer John Goodricke.

That cepheids can serve as cosmic yardsticks was shown in 1908, when Henrietta
Swan Leavitt of Harvard College Observatory examined 16 of the stars she had identified
in the Small Magellanic Clouds. She noticed that the brighter the cepheid, the longer its
period, but it was only four years later that she followed up on the matter and showed
that it implied a new distance indicator.'!” In her paper of 1912, now based on 25 cepheids,
she demonstrated that the cepheids’ periods P were related logarithmically to their
maximum (or minimum) brightness by log P + 0.48m = constant, where m denotes the
maximum (or minimum) apparent magnitude. The Small Magellanic Clouds are so far
away that all the stars in them have nearly the same distance from the Earth, and Leavitt
therefore concluded that the relation was also valid for absolute magnitudes. In terms of
average magnitudes,

(M) =a + blogP,

where a and b are constants to be determined from observations. From the standard rela-
tionship M = m — 5 log r, it follows that if the absolute magnitude can be determined, so
can the distance ». On the assumption that the period—magnitude relationship held for all
cepheids, Leavitt’s finding thus implied that astronomers would be able to determine the
relative distances of objects containing cepheid variables. In order to find absolute dis-
tances, which would be of much greater interest, the constants a and b would have to be
fixed, but unfortunately Leavitt did not know the distance to the Small Magellanic Clouds.
The first to attempt a calibration was the Danish astronomer Ejnar Hertzsprung, but his
1913 determination of the distance to the Small Magellanic Clouds was imprecise (he got
10 000 parsecs, as compared with the modern value of 60 000 parsecs).

Where Leavitt and Hertzsprung had shown the way, Shapley succeeded in turning the
period—luminosity relation into an operational method for determining galactic distances.
His interest in cepheids as distance indicators was related to his successful attempt to
understand the cause of their light variation. Cepheids had traditionally been believed to
be eclipsing binaries, but according to Shapley’s theory of 1914 they were individual
stars pulsating in size and brightness. Inspired by Hertzsprung’s paper, Shapley proceeded
to improve the method, and in an important paper of 1918 he argued that the absolute
magnitude for a certain cepheid with P = 5.96 days was —2.35. Shapley reported that the
formula

(M) = —0.60 — 2.10 log P

reproduced the logarithmic relationship discovered by Leavitt.!'® His conclusion of 1918
was criticized for being too confident and resting on questionable assumptions (such as
ignoring interstellar absorption), and the calibration constants were subsequently changed.
However, the important thing was that Shapley had provided the astronomers with a prac-
tical way of using cepheids as standard candles. After 1918, if a cepheid variable could be
unambiguously identified in some faraway object, the distance to that object could be
determined. This was a major step ahead in observational cosmology.
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Fig.2.12 Shapley’s 1918 graph of luminosity versus period of variation for cepheids. The various symbols
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designate variables from seven different systems. From Shapley 1918, p. 104.

The discovery of nebular redshifts, of unprecedented importance to modern cosmology,
belongs to Vesto Melvin Slipher, a graduate from the University of Indiana who spent
his entire research career (1901-52) at the Lowell Observatory in Flagstaff, Arizona. A
self-taught specialist in stellar spectroscopy, Slipher was looking for evidence of rotation of
spiral nebulae when he found in 1912 that the spectral lines of the Andromeda Nebula were
shifted towards the blue end of the spectrum. If interpreted as a Doppler effect, this implied
that the spiral nebula approached the Sun with the exceptionally high velocity of 300 km/s.
Two years later Slipher could announce to a meeting of the American Astronomical Society
that he had obtained spectral shifts for 13 more spirals and that most of them were redshifts
rather than blueshifts. In a review article of 1917, ‘A Spectrographic Investigation of Spiral
Nebulae’, he reported results for 25 spirals with radial velocities between 300 km/s and
1100 km/s. Of these, only four were approaching the Sun, indicating that recession was the
rule to be found among the spiral nebulae. In 1921 he reported a recessional velocity of
1800 km/s, indicating the fastest-moving celestial body known at the time.

Slipher was not only the discoverer of spiral redshifts, he was also practically alone in
cultivating the new area of research. He continued his research programme until 1925, by
which time he had collected data for 45 nebulae, of which 41 were redshifts and all but five
were measured by himself. What did the redshifts imply? Initially, Slipher tended to believe
that the data indicated that the Milky Way moved relative to the spirals with a velocity of
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about 700 km/s, and in 1917 he was still not convinced that recession was the normal pat-
tern. He cautiously suggested that when more nebular spectra were obtained, more spirals
would be found to have approaching motions. Other astronomers were more impressed by
the large velocities and the preponderance of redshifts, and they suggested that the spirals
could not be part of the Milky Way. As Hertzsprung wrote to Slipher in March 1914, ‘It
seems to me, that with this discovery the great question, if the spirals belong to the system
of the Milky Way or not, is answered with great certainty to the end, that they do not.’'!
Hertzsprung was right, yet his suggestion was premature. Slipher came to agree that his
findings probably indicated that the spirals were extragalactic, but his main concern was
with measurements, not interpretation. Referring to the island universe theory, he wrote in
his 1917 paper, ‘This theory, it seems to me, gains favor in the present observations.”!2

The discovery of large radial velocities among spiral nebulae was generally seen as
support of the island universe theory. However, in the absence of knowledge of the
distances to the spirals, the phenomenon was of evidential nature only and the matter was
far from settled. More was soon to come.

2.5.3 Shapleys universe and the ‘Great Debate’

“This is a peculiar universe.” So wrote Shapley to his mentor, the eminent Princeton
astrophysicist Henry Norriss Russell, in a letter of 31 October 1917, referring to a new
model of the Milky Way he had recently formulated but not yet published.'?! Whereas a
couple of years earlier he had accepted a Milky Way of the size of Kapteyn’s universe and
been sympathetic to the island universe theory, he now believed that the system of stars and
nebulae was about 300 000 light years in diameter and 30 000 light years in thickness, that
is, it had increased in linear dimensions roughly tenfold. In early 1918, Shapley summa-
rized his galactocentric theory to Hale, describing the Milky Way as an ‘enormous, all-
comprehending galactic system . . . The diameter of the system is some 300,000 light years
in the plane.” He stated confidently that the picture did not conflict with any known facts
and added, in a speculative mood, ‘There is no plurality of universes of which we have
evidence at present.’!?

This amazing model of a universe made up of one enormous galaxy, published in 1918 as
‘Globular Clusters and the Structure of the Galactic System’, was based on studies of the
distribution of globular star clusters. Shapley suggested that these clusters formed a vast,
nearly spherical system enveloping the plane of the Milky Way on both sides and that the
clusters belonged to the extended system; they were physically associated with the Milky
Way, not independent star systems. He placed the solar system about 65 000 light years
away from the centre of the Milky Way. Determinations of the distances to the clusters were
crucial to Shapley’s model, and he used the newly developed period—luminosity relation to
find the distances to the nearer ones. For the distant clusters, where cepheids could not be
discerned, he used more indirect methods, which led him to conclude that some remote
clusters were located more than 200 000 light years away from the Sun.

As one might expect, Shapley found his immense galactic system to be incompatible
with the island universe theory (and of course also with the Kapteyn universe). For one
thing, if the spiral nebulae were external galaxies comparable in size to the Milky Way—
and this is what most advocates of the island universe theory assumed, at least implicitly—
they would be at inconceivably great distances. This created several difficulties, one of
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which was related to the apparently reliable results for rotations of spiral nebulae that the
Dutch astronomer Adriaan van Maanen had announced, beginning 1916. His measure-
ments indicated velocities that were incredibly great if the spirals were at distances of one
million light years or more. For example, in 1920 he concluded that if the galaxy M33 was
of the same size as Shapley’s Milky Way system it must be so far away that it rotated at the
speed of light. This was out of the question, and van Maanen considered it a strong
argument against the island universe theory. So did Shapley, who accepted van Maanen’s
data and interpretation. In 1921 Shapley wrote to his Dutch colleague: ‘Congratulations on
the nebulous results! Between us we have put a crimp in the island universes, it seems,—
you by bringing the spirals in and I by pushing the galaxy out. It is certainly nice of those
nebulae to have measurable motions.”!?

Shapley’s daring model of the Milky Way attracted wide attention and, expectedly
because of its novelty and radical features, also some hostility. Among the early critics were
his compatriots Heber Curtis'?* and Walter Adams, but their opposition was more than bal-
anced by the support Shapley received from leading astronomers such as Eddington,
Russell, and Hale. Whether for or against Shapley’s alternative, it was realized that the
question of the size and structure of the Milky Way remained open. The opposing views of
the universe became the subject of what has passed into the literature as the ‘Great Debate’,
constituted by a public meeting of the National Academy of Science and the subsequent
publication of two articles with the same title (‘The Scale of the Universe’) but widely dif-
ferent conclusions. The discussants at the Washington meeting of 26 April 1920 were
Curtis, defending the island universe theory, and Shapley, who argued the cause of a much
larger Milky Way that makes up almost the entire material universe.'?

The debate between Curtis and Shapley was asymmetrical in the sense that whereas
Curtis focused on the spiral nebulae, Shapley had little to say about these and instead
focused on the clusters and the structure of the Milky Way. The lack of symmetry was high-
lighted by differences in style, with Curtis’s technical article forming an odd contrast to
Shapley’s much more elementary and popular presentation. Because of the asymmetry and
also because none of the discussants could supply their arguments with new observations,
nothing new emerged from the debate, which merely provided a pedagogical overview of
the two alternative conceptions of the world. The essence of the debate can be summarized
in Curtis’s words from his published article:

Present Theory

Our galaxy is probably not more than 30,000 light-
years in diameter, and perhaps 5,000 light-years in
thichness. The clusters, and all other types of celes-
tial objects except the spirals, are component parts
of our own galactic system. The spirals are a class
apart, and not intra-galactic objects. As island uni-
verses, of the same order of size as our galaxy, they
are distant from us 500,000 to 10,000,000, or more,
light years.

Shapley s Theory

The galaxy is approximately 300,000 light-years in
diameter, and 30,000 or more, light-years in thick-
ness. The globular clusters are remote objects, but a
part of our own galaxy. The most distant cluster is
placed about 220,000 light-years away. The spirals
are probably of nebulous constitution, and possibly
not members of our own galaxy, driven away in
some manner from the regions of greatest star
density.

The Washington debate did not end the controversy, which continued for a few more
years. Both parties had good arguments and could cite observational support for their
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views, and there were no observations that unambiguously spoke for one theory and against
the other. As is turned out, the debate was in a sense misguided as it presented an either—or
situation. A decade later it became clear that there was no winner and no loser in the debate;
or perhaps both debaters were winners and both losers. (We do live in an island universe, as
Curtis claimed, but we also live in a Milky Way that is closer in size to what Shapley
claimed.) Two years after the Washington meeting, the young Estonian astronomer Ernst
Opik estimated from the rotation velocities of the Andromeda Nebula that its distance
might be as great as 1.5 million light years and that its mass was about 4.5 billion solar
masses. Opik, who was clearly in favour of the island universe, concluded that his result
‘increases the probability that this nebula [M 31] is a stellar universe, comparable with our
Galaxy’.'?

Edwin Powell Hubble, born in Missouri in 1889, was in favour of the island universe
even before he found the cepheid in the Andromeda Nebula that practically settled the
matter. After studies at the universities of Chicago and Oxford (where his fields were law
and Spanish), he returned to the University of Chicago, from which he received in 1917 a
doctorate in astronomy. His astronomical career was interrupted when the United States
entered the First World War. Shortly after having passed his final examination at Yerkes
Observatory, he joined the army and, with the rank of major, he was sent to France in
September 1918. However, the war ended before he went into combat. After a stay in
England, Hubble joined the staff of the Mount Wilson Observatory and began the series of
observations that would make some astronomers compare him to Galileo and William
Herschel.'?’

In the autumn of 1923, Hubble began a study of novae in the spiral nebulae, and in the
course of this work he found in the Andromeda Nebula two objects that exhibited the same
variation in brightness as cepheid variables. The first and clearest of these he initially
believed was a nova, but he soon corrected his mistake and in February 1924 he reported
his discovery to Shapley. Rather than rush into print, the cautious Hubble waited for nearly
a year until he made the discovery public. This happened on 1 January 1925, at the
Washington meeting of the American Astronomical Society, where Russell read his paper
(Hubble did not attend the meeting). Later in 1925, Hubble announced his observations of a
large number of galactic cepheids in the journals Observatory and Popular Astronomy, but
without emphasizing the cosmological implications of his discovery.

But, of course, Hubble was fully aware of these implications. The main reason for
Hubble being so cautious in publishing was the conflict between his findings and the
results of van Maanen. As he wrote to Russell, ‘“The real reason for my reluctance in
hurrying to press was, as you may have guessed, the flat contradiction to van Maanen’s
rotations.’'?® Using the period—luminosity relation and Shapley’s calibration, he found the
distance to the Andomeda Nebula to be about 930 000 light years, which meant that it could
not possibly be part of the Milky Way system. (Because of an error in Shapley’s calibration,
Hubble underestimated the distance, which is actually about 2.2 million light years.)
Hubble’s discovery drastically changed the attitude in the astronomical community in
favour of the island universe theory, which now became accepted by Russell, Jeans, and
most others. However, not all astronomers were convinced, primarily because of the glaring
disagreement with van Maanen’s measurements of motions in the nebulae. The most
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Fig. 2.13 Hubble’s 1934 survey of the distribution of galaxies. The horizontal line represents the central plane
of the Milky Way, with its ‘zone of avoidance’ marked. The blank parts on the right and left of the diagram
represent the southern skies, which could not be observed by the Mount Wilson telescopes. From Hubble
1936, p. 62.

persistent of the sceptics was van Maanen himself, and he was followed by the Harvard
(and later Oxford) astronomer Harry H. Plaskett, who as late as 1931 argued that Hubble’s
work on cepheids did not vindicate the island universe theory.'”* The opponents of the
island universe were, however, few and did not succeed in reversing the consensus view
that the spiral nebulae were extragalactic worlds with a scale and structure comparable to
the Milky Way.

The developments that led to the island universe in the first quarter of the twentieth cen-
tury were observation-driven and firmly located within the classical, Herschelian tradition
of astronomy. This was distinct not only from the philosophical tradition mentioned in
Section 2.4 but also unconnected with the developments that transformed physics in the
period. These developments, in quantum theory and relativity theory, did, however, influ-
ence astrophysics and cosmology most profoundly and will form the main content of the
following chapter.
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FOUNDATIONS OF MODERN COSMOLOGY

3.1 Early relativistic models

Cosmology experienced a paradigm shift with Einstein’s general theory of relativity of
1915 and its application to the universe as a whole two years later. Among the conceptual
advantages that Einstein’s new theory of gravitation had over Newton’s was that it incorpo-
rated the notion of curved space and thus made it possible to describe scientifically a closed
universe without boundaries. Observational astronomy had almost no share in Einstein’s
breakthrough, where mathematics was far more important than experiments and observa-
tions. Although Einstein’s knowledge of astronomy was limited, he was sufficiently
informed to share the belief that the universe was essentially stable and timeless, a belief
that shaped his cosmological field equations of 1917. It took many years to fully under-
stand the amazing richness of the Einstein equations, and for more than a decade the small
community of theoretical cosmologists thought that general relativity provided only two
cosmological models, both of them describing an idealized static universe. One was
Einstein’s original solution, and the other was due to his friend and cosmological rival, the
Dutchman Willem de Sitter. Whereas Einstein’s solution has long been of historical interest
only, de Sitter’s continued throughout the century to play an important role in cosmology.

From 1917 to the late 1920s, relativistic cosmology was predominantly a mathematical
science with very little contact to the work done by observational astronomers. The separa-
tion was not complete, though, and with Hubble’s discovery in 1929 that the redshifts of
spiral galaxies varied linearly with their distance, theory and observation entered a closer
and more fruitful relationship.

3.1.1 Curved space

The model of the universe that Einstein proposed in 1917, and which heralded a revolution
in theoretical cosmology, was based on conceptions of space (and, in Einstein’s case, of
space—time) with roots in the mid nineteenth century. Space, both in a purely geometrical
sense and in the sense of experience, had for centuries been thought to comply with the
rules of Euclidean geometry. Kant, for one, believed this was true a priori, which entered
into his dismissal of cosmology as truly scientific. In a Euclidean space, the sum of the
angles in any triangle equals two right angles (180°), and two parallel lines never meet.

It was mathematical curiosity with regard to the role and status of the parallel axiom
within Euclid’s system that led to the idea that there were consistent models of space
different from the traditional one. With the discovery of new types of space, none of which
had a privileged position from the point of view of logic or mathematics, it became natural
to ask about the geometry of physical space, that is, the space of the experienced world and
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the laws of physics. Many decades before Einstein, it was realized that the question could
not be answered in purely mathematical terms but needed recourse to experiment and
observation. Geometry and physics could not be entirely separated.

The discovery of non-Euclidean geometries—where parallel lines do not remain parallel
and the sum of the angles in a triangle differs from 180°—was made independently by Carl
Friedrich Gauss in Germany, Nikolai Lobachevskii in Russia (in far-away Kazan), and
Janos Bolyai in Hungary.! Lobachevskii and Bolyai published their findings in the early
1830s (unfortunately in obscure publications), whereas Gauss’s earlier ideas became gener-
ally known only after his death. As early as 1817, Gauss suspected that Euclidean geometry
was not necessarily true, but at best a system that happened to be empirically true. Space
was not a purely mathematical construct, but had a kind of physical reality, he suggested in
a letter to Olbers. ‘I become more and more convinced that the necessity of our geometry
cannot be demonstrated. .. Geometry, therefore, has to be ranked...not with arithmetic,
which is of a purely aprioristic nature, but with mechanics.’?> Gauss may even have made an
attempt to discover by means of geodetic methods whether physical space was Euclidean or
not.> As the sides of the triangle he measured—if he did—were of the order of magnitude
of 100 km, it is understandable that his experiment led to nothing. Lobachevskii, too,
attempted to determine the structure of real space, in his case by astronomical means,
namely by measurements of stellar parallaxes. His attempt was premature, as he could only
establish that the sum of the angles in his heavenly triangle deviated from 180° by an
amount much less than the errors of observation. He hesitatingly concluded that his new
geometry was ‘without application to nature’.

It took many years until these early ideas of non-Euclidean geometry became generally
known among mathematicians, and even longer until they caught the interest of a few
physicists and astronomers. Bernhard Riemann, who was a student of Gauss, presented
some new and exciting ideas in 1854, but they too failed to attract wide attention. Riemann
put the concept of curvature as an intrinsic property of space on a firmer basis and pointed
out that there were three geometries with constant curvature, corresponding to flat or
Euclidean space (zero curvature), a spherical space (positive curvature), and a hyperbolic
space (negative curvature). He further suggested a deep connection between geometry and
physics, although it was mostly microphysics and not astrophysics that he had in mind. Yet
Riemann briefly noted that an infinite extent does not follow from space being unbounded,
for ‘if we ... ascribe to space constant curvature, it must necessarily be finite provided this
curvature has ever so small a positive value’.*

The ideas of Bolyai, Lobachevskii, and Riemann circulated slowly. It was only when
they were taken up and presented in a better argued and clearer way by the Italian math-
ematician Eugenio Beltrami in 1868 that non-Euclidean geometries truly entered the world
of mathematics. Five years later, the British mathematician William Kingdon Clifford
translated Riemann’s address into English, which had the effect that the ideas of curved
space and of a geometrization of physics became further known, indeed almost popular. As
mentioned on p. 85, Zdllner referred to Riemannian geometry as early as 1872 in his dis-
cussion of Olbers’ paradox. In agreement with Riemann, he wrote: ‘The assumption of a
positive value of the spatial curvature measure involves us in no way in contradictions with
the phenomena of the experienced world if only its value is taken to be sufficiently small.’s
During the late nineteenth and early twentieth century, non-Euclidean geometries were
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often mentioned in astronomical texts, if typically in brief and uncommitted ways. In
Popular Astronomy, a book from 1880, Newcomb considered the subject, but seems to have
preferred an infinite Euclidean universe:

Although this idea of the finitude of space transcends our fundamental conceptions, it does not contradict
them and the most that experience can tell us in the matter is that, though space be finite, the whole extent
of the visible universe can be but a very small fraction of the sum total of space.®

The first astronomer who brought up the subject in a serious manner was the versatile
Karl Schwarzschild in 1900. His aim was the same as that of Gauss and Lobachevskii
before him, to determine the structure of space from observations. In his discussion of
hyperbolic space, he concluded that to match observations the radius of curvature of space
must be at least four million astronomical units. Should space have a constant positive cur-
vature, the minimal radius must be about 100 million astronomical units (in light years,
these two radii are about 64 and 1600). For philosophical reasons, Schwarzschild found it
‘satisfying to reason’ about whether

... we could conceive of space as being closed and finite, and filled, more or less completely, by this stellar
system. If this were the case, then a time will come when space will have been investigated like the surface
of the earth, where macroscopic investigations are complete and only the microscopic ones need continue.
A major part of the interest for me inherent in the hypothesis of an elliptic space derives from this far
reaching view.’

Not all physicists and mathematicians agreed that the geometry of space could be deter-
mined empirically. According to Seeliger, space had no properties at all, from which it fol-
lowed that measurements could not decide which kind of space we live in. On the basis of
his conventionalist conception of science, Henri Poincaré in France argued similarly that
experiments and observations were of no value when it came to a determination of the
structure of space; they could only tell us about the relations that hold among material
objects such as rigid rods. As far as Poincaré was concerned, the geometry of space was not
something that could be determined objectively, it was merely a convention. One should
choose the geometry that allowed the simplest description of nature, and this geometry, he
believed, was Euclidean.

Poincaré’s conventionalism turned up in a thought experiment about how we would
perceive a hypothetical expansion of the universe. This was not, however, an anticipation of
later knowledge, but merely an exercise in conventionalist philosophy of science. His
conclusion was that an expansion of the universe would be unobservable because the
dimensions of everything, measuring instruments included, would increase in the same
ratio: ‘The most precise measurements will be incapable of revealing to me anything of this
immense convulsion, since the measures I use will have varied precisely in the same
proportion as the objects I seek to measure.” Because space was not absolute, but relative,
‘nothing at all has happened, which is why we have perceived nothing’.® Poincaré was not
the first to state that a uniform expansion (or contraction) of all magnitudes in the universe
would be unobservable. As mentioned on p. 82, Boscovich pointed out the same thing as
early as 1758.

Auguste Calinon, a French scientist and philosopher, was a friend of Poincaré and shared
his interest in the foundations of mechanics and geometry. However, contrary to Poincaré,
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he did not believe that Euclidean geometry was always to be preferred because of its
simplicity. In a paper of 1889 on the geometry of space, he suggested that the curvature of
space need not be constant, but might vary in time, for example it might oscillate between
Euclidean and non-Euclidean forms. The original idea remained, however, on a philosoph-
ical level and Calinon made no attempt to place it within an astronomical context. In
another paper, he suggested that space might differ from the Euclidean form at very large
distances and that Newton’s law of gravitation might consequently need to be modified.
‘We may therefore very well conceive that at such large distances the law of
attraction .. .could find its simplest expression in another geometric representation of the
universe, different from the Euclidean representation.’®

3.1.2 Einstein's theory of general relativity

In Albert Einstein’s special theory of relativity, published in 1905, space and time were con-
nected in a flat space—time continuum. The metric of the space—time, giving the distance
between two neighbouring events in space and time, was a four-dimensional generalization
of Euclid’s distance formula,

ds?> = 2d? — (dx* + dy? + d2).

This kind of flat space—time is called Minkowskian, after the German mathematician
Hermann Minkowski, who in 190708 formulated the special theory of relativity in a four-
dimensional version where the space and time coordinates appear in a symmetrical way.
(By introducing ¢ df = i dw, where i is the square root of —1, the metric appears in a more
symmetric form.)

The first step towards an extended theory of relativity, aimed at covering gravitation
also, was taken in 1907 when Einstein formulated in a generalized way the principle
of equivalence. This principle states that no experiment can distinguish between a homo-
geneous gravitational field and a uniformly accelerated frame in which there is no gravita-
tional field. In the process of developing this idea, Einstein, while a professor in Prague,
published in 1911 a paper that included the first generalization of his earlier-stated,
restricted principle of relativity. Already in 1907, Einstein understood that the rate of a
clock would be slowed down near a large gravitating mass. The clock might be a light-
emitting atom, and Einstein showed in 1911 from the principle of equivalence that the light
emitted from the atom would experience a gravitational redshift. If a beam of light is
subject to the gravitational force from the surface of a spherical mass M of radius R, it will
be received redshifted by an amount

A _ A GM

A & R
where A¢ is the difference between the gravitational potentials at the points of emission
and reception of the light. This kind of redshift is entirely different from the Doppler shift
of light emitted by a receding source.

In his paper of 1911, Einstein also demonstrated how the principle of equivalence led to
the propagation of light being affected by gravity. This was not to be explained by light
being attracted by a gravitating mass, but by the geometry of space being distorted by the
presence and distribution of matter. Einstein found in 1911 that for a light ray grazing the
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Sun, the deflection would be about 0.83", too small by a factor of two, as it would later turn
out. ‘It would be a most desirable thing if astronomers would take up the question here
raised, he ended the paper.!® Two years later he addressed George Hale at the Mount
Wilson Observatory, asking him about the possibility. Hale replied that it might be possible
to measure the effect during a solar eclipse, but no immediate action was taken. Unknown
to Einstein and Hale, the deflection of light by a massive body had been studied more than
a century earlier, by the German astronomer Johann Georg Soldner in a paper of 1801
based on the corpuscular theory of light. Soldner obtained for the Sun almost exactly
the same deflection as derived by Einstein, namely 0.84”. However, he concluded that the
effect would be unnoticeable and that the perturbation caused by the Sun could therefore be
neglected.!!

Einstein’s further development of the theory led him deeply into the study of differential
geometry and tensor analysis, branches of mathematics which at the time were unknown to
most physicists and were believed to be of mathematical interest only. According to an
address he gave in Kyoto in 1922, it was in 1912 that he realized that non-Euclidean
geometry might help him in his search for a new theory of relativity: ‘Until then I did not
know that Bernhard Riemann had discussed the foundation of geometry deeply. I happened
to remember the lecture on geometry in my student years by Carl Friedrich Geiser who
discussed the Gauss theory. I found that the foundations of geometry had deep physical
meaning in this problem.’!? It was from his friend the mathematician Marcel Grossmann
that he learned about Riemann’s work and related mathematical topics. In collaboration
with Grossmann Einstein developed in 1913 the first tensor theory of gravitation, known as
the Entwurf theory (from the title of their paper, Entwurf meaning ‘outline’). It contained
the first field equations for gravitation, but these were not generally covariant, meaning
that they did not have the same form in every frame of reference. Einstein realized that
physical laws should preferably satisfy this requirement, but after much thinking he
nonetheless ended up convincing himself that the non-covariant features of the 1913 theory
were unavoidable. This was an error, and it took him two years of intense work to come
back on to the right track, that of generally covariant field equations.

In two papers of 18 and 25 November 1915, Einstein presented his theory in its final
form to the Prussian Academy of Sciences. A full account, published in the Annalen der
Physik, had to wait until March 1916.!3 The formal core of Einstein’s general theory of
relativity was the gravitational field equations, also known as the Einstein equations, which
first appeared in his paper of 25 November. In the usual tensor notation, they read

Ry — 58uwR = —kT,

wy wye
The equations express in a condensed way how the geometry of space—time relates to its
content of matter and energy (given by the energy-momentum tensor 7,,,). The quantity
R, is a tensor of metric curvature known as the Ricci tensor, and R is a curvature invariant
derived from it; the components of the fundamental tensor g, are functions of the chosen
coordinates. The quantity « is known as the Einstein gravitational constant and is propor-
tional to Newton’s constant (k = 87G/c?). In later literature the terms on the left side were
grouped together as G,,,, known as the Einstein tensor. As early as the beginning of 1916,
Schwarzschild analyzed the field equations for a point mass and derived an exact solution,
thereby (unwittingly) laying the foundation for later studies of black holes.!*
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Schwarzschild, who was then serving in the army on the Eastern front, died shortly after-
wards from a disease he had contracted at the front.

In the first of his papers of November 1915, Einstein calculated from his theory the
motion of Mercury and thereby solved a mystery that had long puzzled astronomers. It had
been known since 1859 that the innermost planet did not move around the Sun exactly as it
should according to Newtonian mechanics, since its perihelion precessed slowly around the
Sun with a speed of rotation in excess of the predicted value. The anomalous precession
amounted to a mere 43" per century, yet this was a large enough discrepancy to constitute a
serious problem for the celestial mechanics founded on Newton’s law of gravitation. Many
attempts to solve the problem were made over the years—including ad hoc modifications
of the law of gravitation and the assumption of an intra-Mercurial planet called “Vulcan’—
but it was only with Einstein that it proved possible to account for the anomaly in a way that
was based on fundamental theory. His calculated value of the precession agreed almost per-
fectly with observations. On 10 November, he wrote to his friend Michele Besso, ‘My
wildest dreams have been fulfilled. General covariance. Perihelion motion of Mercury
wonderfully exact.’!s

In addition to this success, Einstein derived from his new theory a value for the predicted
gravitational deflection of light that was twice as large as the value he had found in 1911. A
light ray passing the surface of the Sun, he now concluded, would be bent by an angle of
1.7". Whereas the explanation of the Mercury anomaly concerned a phenomenon already
known, the calculation of the bending of light in a gravitational field was a proper
prediction, relating to a phenomenon that had not yet been observed. Einstein was keenly
aware of the importance of light bending as a confirmation of general relativity, as
already indicated by his paper of 1911. In his 1916 paper in Annalen der Physik, he briefly
discussed the three predictions and wrote, ‘a ray of light going past the Sun undergoes a
deflection of 1.7”; and a ray going past the planet Jupiter a deflection of about 0.02”.’1¢

In the years immediately following 1916, astronomers showed little interest in the
general theory of relativity. However, there were exceptions, and these were important.
Apart from Schwarzschild, de Sitter, and Eddington, the Berlin astronomer Erwin
Freundlich merits attention. Freundlich, a former student of Schwarzschild and of the
eminent mathematician Felix Klein, was immediately drawn to Einstein’s theories and
sought as early as 1911 to confirm the prediction of light deflection. During the war years
he served as Einstein’s mouthpiece in the world of astronomy, and he announced the
astronomical relevance of the theory of relativity in Astronomische Nachrichten and other
journals read by German astronomers.!’

Attempts to detect the bending of light as it passed the rim of the Sun started with
Einstein’s 1911 paper, but it was only with the famous British solar eclipse expedition of
1919, headed by Frank Dyson and Arthur Eddington, that good data were obtained.
Photographs were taken at both Principe Island (off the West African coast) and Sobral in
Brazil, and when they were analysed they showed a light deflection in fair agreement with
Einstein’s theory. There is little doubt, the British astronomers reported, that ‘a deflection of
light takes place . . .[as] demanded by Einstein’s generalised theory of relativity’. Measured
in seconds of arc, the Principe Island measurements gave 1.98 = 0.12, and those obtained
at Sobral 1.61 = 0.30. The highly publicized eclipse measurements created a sensation
and made the general theory of relativity known to (if not necessarily understood by)
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scientists and laypersons alike.'® More than anything else, it was the results from the British
expedition that catapulted Einstein into the public limelight and made him the best-known
scientist since Darwin.

The third prediction of general relativity—the gravitational redshift—was much harder
to verify, and it took many years until it was established beyond doubt that in this case, too,
Einstein was right. Measurements of spectral lines from the Sun’s atmosphere did not give
an unambiguous answer, but in 1924 Eddington believed he had found an alternative way to
prove Einstein’s gravitational redshift. He argued that the faint companion star of Sirius A
was a white dwarf of exceptionally high density and that light from it would therefore have
to escape a very strong gravitational field; consequently, Sirius B (as the companion star is
called) would be ideally suited to test Einstein’s prediction. Eddington predicted from the
general theory of relativity that light from Sirius B would be redshifted by what cor-
responded to a radial motion of 20 km/s, and since the American astronomer Walter Adams
found a value of 21 km/s, the Einsteinian redshift seemed to be confirmed."”

3.1.3 A closed, static universe

Einstein did not rest on his laurels. One of the few scientists outside Germany who in 1916
knew of the general theory of relativity was the Dutch astronomer Willem de Sitter, a 44-
year-old scientist equally at home with astronomical observations and advanced mathemat-
ical analysis. As a foreign member of the Royal Astronomical Society, he was invited by
Eddington (who then served as the society’s secretary) to produce an account of the new
theory, which he did in three articles in the Monthly Notices. These articles introduced
Einstein’s theory to the English-speaking world and it was on the basis of them that
Eddington wrote his Report on the Relativity Theory of Gravitation in 1918. In the autumn
of 1916 de Sitter discussed the theory with Einstein, and as a result of these discussions
Einstein attempted to apply his theory to the universe at large. In doing so, he was faced
with conceptual problems of the same kind as Newton had struggled with in his correspon-
dence with Bentley and which, in a much modernized version, had been reformulated by
Seeliger in the 1890s. However, at the time Einstein turned to cosmology he was unaware
of this historical tradition and was not even acquainted with Seeliger’s work. He learned
about this only later in 1917.2

The fruits of Einstein’s thinking about the universe appeared in February 1917 in a paper
to the Prussian Academy of Sciences with the title ‘Kosmologische Betrachtungen zur all-
gemeinen Relativitdtstheorie’ (‘Cosmological Considerations on the General Theory of
Relativity’). Having sent the paper to Besso, he argued in an accompanying letter that a
homogeneous, symmetrical distribution of matter throughout all of infinite space would
not be sufficient to produce the stable universe that he presupposed. ‘Only the closure of
the universe frees us from this dilemma; this also suggests itself in that the curvature has
the same sign throughout because, according to experience, the energy density does not
become negative, he wrote.?! He also dismissed the other Newtonian alternative, the
picture of the stellar universe as a finite island in an otherwise empty and infinite universe.
Likening the stars to the molecules of a gas, he argued that individual stars would
eventually escape the gravitational field of the other stars—evaporate, as it were.

Einstein’s solution was to circumvent the classical boundary problem, which he did
by conceiving the universe as spatially closed in accordance with his general theory of



132 CONCEPTIONS OF COSMOS

relativity. As he wrote in his paper of 1917, ‘If it were possible to regard the universe as a
continuum which is finite (closed) with respect to its spatial dimension, we should have no
need at all of any such boundary conditions. We shall proceed to show that both the general
postulate of relativity and the fact of the small stellar velocities are compatible with the
hypothesis of a spatially finite universe; though certainly, in order to carry through this
idea, we need a generalizing modification of the field equations of gravitation.’??

Einstein thus assumed the universe to be a spatially closed continuum, ‘spherical’ in four
dimensions, although the real, non-uniform universe would be what he called ‘quasi-
spherical’. The idealized model is also referred to as Einstein’s ‘cylinder’ world: with two
of the spatial dimensions suppressed, the model universe can be pictured as a cylinder,
where the radius represents the space coordinate and the axis the time coordinate. Of
course, Einstein was also guided by the available empirical evidence, or what little he knew
of it. This suggested, he believed, that the universe was indeed spatially finite, that it was
static, and that it contained a finite amount of matter. In order to keep to what he considered
convincing empirical evidence, he was led to the following conclusion: ‘The curvature of
space is variable in time and space, according to the distribution of matter, but we may
roughly approximate to it by means of a spherical space.” Einstein found this model to be
logically consistent and natural from the point of view of general relativity, whereas he was
less concerned with its agreement with the observed universe: ‘Whether, from the stand-
point of present astronomical knowledge, it is tenable, will not here be discussed.’?

Einstein’s interest in Mach’s principle, named after Ernst Mach, significantly shaped his
cosmological model. According to one version of this famous principle, which dates back
to the 1860s, the laws of mechanics should be seen as purely relational, namely, relative to
the universe as a whole. Einstein’s version was somewhat different, as he understood it in
the sense that the space—time metric should be fully determined by the masses in the
universe, and thus that the local dynamics was conditioned by the universe at large. Put
differently, matter was necessary for space. The name ‘Mach’s principle’ was introduced by
Einstein in 1918, when he pointed out that although the principle was not generally
fulfilled in general relativity, this was the case when the field equations were supplemented
with a cosmological term. With his cosmological model of 1917, he had ensured that his
new gravitation theory satisfied Machian ideas, which was an important reason for his
adventure into cosmology.2* Later in his career, Einstein changed his mind with regard to
Mach’s principle, but in 1917 he was a Machian at heart.

In order to secure a universe static in time, Einstein was led to an important change to his
field equations of 1915, the ‘generalizing modification’ referred to in the quotation above.
His change consisted in adding a term proportional to the metric tensor. The factor of pro-
portionality soon became known as the cosmological constant, and is always denoted by
the Greek letter lambda (Einstein used the symbol A in 1917, whereas at present the capital
letter A is mostly used). With this change, the fundamental equations read

R, — %gw,R — Aguy = —kTy, ..

It is to be noted that the cosmological term appears on the left side of the equations, in con-
formity with Einstein’s belief that it was a property of space—time, not of matter—energy.
Einstein admitted in his 1917 paper that the introduction of the cosmological constant
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kommen anslog ist. Wir konnen nimlich auf der linken Seite der
Feldgleichung (13) den mit einer vorliufly unbekannten universellen
Konstante —A multiplizierten Fundamentaltensor g,, hinzufigen, ohne
daB dadurch die aligemeine Kovarianz zerstdrt wird; wir setzen an
die Stelle der Feldgleichung (13)

G, —Ag,, = —x (1:.— —;-9.,?') . (139)

Auch diese Feldgleichung ist bei genfigend kleinem A mit den am
Sonnensystem erlangten Erfahrungstatsachen jedenfalls vereinbar. Sie
befriedigt auch Erhaltungssitze des Impulses und der Energie, demn

Fig. 3.1 Einsteins cosmological field equations in his article of 1917. The cosmological constant (A) appears

on the left side, introduced as a ‘for the time being unknown universal constant’.

‘is not justified by our actual knowledge of gravitation,’ i.e. that it was largely of an ad hoc
character, but he found it ‘necessary for the purpose of making a quasi-static distribution of
matter’. The value of the constant was unknown, except that in Einstein’s model it was
necessarily positive, since it expressed the mean density of matter in the universe.
Moreover, in order for the equations to agree with planetary motions, it had to be very
small: the general-relativistic equations R, = 0, valid for empty space, were known to
agree with observations within the solar system and thus the cosmological term had to be
exceedingly small not to spoil the agreement. How small he could not say, but de Sitter
offered an estimate: ‘Observations will never be able to prove that A vanishes, only that A is
smaller than a given value. Today I would say that A is certainly smaller than 10™* cm ™2
and is probably smaller than 10~>°. Maybe one day observations will also provide a specific
value for A, but up to now I have no knowledge of anything pointing to this.’?

It is helpful to think of the constant A as a term which introduces a cosmic repulsion
proportional to the distance, negligible at small distances but increasingly important at very
large distances. A particle of mass m will be repelled with a force F' ~ mAr. In this picture,
the evolution of the universe is determined by the competition between the repulsive A
force and the attractive force of Newtonian gravitation. In Einstein’s static universe, the two
forces are in balance. The cosmological constant in Einstein’s theory was not unlike the
constant that appeared in Seeliger’s Newtonian theory two decades earlier, but it had no
classical counterpart in the form of a definite correction term to Newton’s law. Although
Einstein soon came to have second thoughts with regard to the cosmological constant, it
played an important and natural role in the development of his theory of 1917. He saw it
justified in particular by its connection to the mean density of matter in the closed universe,
such as he explained in a letter to Besso of August 1918:

Either the world has a center point, has on the whole an infinitesimal density, and is empty at infinity,
whither all thermal energy eventually dissipates as radiation. Or: All the points are on average equivalent,
the mean density is the same throughout. Then a hypothetical constant A is needed, which indicates at which
mean density this matter can be at equilibrium. One definitely gets the feeling that the second possibility is
the more satisfactory one, especially since it implies a finite magnitude for the world. Since the world just
exists as a single specimen, it is essentially the same whether a constant is given the form of one belonging
within the natural laws or the form of an ‘integration constant.’?
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The cosmological constant was introduced in order to maintain a static universe in
accordance with observations. Would Einstein have discovered the dynamic solutions to his
equations had he not introduced the constant? This might in principle have happened, but
the lack of recognition of such solutions was not caused by the presence of the cosmolog-
ical constant. After all, the first models of the expanding universe, those of Friedmann and
Lemaitre, included the constant. Although not necessarily ad hoc, the A term made the
field equations a bit more complicated and a bit less appealing, at least in Einstein’s view. It
was such aesthetic considerations that at an early stage made him doubt if the cosmological
constant could be justified. In 1919 he described the introduction of the constant as
‘gravely detrimental to the formal beauty of the theory’.?’” However, at that time he could
see no alternative, and it took another twelve years until he decided that the introduction of
the cosmological constant had been a mistake, perhaps his ‘greatest blunder’.28

The model of the universe derived by Einstein, and, he believed, the only one consonant
with his equations, was homogeneously filled with dilute matter and thus could be ascribed
a definite mass. He found the cosmological constant to be related to the density p and
radius of curvature R by

—1_ 1
A_2Kp_R2,

For the mass of the closed universe, he obtained

M = 12 /ﬁ.
K>p

The first of these relations reflects the key message of relativistic cosmology, that the dens-
ity of matter determines the radius of curvature of the universe. As to the numerical values
of the quantities, Einstein was understandably cautious. In his letter to Besso of March
1917, he erroneously suggested that R = 107 light years, on the basis of the much too high
estimate of p = 10722 g/cm?, and he believed that the most distant visible stars were merely
10000 light years away from the Sun. In a letter to de Sitter of 12 March 1917 he repeated
the suggestion, but wisely decided not to publish it. What mattered to Einstein was that he
had succeeded in constructing a model of the universe with a constant positive curvature,
and that this model was in full agreement with the theory of relativity and Mach’s principle.
‘From the standpoint of astronomy, of course, I have erected but a lofty castle in the air,” he
admitted.?’

3.1.4 Solution A or solution B?

Einstein originally believed that his static, matter-filled model was the only solution to the
cosmological field equations. However, in his third report to the Royal Astronomical
Society of 1917, de Sitter showed that there exists another solution, corresponding to an
empty universe with A = 3/R? and spatially closed in spite of its lack of matter. As in the
Einstein model, the pressure was taken to be zero.*® De Sitter termed his new model solu-
tion B, to distinguish it from Einstein’s solution A (but soon the two models became known
under the names of de Sitter and Einstein, respectively). Compared with Einstein’s model,
de Sitter’s was complex and difficult to conceptualize, in particular because it was unclear
how to distinguish the properties of the model itself from those properties that merely
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reflected a particular coordinate representation of it. Although the de Sitter model would
eventually be seen as representing an expanding universe, to de Sitter and his contempor-
aries it represented a static space—time.

When Einstein was confronted with de Sitter’s alternative, he was forced to accept it as a
mathematical solution to the field equations; yet he felt sure that it must be rejected on
physical grounds. For one thing, it blatantly violated Mach’s principle, which made
Einstein write to de Sitter that ‘your solution does not correspond to a physical possibility.’
As he explained: ‘In my opinion, it would be unsatisfactory if a world without matter were
possible. Rather, the g,,,-field should be fully determined by the matter and not be able to
exist without the matter.?' Even more importantly, Einstein argued that solution B con-
tained a ‘singularity’ that signalled the breakdown of the theory at a surface, which to
Einstein’s mind was a clear indication that it was a toy model with no physical significance.
Even after Felix Klein had shown that the alleged singularity was a result of the use of mis-
leading coordinates, Einstein continued to consider solution B artificial and unphysical. As
became clear in the 1920s, what Einstein took to be a singularity in de Sitter’s solution was
the presence of an event horizon, a distance from beyond which no light signal can reach
the observer.

In his third paper to the Monthly Notices, de Sitter showed that if a particle was
introduced at a distance » from the origin of a system of coordinates, it would appear to be
moving away from the observer with an acceleration given by Ac?/3. He summarized the
difference between the two models as follows:

In A there is world-matter, with which the whole world is filled, and this can be in a state of equilibrium
without any internal stresses or pressures if it is entirely homogeneous and at rest. In B there may, or may
not, be matter, but if there is more than one material particle these cannot be at rest, and if the whole world
were filled homogeneously with matter this could not be at rest without internal pressure or stress.

As to the cosmological constant, appearing in both of the systems A and B, he admitted
that it ‘is somewhat artificial, and detracts from the simplicity and elegance of the ori-
ginal theory of 1915. Interestingly, de Sitter’s model indicated that, as a result of the
metric, clocks would appear to run more slowly the farther away they were from the
observer. Since frequencies are inverse time intervals, light would therefore be expected to
be received with a smaller frequency, being more redshifted the larger the distance
between source and observer. In de Sitter’s theory, the redshift would increase quadratically
with the distance. ‘The lines in the spectra of very distant stars or nebulae must therefore
be systematically displaced towards the red, giving rise to a spurious positive radial
velocity,” he wrote.>* Notice that de Sitter described the velocity as ‘spurious’: it was not a
real velocity caused by the expansion of space, but an effect of the particular space—time
metric he used. In spite of the redshift built into de Sitter’s model, the model was thought of
as static.

Keeping abreast with recent astronomical observations in spite of the difficulties caused
by the war, de Sitter suggested that the predicted effect might be related to the measure-
ments of radial nebular velocities reported by Slipher and others. This was the first
suggestion that Einstein’s theory might have connections to the observations of nebular
redshifts. With a mean radial velocity of 600 km/s and an average distance of 10 parsecs
(based on only three nebulae), he found R = 3 X 10" AU. According to de sitter,
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If...continued observation should confirm the fact that the spiral nebulae have systematically positive
velocities, this would certainly be an indication to adopt the hypothesis B in preference to A. If it should
turn out that no such systematic displacement of spectral lines towards the red exists, this could be inter-
preted either as showing A to be preferable to B, or as indicating a still larger value of R in the system B.3*

At the end of his paper, de Sitter compared the two rival world models with available
astronomical data. Adopting Kapteyn’s estimate of a density of about 80 stars per 1000
cubic parsecs, he found that in Einstein’s model the radius R would be about 10'2 AU and
the total mass of the universe M about 10'> Sun masses. Although he admitted that the
estimates were highly uncertain, he found it remarkable that roughly the same figures could
be obtained from different lines of reasoning.

Although de Sitter’s model, being devoid of matter, might seem a very artificial can-
didate for the real world, it soon became a foundation for further theoretical work, among
both astronomers and mathematicians. It was seen as particularly interesting because of its
connection with the redshift observations of spiral nebulae, which by the early 1920s left
little doubt that there was a systematic recession. The lack of content of matter in de Sitter’s
model certainly did not prevent researchers from investigating it as a possible model of the
real universe. Although the universe is indeed filled with matter, it was known to be of very
low density, and de Sitter suggested that the density might be so low that his model
might apply as a zero-density approximation. Eddington appreciated at an early date the
cosmological significance of the redshift measurements. In a letter of 1918 to Shapley,
he wrote: ‘de Sitter’s hypothesis does not attract me very much, but he predicted this
(spurious) systematic recession before it was discovered definitely; and if, as I gather, the
more distant spirals show a greater recession that is a further point in its favour.’?®

Whatever the credibility of solutions A and B as candidates for the real structure of the
universe, from about 1920 there developed a minor industry based on the two models. It
was predominantly a mathematical industry, with mathematically minded physicists and
astronomers analysing the properties of the two solutions and proposing various modifica-
tions of them. The mathematical appeal of the field is underlined by the fact that it attracted
the attention of distinguished mathematicians such as Felix Klein, Tullio Levi-Civita, and
Hermann Weyl. The basic aim of these early investigations was to determine which of the
two relativistic models of the static universe was the most satisfactory from the point of
view of fundamental physics; astronomical observations were still too scarce and uncertain
to enter as a decisive criterion.

The question of the relationship between cosmology and the observed redshifts
remained unresolved for a decade or so, for other reasons, because it was difficult to distin-
guish a cosmological redshift (the de Sitter effect) from gravitational redshifts and the
Doppler shifts caused by relative motion.>® The German astronomer Carl Wilhelm Wirtz
discussed in 1922 the possibility of a velocity—distance relation, and in 1924 he related the
radial velocities of the spirals to de Sitter’s cosmology. Since he did not know the distances
to the spiral nebulae, he used, as a substitute, their apparent diameters and found that the
radial velocities decreased with the logarithm of the distances derived from the diameters.
Wirtz concluded that his relation was consistent with de Sitter’s world model, but his work
was not further developed. Whereas de Sitter had obtained a quadratic relation between
redshift and the distance », Weyl calculated in 1923 in his celebrated Raum-Zeit-Materie a
result that for relatively small distances amounted to a linear relation, the first of its kind.>’
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The following year Ludwik Silberstein, a Polish-born physicist then staying in England,
argued for a relation of the form

referring to blueshifts as well as redshifts. Silberstein compared redshift data with estim-
ates of the distances to globular clusters and obtained in this way a value for the radius of
curvature R of about 6 X 10'2 AU. However, most astronomers agreed with the Swedish
astronomer Knut Lundmark that the available data did not support a linear relationship of
the kind suggested by Silberstein. Not only was Silberstein under suspicion for having
selected only data which agreed with his prediction, but also his value for R conflicted with
the island universe theory that Lundmark preferred. As a consequence, his theory was
strongly criticized by several leading astronomers, who tended to ridicule the ‘Silberstein
effect’. Partly as a result of the hostile reaction to Silberstein’s prediction, redshift—distance
relations were for a period regarded with scepticism in the astronomical community.

The cosmological models of Einstein and de Sitter were not well known among observa-
tional astronomers in the 1920s, but de Sitter’s solution B did attract some attention
because of its connection to the redshift observations. In this respect an important paper of
1926 by Edwin Hubble on the classification of nebulae stands out as significant, especially
in regard to later events. By assuming that all nebulae had the same absolute luminosity and
a mean mass of 2.6 X 108 solar masses, Hubble obtained an average mass density of the
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Fig. 3.2 Knut Lundmark investigated in 1924 the possible existence of a redshift-distance relation among
spiral nebulae. He suggested that there was some kind of relation, although ‘not a very definite one’.
K. Lundmark, ‘The determination of the curvature of space—time in de Sitter’s world’, Monthly Notices of
the Royal Astronomical Society 84 (1924), 747-770.



138 CONCEPTIONS OF COSMOS

universe of 1.5 X 1073! g/cm?, much less than previous estimates. He ended his paper by
inserting his new density value into Einstein’s expressions for the radius and mass of
the universe, ending up with the values R = 2.7 X 10'° parsecs and M = 9 X 10? solar
masses = 3.5 X 10'° normal nebular masses. Hubble ended his paper as follows:

The distance to which the 100-inch reflector should detect the normal nebula was found to be of the order
4.4 X 107 parsecs, or about 1/600 the radius of curvature. Unusually bright nebulae, such as M 31, could be
photographed at several times this distance, and with reasonable increases in the speed of plates and size of
telescopes it may become possible to observe an appreciable fraction of the Einstein universe.*®

Silberstein, a seasoned polemicist, sharply criticized Hubble’s conclusions and came up
with his own result for the size of the universe, based on analysis of globular clusters,
cepheids, and stars. His universe was curiously small, having a curvature radius of merely
1.5 Mpc (megaparsecs).>

The idea of treating the entire world (or an idealization of it) by means of Einstein’s
cosmological field equations constituted a revolution in the age-old conception of the
universe. The world or universe had traditionally been thought of as those parts within the
limits of observation. It now became everything, the totality of events in space and time,
and—most importantly—space—time itself. To the majority of astronomers, and of course
to most laypersons, Einstein and de Sitter’s reconceptualization of the universe was either
unknown or, if known, unintelligible and objectionable. The eminent French mathemat-
ician Emile Borel published in 1922 a book in which he gave a popular exposition of the
theory of relativity. In the final chapter on cosmology—‘the most interesting [consequence
of relativity theory] from the point of view of philosophy’—he asked rhetorically about
what use these new cosmological speculations could possibly be:

It may seem rash indeed to draw conclusions valid for the whole universe from what we can see from the
small corner to which we are confined. Who knows that the whole visible universe is not like a drop of
water at the surface of the earth? Inhabitants of that drop of water, as small relative to it as we are relative to
the Milky Way, could not possibly imagine that beside the drop of water there might be a piece of iron or a
living tissue, in which the properties of matter are entirely different.*’

Borel did not subscribe to the objection, but it is a natural one that cannot easily be brushed
aside. As we have seen, similar objections against the possibility of a science of the
universe had been raised in the nineteenth century, and the argument would, in different
guises, continue to play a role in the cosmological discussion of the twentieth century.
However, Einstein, and those who followed him, decided that if cosmology were to
progress, the objection had to be ignored.

Although Einstein’s theory of general relativity was adopted by most experts, it was not
the only non-Newtonian theory of gravitation in the 1920s. Alfred North Whitehead, the
mathematician and philosopher, presented in 1922 an alternative theory of gravitation with
cosmological implications that were, he claimed, directly deducible from his natural philos-
ophy. His non-covariant, action-at-a-distance theory differed conceptually and mathemat-
ically from Einstein’s, yet, as Eddington showed, it led to the very same predictions.*!
Whitehead’s gravitation theory was taken up by a few physicists, but soon fell into oblivion.
Only after the Second World War was it further developed and applied to cosmological
problems by John Synge, C. B. Rayner, and others.*> However, mainstream relativists and
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cosmologists ignored it. The same was the case with yet another new theory of gravitation,
proposed by the American mathematician Garrett D. Birkhoff in 1942. Interest in
Birkhoff’s theory remained limited to a small group of physicists and mathematicians.

Whitehead’s principal work, Process and Reality: An Essay in Cosmology, appeared in
1929. It was an ambitious attempt to understand the world in its totality, a metaphysical
system rather than a cosmological theory in the tradition of Einstein, de Sitter, and
Eddington. Nonetheless, it included some features that later attracted attention, in particu-
lar Whitehead’s evolutionary and organistic conception of the universe, his claim that our
universe was ephemeral and would be replaced by another one with different laws of nature
and different dimensions of the space-time continuum.*

3.2 The expanding universe

As far as observations are concerned, it is generally recognized that modern cosmology
rests on two momentous discoveries, one being that of the expansion of the universe in
1929 and the other that of the cosmic microwave background radiation in 1965. Neither of
these cosmic phenomena was discovered in any direct observational sense: they were
turned into discoveries in processes where theory was no less important than observation.
The expanding universe was predicted in two stages, first as one possibility among many
(by Friedmann in 1922) and then as the solution favoured by measurements (by Lematitre in
1927). By 1927 there was a definite prediction of a universe expanding in such a way that
the galactic redshifts varied proportionally to their distances, yet Hubble’s subsequent
observation-based establishment of the relationship was wholly independent of the
prediction. From today’s vantage point it may be hard to understand why the expansion of
the universe was recognized only in 1930, at a time when the ‘obvious’ solution had been
there for several years. But, from the point of view of cosmologists in the 1920s, the
expanding universe was far from obvious. It was a concept outside their mental framework,
something not to be considered, or, if it was considered, to be resisted.

3.2.1 Non-static world models

During the course of their work to understand and elaborate the two relativistic world
models, some physicists and astronomers proposed solutions that combined features of
Einstein’s model A and de Sitter’s model B. Towards the end of the 1920s there was a
tendency to conclude that neither of the two models could represent the real universe, yet
finding a compromise turned out to be frustratingly difficult. Eddington wavered in his
sympathies. On the one hand, he considered it a point in favour of de Sitter’s model that it
promised an explanation of the redshifts of the spiral nebulae. As he wrote in 1923, ‘It is
sometimes urged against De Sitter’s world that it becomes non-statical as soon as any
matter is inserted in it. But this property is perhaps rather in favour of De Sitter’s theory
than against it.”** On the other hand, the Einstein model had the advantage that it was filled
with matter and therefore compatible with the occurrence of very large pure numbers, such
as the ratio of the electromagnetic radius of an electron (e*/mc?) to its gravitational radius
(km). This number greatly appealed to Eddington, who quoted it as 3 X 10*2. He suggested
further that the number might be related quadratically to the number of particles (electrons
and protons) in the universe, yielding a ‘cosmical number’ of about 10% particles. This was
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an early example of Eddington’s expression of interest in connecting numbers from the
microworld and the macroworld, a theme that would dominate much of his later thinking
about cosmology and fundamental physics.*

In a formal sense, a non-static world model was included in an article by Cornelius
Lanczos, a Hungarian—German physicist, published in 1922. By an ingenious change of
coordinates, Lanczos found a model in which the radius of curvature varied hyperbolically
with time. However, Lanczos’s main interest was mathematical rather than physical, and he
did not explicitly attempt to apply his model to the real world. In this respect, his paper was
similar to that of Friedmann from the same year (see below), except that whereas
Friedmann’s was largely ignored, Lanczos’s attracted considerable attention from the small
community of relativity experts. It was discussed and criticized by Weyl in particular.

In part inspired by Eddington, the Belgian physicist Georges Lemaitre (of whom more
later) introduced in 1925 division of space and time other than that used by de Sitter and
was in this way able to derive a model in which ‘the radius of space is constant at any place,
but is variable with time’.*® What Lemaitre and a few other relativists did in the 1920s was
not really to abandon the static universe in a physical sense, but rather to transform de
Sitter’s line element in such a way that one or more of the components g,,, depended on the
time coordinate. In this case, the metric could be written in a form where space was
Euclidean, namely as

ds?> = 2dP — Fio)[dx® + dy? + d=7,

where F(¢) is a function of the time parameter. In his paper of 1925, Lemaitre found
for F(¢) the expression exp (2ctV A/3) and he suggested a Doppler interpretation of the
receding motion of the spiral nebulae. He judged that the non-static nature of the line ele-
ment ‘may probably be accepted’, whereas the lack of space curvature was ‘completely
inadmissible’. Lemaitre’s reason for dismissing the idea that space was Euclidean seems to
have been his conviction that the amount of matter in the universe must necessarily be
finite. To a modern reader, Lemaitre’s line element looks like an exponentially expanding
universe, but neither Lemaitre nor others adopted this interpretation at the time. Although
Lemaitre did not suggest an expanding universe in 1925, his paper anticipated in some
respects his masterpiece of two years later, in which the expansion of the universe did
appear explicitly.

Unaware of Lemaitre’s work and following a different approach, in 1928 the American
mathematical physicist Howard Percy Robertson duplicated Lemaitre’s result. Robertson
derived for the redshift a formula which, if interpreted in terms of a Doppler effect,
corresponded to a linear relation between the recessional velocity of the light source and its
distance from the observer. One should, he wrote, ‘expect a correlation v = cl/R between
assigned velocity v, distance /, and radius of the observable world R’.*” When he compared
his prediction with observational data due to Slipher and Hubble, Robertson found the
relation to be roughly satisfied. For the world radius R, he obtained 2 X 10%’ ¢cm, in approx-
imate agreement with Hubble’s value of 1926 based on the Einstein model.

3.2.2 An unnoticed revolution

In retrospect, it may appear surprising that the dynamic solutions to the cosmological field
equations were only discovered in 1922; and it is even more surprising that, when this
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happened, they attracted almost no attention. The Russian physicist Alexander Friedmann
started his scientific career in pre-Communist Russia and did research in theoretical
meteorology until the First World War and the October Revolution put a stop to scientific
activity.*® After the end of the civil war, he returned to St Petersburg, the city where he was
born and which in 1924 would become Leningrad (until it resumed its old name 67 years
later). Here he founded an important school of theoretical physics and began focusing his
work on problems of general relativity.

In a paper in the Zeitschrift fiir Physik of 1922, Friedmann offered a complete and
systematic analysis of the solutions of Einstein’s cosmological equations that went beyond
earlier analyses, as it also included non-static solutions. He first showed that the solutions
of Einstein and de Sitter exhausted all the possibilities for stationary world models, and
then demonstrated ‘the possibility of a world in which the curvature of space is independent
of the three spatial coordinates but does depend on time.”*’ For closed models, he rewrote
Einstein’s field equations as a simple pair of differential equations for R(7), the scale factor
measuring the rate of change of distances in the universe. By integration, he found a class
of solutions that included homogeneously expanding world models, what he called ‘mono-
tonic worlds of the first class’. For such models, ‘Since R cannot be negative, there must be,
as one decreases the time, a time when R vanishes . . . [a] beginning of the world.” And, in a
footnote, ‘The time since the creation of the world is the time which has passed from the
moment at which space was [concentrated at] a point (R = 0) to the present state (R = R).”
Friedmann also considered the case where the cosmological constant had such a value that
the equations described a cyclical or periodic world. This he interpreted as either a finite-
time universe or a universe oscillating forever between R = 0 and a maximum value. He
ended his paper with a particular case for illustration: ‘If we setA = 0 and M = 5 X 102!
solar masses we get a world period of about ten billion years.’

In a companion paper, published in 1924, Friedmann introduced hyperbolic models
of constant negative curvature. Such a world, he showed, can only be stationary if the
density of matter is either zero or negative, whereas a positive density corresponds to a non-
stationary world. With respect to the question of the spatial finiteness of the world, he
realized that this could not be answered on the basis of the metric alone. The same point
was made in a semi-popular book of 1923, The World as Space and Time, in which he
wrote: ‘Thus, the world’s metric alone does not enable us to solve the problem of the
finiteness of the universe. To solve it, we need additional theoretical and experimental
investigations. . .. From a constant and positive curvature of the universe it follows by no
means that our world is finite.’>® As the first publication ever to do so, the book included a
discussion of expanding, contracting, and oscillating world models. It was published in
Russian and remained for a long time unknown outside the country.

Although Friedmann realized the hypothetical nature of his models, he could not resist
the temptation ‘to calculate, out of curiosity, the time which has passed since the moment
when the universe was created out of a point to its present stage’. Without revealing the
basis for his result, he stated it to be ‘tens of billions of ordinary years’. Although he did not
indicate any preference for a particular world model, he seems to have been fascinated by
the possibility of a cyclical universe. ‘The universe contracts into a point (into nothing) and
then increases its radius from the point up to a certain value, then again diminishes its
radius of curvature, transforms itself into a point, etc.” He added that ‘all this should at
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present be considered as curious facts which cannot be reliably supported by the inadequate
astronomical material’.>!

Friedmann discovered mathematically the possibility of dynamic world models, but he
did not highlight expanding solutions or argue that our universe was in fact in a state of
expansion. His emphasis was clearly on the mathematical aspects, whereas he showed little
interest in physics and astronomical data. In neither of the two papers did physical terms
such as ‘nebula’, ‘energy’, or ‘radiation’ occur, and there was no reference to the redshifts
of spiral nebulae, although these must have been known to him.>? It is hard to avoid the
impression that Friedmann did not recognize the physical importance of his calculations
and to a large degree considered them to be nothing but a mathematical game. Thus, the
notion of the age of the universe that appears in his papers should not be taken in a realistic
sense and was rather seen by Friedmann himself as a mathematical curiosity. Nonetheless,
his contributions were of momentous importance, as they broke with the ingrained belief in
a static world. But this was far from recognized at the time, when his papers failed to attract
the attention later scientists would think they deserved.

In the autumn of 1929, Robertson deduced, in a more general and rigorous way than
Friedmann had done, all the line elements of a homogeneous, isotropic universe.’* He had
evidently studied both of Friedmann’s papers, but he did not fully recognize the dynamic
nature of the universe hidden in his and Friedmann’s equations. Robertson’s paper included
the first version of the Robertson—Walker metric, the most general expression for the line
element valid for all homogeneous and isotropic world models (this metric was derived
again in a very different way by Arthur G. Walker in 1935). Prior to Robertson’s work,
Friedmann’s papers went unnoticed, in spite of being published in German in a prestigious
physics journal. What is more, Einstein responded to the 1922 paper with a note in the
Zeitschrift fiir Physik in which he claimed that Friedmann had made a mistake and that his
equations were not compatible with the cosmological field equations. Only one and a half
years later did he realize that it was he, not Friedmann, who had made a mistake. ‘I am con-
vinced that Mr. Friedmann’s results are both correct and clarifying,” Einstein now wrote.
‘They show that in addition to the static solutions there are time varying solutions with a
spatially symmetric structure.’>*

However, Einstein’s concession did not imply that he accepted an evolutionary universe
as a candidate for the real world. That Friedmann’s work did not change Einstein’s attitude
(or anyone else’s) is illustrated by an article on ‘Space—time’ he wrote for the 1929 edition
of the Encyclopedia Britannica. ‘Nothing certain is known of what the properties of the
space—time continuum may be as a whole,” Einstein stated. ‘Through the general theory of
relativity, however, the view that the continuum is infinite in its time-like extent but finite
in its space-like extent has gained in probability.’ It looked as if Friedmann might just as
well not have written his later papers that were so celebrated. One reason for the lack of
impact was undoubtedly that Friedmann died prematurely in 1925. Another and probably
more important reason was the mathematical character of his papers and their lack of
reference to astronomical data.

3.2.3 Lemaitre’s expanding model

Georges Lemaitre served in the Belgian army throughout the First World War and
subsequently embarked on a remarkable double career, as a theoretical physicist and
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simultaneously as a priest in the Catholic church.> In the autumn of 1923, he was ordained
a Catholic priest and immediately thereafter went to Cambridge to spend a year as a
postgraduate student with Eddington, under whose influence he specialized in the general
theory of relativity. In 1924-25 Lemaitre continued his postgraduate studies in the United
States, at Harvard University (under Shapley) and Massachusetts Institute of Technology
(MIT). While in the United States he became increasingly interested in cosmology and
suggested the previously mentioned modification of de Sitter’s cosmological theory, at the
time still conceiving it as a static model. Having received his PhD degree from MIT, he
returned to Belgium, where he was appointed to a professorship at the Catholic University
of Louvain. In the same year, 1927, he made his breakthrough in cosmology by arguing that
the universe was expanding in accordance with the laws of general relativity.

From a formal point of view, Lemaitre did little more than Friedmann had done in his ill-
fated paper of 1922, which Lemaitre did not know at the time and the results of which he
thus unknowingly duplicated. It was only in 1927, when he had a chance to present his
theory to Einstein, that he realized that Friedmann had anticipated a major part of his work.
Incidentally, Einstein’s response to the idea of an expanding universe was essentially the
same in 1927 as five years earlier: he found no errors in the mathematics of Lemaitre’s
theory, yet he was convinced that ‘from the physical point of view it was “tout a fait abom-
inable” % It is unknown precisely how Lemaitre arrived at his theory of the expanding
universe, but he clearly relied on his discussion of 1925 of de Sitter’s model. It was while
searching for a solution that combined the advantages of this model and Einstein’s solution
A that he was led to ‘consider an Einstein universe where the radius of space (or of the
universe) varies in an arbitrary way’.” With a time-dependent space curvature R(¢), he
found the same differential equations as Friedmann, except that Lemaitre included
radiation pressure (p). With the velocity of light taken to be unity, the equations read
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where R’ = dR/dt and R” = d’R/d¢*. Lemaitre also introduced thermodynamical arguments
by deriving energy conservation in the expanding universe in the form

dE + pdV = d(pV) + pdV = 0,

and

where V is the volume of the universe, 7°R>. The model favoured by Lemaitre was a closed
universe expanding from an Einstein state of radius R, = A™'"2, which he estimated from
astronomical data to be about 270 Mpc. As the expansion continued, the mass density
would gradually diminish and eventually approach that of the empty de Sitter state.
Although from a mathematical point of view Lemaitre’s paper was very similar to
Friedmann’s, otherwise it differed strikingly from it. He was not interested in any kind of
variation R(f) allowed by the equations, but only in the expanding solution that seemed to
correspond to the redshift data. The importance of these data was reflected in the title of the
paper, ‘A Homogeneous Universe of Constant Mass and Increasing Radius Accounting for
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The Radial Velocity of Extra-Galactic Nebulae.>® Lemaitre was the first to introduce the
crucial notion that ‘The receding velocities of extra-galactic nebulae are a cosmical effect
of the expansion of the universe.” That is, he realized that the redshifts were caused not by
galaxies moving through space, but by galaxies being carried with the expanding space. If
light was emitted when the radius of the universe is R, and received when it had increased
to R,, the ‘apparent Doppler effect” would be

M _ R
AR
Lemaitre found the approximate relationship between recession velocity and distance to be
v = (R'/R)cr = kr.

1.

Relying on data from Gustaf Stromberg (for radial velocities) and Hubble (for apparent
magnitudes, and hence distances), he obtained for the expansion constant a value of
625 km/s/Mpc. This is what later would be known as Hubble’s constant, but Lemaitre had
no empirical evidence for the linear relationship and therefore used the mean distances to
obtain the constant. In the conclusion of his 1927 paper, he noted that ‘the largest part of
the universe is forever out of our reach. The range of the 100-inch Mount Wilson telescope
is estimated by Hubble to be 5 X 107 parsecs, or about R/200. The corresponding Doppler
effect is 3,000 km/sec. For a distance of 0.087R it is equal to unity, and the whole visible
spectrum is displaced into the infra-red.” Lemaitre underlined the physical nature of his
model by tentatively suggesting a cause for the expansion of the universe, namely the pres-
sure of radiation.

Lemaitre’s prediction of an expanding universe made no more impact than did
Friedmann’s work. On the contrary, his paper seems to have been almost completely
unknown and to have received no citations from other scientists until 1930. It was, like
Friedmann’s article of 1922, mentioned in the leading abstract journal Astronomischer
Jahresbericht, but by title only (Friedmann’s was listed under ‘Relativity Theory’, and
Lemaitre’s under ‘Nebulae’). While Friedmann’s 1922 paper received a review in the
American-based Physics Abstract, physicists would look in vain for a review of Lemaitre’s
work. In a survey of cosmology of early 1929, Lemaitre briefly referred to his work two
years earlier (and also to Friedmann’s theory), but this paper did not attract any attention
either. There is little doubt that part of the reason why Lemaitre’s expanding universe was
met with silence was his decision to publish it in the relatively obscure Annales Scientifique
Bruxelles. At any rate, after a period of neglect of nearly three years, it was rediscovered in
1930 and then recognized as a crucial contribution to theoretical cosmology.

3.2.4 The Hubble law

By the late 1920s, Edwin Hubble had turned to the problem of the redshifts of the extra-
galactic nebulae (or galaxies), that is, why they ‘shun us like a plague’, as Eddington
expressed it. Slipher’s measurements of radial velocities had effectively come to an end as
his 24-inch refractor at the Lowell Observatory was unable to penetrate further into space
and record the spectra of the numerous fainter nebulae. At a meeting of the International
Astronomical Union in the Netherlands in 1928, Hubble discussed the matter with other
experts and decided to use the 100-inch telescope at Mount Wilson to solve the puzzle of
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the redshifts and their relation to distances. In a paper submitted to the Proceedings of the
National Academy of Sciences in January 1929 and appearing in the 15 March issue, he
reported data which substantiated the linear velocity—redshift relation that some theorists
had anticipated. Hubble did not specifically state the relationship as

v = Hr,

but wrote that ‘The results establish a roughly linear relation between velocities and
distances among nebulae for which velocities have been previously published, and the
relation appears to dominate the distribution of velocities.’®

Most of the redshifts were taken from Slipher’s work, and new observations were made
by Milton Humason, Hubble’s collaborator and a self-trained expert in galactic spec-
troscopy. Humason had found a galaxy with the record-high recessional velocity of 3779
km/s, and Hubble used this value to check the linearity in his sample, ranging from —12.7
to —17.7 in absolute magnitude. The result was a confirmation of the linear relationship
between redshift and distance. Hubble’s data consisted of radial velocities of 46 galaxies, of
which he believed to have fairly accurate distances for 24. The most distant of these
galaxies was 2 megaparsecs away and receded from the Earth with a velocity of about 1000
km/s. In a now famous diagram, he plotted the redshifts (velocities) of the receding galax-
ies against their distances, obtaining what he judged to be a reasonably linear correlation.

The linear Hubble relation was rapidly accepted by the majority of astronomers. About
the only one who seriously objected to Hubble’s claim was Shapley, who found the data
insufficient and argued that it was premature to conclude either for or against a linear law.
However, new measurements made at Mount Wilson by Humason soon dispelled
whatever uncertainty there might have been. In a paper of 1931, Hubble and Humason
greatly extended the data base with 40 more galaxies, now reaching out to a distance
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Fig. 3.3 Hubble’s velocity—distance diagram of 1929. The solid and broken lines represent two different ways
of correcting for the motion of the Sun. From Hubble 1929.
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of 32 megaparsecs, and proved without doubt the linear relationship, which eventually
came to be known as the Hubble law. For the recession constant, they found a value of 558
km/s/Mpc, whereas the value of 1929 had been about 500 km/s/Mpc. Although aware of
the theoretical significance of his work, Hubble was reluctant to go much beyond observa-
tions. At the end of his 1929 paper, he wrote, ‘The outstanding feature . .. is the possibility
that the velocity—distance relation may represent the de Sitter effect, and hence that numer-
ical data may be introduced into discussions of the general curvature of space.” However, he
interpreted the spectral shifts as a compound phenomenon caused by two different effects
in de Sitter’s model:

In the de Sitter cosmology, displacements of the spectra arise from two sources, an apparent slowing down
of atomic vibrations and a general tendency of particles to scatter. The latter involves an acceleration and
hence introduces the element of time. The relative importance of these two effects should determine the
form of the relation between distances and observed velocities; and in this connection it may be emphasized
that the linear relation found in the present discussion is a first approximation representing a restricted
range in distance.®!

That Hubble did not interpret the redshifts as simply Doppler shifts caused by the recession
of galaxies is also indicated by a letter to Shapley of May 1929, where he suggested that the
redshifts might be gravitational.

Hubble discovered the linear law connecting redshifts and distances, but this does not
mean that he also discovered the expansion of the universe.®? Nowhere in his paper did he
conclude that the galaxies were actually receding from us or otherwise suggest that the
universe was expanding. He did present the law in terms of velocities, but he referred to
‘apparent velocities’, that is, redshifts that could be conveniently transformed to velocities
by means of the Doppler formula but for which other interpretations might be equally
valid. “We [Hubble and Humason] use the term “apparent” in order to emphasize the empir-
ical features of the correlation,” he wrote to de Sitter in 1931. ‘The interpretation, we feel,
should be left to you and the very few others who are competent to discuss the matter
with authority.’®> Humason followed Hubble in his cautious attitude and wrote that the
observations could be explained ‘both by the apparent slowing-down of light vibrations with
distance and by a real tendency of material bodies to scatter in space.’** Similarly, in their
1931 paper, Hubble and Humason noted that the ‘present contribution concerns a
correlation of empirical data of observation. The writers are constrained to describe
the “apparent velocity-displacements” without venturing on the interpretation and its
cosmologic significance.’®®

Hubble’s celebrated paper appeared in the spring of 1929 but was not immediately seen
as a revolutionary contribution to cosmology, i.e. it was not seen as an observational proof
that the universe was expanding. For example, when Robertson completed his paper on
relativistic cosmology in the autumn of 1929, he was undoubtedly aware of Hubble’s work,
but he did not find it relevant to mention it. Similarly, in his The Size of the Universe,
prefaced November 1929, Silberstein dealt at length with Hubble’s 1926 paper but did not
mention his more recent work. Richard Tolman, in a paper published in May 1929, did refer
to ‘The correlation between distance and apparent radial velocity for the extra-galactic
nebulae obtained by Hubble’, but without concluding that it demonstrated an expanding
universe.® It took more than observations to effect a change in the world view from a static
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to an expanding universe. This change only occurred in the early part of 1930, when it was
realized that both theory and observation indicated that there was something seriously
wrong with the static universe.

At a meeting of the Royal Astronomical Society on 10 January 1930, Eddington argued
that since neither of the solutions A and B had proved adequate, interest should focus on
non-static solutions. A similar conclusion was obtained by de Sitter, who was present at the
meeting, and also by Robertson and Tolman in the United States. When Lemaitre,
Eddington’s former student, read about the meeting, he immediately wrote to Eddington
and reminded him about his paper of 1927, a reprint of which he had sent to him but which
Eddington had forgotten about:

I just read the February n° of the Observatory and your suggestion of investigating nonstatical interme-
diary solutions between those of Einstein and de Sitter. I made these investigations two years ago [sic]. I con-
sider a universe of curvature constant in space but increasing with time. And I emphasize the existence of
solution in which the motion of the nebulae is always receding one from time minus infinity to plus infinity.®’

The oversight was remedied by a letter to Nature of 7 June 1930, in which Eddington drew
attention to Lemaitre’s work. It was, he wrote to de Sitter, a ‘brilliant solution’. De Sitter
agreed.

Having digested Lemaitre’s paper, Eddington reanalysed in the spring of 1930 Einstein’s
matter-filled solution, and he now conluded that it was only static because of the specific
value assigned to the cosmological constant; any small perturbation would cause the Einstein
universe either to contract or to expand. From Lemaitre’s equations with p=0, it follows that

3R" = R(A — kp/2).

If A=kp/2, the solution corresponds to the static Einstein universe of 1917. But if there is a
slight disturbance which causes p to drop below 2A/k, say by particles disappearing by
annihilation, the universe will start to expand; conversely, if there is an excess of mass
(p > 2A/k), it will contract. ‘The initial small disturbance can happen without supernatural
interference,” Eddington stressed; for example, it could happen by some gravitational
instability. Once started, the universe would continue to expand at an increasing rate.
Comparing his results with astronomical data, he concluded: ‘The radius of space was
originally about 1200 million light-years . . . [and] its present rate of expansion is 1 per cent in
about 20 million years.’® His model and size of the initial universe were thus similar to
Lemaitre’s, for which reason this model entered the literature as the Lemaitre—Eddington
(or sometimes Eddington—Lemaitre) model.

In a letter to Shapley of April 1930, de Sitter abandoned his solution B and described
Lemaitre’s theory of the expanding universe as ‘the true solution, or at least a possible solu-
tion, which must be somewhere near the truth’.%’ Having studied Lemaitre’s work, de Sitter
presented in June his own version of the expanding universe, which included a recession
constant of 490 km/s/Mpc, not far from Hubble’s value. Also, Einstein, who had previously
dismissed the theories of Friedmann and Lemaitre, accepted the dynamic solutions and
realized that in an expanding universe the cosmological constant was no longer necessary.
In a paper of 1931, in which he advocated an oscillatory model of the universe, he noted
that the instability of his solution A followed from Friedmann’s equations. He now
definitely abandoned the cosmological constant, never to return to it.”
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By 1933, the theory of the expanding universe was accepted by a majority of
astronomers and subjected to detailed reviews in works by Otto Heckmann, Robertson, and
Tolman.”! It was also disseminated to the public through a number of popular works, such
as James Jeans’s The Mysterious Universe (1930), James Crowther’s An Outline of the
Universe (1931), de Sitter’s Kosmos (1932), and Eddington’s The Expanding Universe
(1933). The latter book was based on a public lecture that Eddington gave at the meeting of
the International Astronomical Union in Cambridge, Massachusetts. Eddington opened his
lecture by pointing out how truly international were the recent developments in cosmology:
‘This is an International Conference and I have chosen an international subject. I shall
speak of the theoretical work of Einstein of Germany, de Sitter of Holland, Lemaitre
of Belgium. For observational data I turn to the Americans, Slipher, Hubble, Humason,
recalling however that the vitally important datum of distance is found by a method which
we owe to Hertzsprung of Denmark. ... My subject disperses the galaxies, but it unites the
earth. May no “cosmical repulsion” intervene to sunder us!’7?

Although by the early 1930s the expansion of the universe had become a reality, it was far
from clear why it expanded or why it was an expansion and not a contraction. The
Friedmann-Lemaitre equations are symmetric with respect to the direction of time and
therefore describe also a contracting universe different from the one we live in. In England,
the problem was studied by William McCrea and George McVittie, who investigated

t

Fig. 3.4 After de Sitter had become aware of the Friedmann-Lemaitre equations in 1930, he derived world
models corresponding to physically acceptable solutions. In his textbook of 1934, Richard Tolman included
de Sitter’s graphical representations (Tolman 1934, p. 411). Curves I and VII, which include the
Lemaitre—Eddington model, expand from an original static state, whereas II, IV, and VI first contract to a
minimum radius and then expand to the empty de Sitter state. Curves Il and V are models expanding from a
singular state, such as Lemaitre’s 1931 Big Bang model. Oscillating models are not included.
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the effect of condensations in the initial state of the universe. The young Leningrad physicist
Matvei Bronstein believed that the problem could not be solved by referring to a time-
asymmetric initial situation, but that it required a modification of the cosmological equa-
tions. His radical suggestion was that the asymmetry of cosmic history was due to a
time-dependent cosmological constant acting as an arrow of time. The price to pay was
a violation of energy conservation on a cosmic scale, as the energy-conserving equation
dE + p dV = 0 would no longer hold. Bronstein further suggested that the cosmo-
logical constant might represent some form of energy, and that there might exist an energy
transfer between ordinary matter and the matter or energy associated with the constant.
Without knowing of Bronstein’s paper, in 1934 Lemaitre argued that the cosmological
constant might be understood as a vacuum energy density given by p = Ac?/4mwG.” Neither
Bronstein’s nor Lemaitre’s paper attracted attention in the 1930s, but they dealt with a topic
that would become of great importance in cosmology many years later.

3.3 Towards a finite-age universe

It is often assumed that the idea of the expanding universe entails the Big Bang universe,
that is, the notion of a catastrophic beginning of the world a definite time ago. That is not
the case, however, neither from a logical point of view nor from a historical perspective.
The two notions are distinctive. The Friedmann (or Friedmann—Lemaitre) equations can be
seen as the first step towards the Big Bang universe, but this step was neither necessary nor
sufficient. As the historial record documents, there were ideas about an explosive origin of
the universe completely independent of the cosmological field equations; furthermore, the
recognition that the universe was expanding did not lead automatically to the conclusion
that it had an origin in time. On the contrary, when the idea of a finite-age universe was
eventually proposed—and that occurred only two years after Hubble’s discovery—most
astronomers and physicists resisted it. All the same, during the 1930s, the ‘exploding’
models of Lemaitre and Edward Milne were not completely ignored, and at the end of the
decade they were seriously discussed by at least a few physicists and astronomers.
Although the high road of cosmological history goes from Hubble via Lemaitre to
Gamow, and from there to the the modern theory of the Big Bang, this was not the road of
history. As usual, this road was more messy and less straightforward. Today’s cosmologists
(and, unfortunately, many historians of cosmology) naturally identify Big Bang cosmology
with the general theory of relativity, but from a historical point of view such an identifica-
tion is not warranted. In fact, in the 1930s many observers would associate theories of the
Big Bang type with a cosmological theory entirely different from that of Einstein and
Lemaitre, namely with the one proposed by Milne in England. Generally speaking, the
situation in theoretical cosmology during the 1930s was confusing. The situation in
observational cosmology was no less so. To put it briefly, the 1930s were a decade of
uncertainty and—in retrospect—a preparation for what happened in the next two decades.

3.3.1 The beginnings of physical cosmology

During the first three decades of the twentieth century, the notion of a universe of finite
age was rarely considered and never seriously advocated. Cosmologists were not concerned
with the temporal extension of the world, except in that they tended to take it for granted
that the world had always existed, whatever its spatial structure. If astronomers in a
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speculative mood looked far back in time, they generally conjectured that ‘at the beginning
of time’ the whole of space was uniformly filled with a tenuous gas. They did not think of
space itself as evolving from some initial state.

In the few cases where the idea of a finite-age universe surfaced, it was either dismissed or
entertained only in a vague, uncommitted way. It was clearly an unwelcome idea. The leading
geophysicist Arthur Holmes discussed in 1913 the entropic paradox, realizing that it might be
solved if it was assumed that the universe had a definite beginning; however, having mentioned
the possibility, he dismissed it and instead affirmed the eternity of the universe.”* As another
example, consider the article on ‘Cosmogony’ which appeared in the ten-volume
Handwdérterbuch der Naturwissenschaften in 1914. The author, Otto Knopf from the Jena
Observatory, discussed the same problems as Holmes, and he shared his uneasiness about the
notion of an origin of the universe. Fortunately, he wrote, this was not an inevitable conse-
quence, for ‘According to the present state of science, one must accept a periodical change in
creative and destructive individual processes, and that the whole [universe] is unchangeable.””

That the notion of a universe with a definite beginning in time was hard to accept, indeed
nearly unthinkable, is also illustrated by Weyl’s response to the cosmological model that
Lanczos had suggested in 1922. In this model there appeared an initial space—time singu-
larity, a feature Weyl found to be an unacceptable blemish. His own version, he pointed out,
‘has the great advantage [over Lanczos’s] of not introducing a singular initial moment, of
conserving the homogeneousness of time’.”® As mentioned, Friedmann explicitly intro-
duced the idea of a created world in his paper of 1922, but without clearly interpreting it as
a possible physical reality. Again, in a book of 1924 the British astrophysicist Herbert
Dingle made the innovative suggestion that the galactic redshifts measured by Slipher
reflected the history of the universe, that the observed recession might be ‘the legacy of a
huge disruption, in the childhood of matter, of a single parent mass’. In that case, ‘the
apparent repulsion would be merely the effect of inertia, and might or might not in time be
overcome by the persistent influence of gravitation’. Might it not be, he continued, that ‘we
exist at a special point of time in a Universe which had a beginning in time’? But Dingle
raised the possibility only to dismiss it as an unwarranted speculation. He did not believe in
a universe of a finite age, and concluded that there was no evidence for ‘a beginning of
things’.”” This attitude was shared by most of his colleagues.

As Dingle vaguely anticipated an evolutionary universe of finite age, so did Jeans. In a
lecture given in Bristol in the autumn of 1928, Jeans surveyed some of the more speculative
aspects of cosmology, including the heat death and the beginning of the universe. He
suggested that present matter had not existed forever, that it ‘must have begun to exist at
some time not infinitely remote, and this leads us to contemplate a definite event, or series
of events, or continuous process, of creation of matter’. Jeans imagined that originally
atoms, made up of electrons and protons, were created by high-energy photons. ‘If we want
a concrete picture, we may think of the finger of God agitating the ether,” he famously
wrote.”® Although Jeans thus discussed the creation of matter and the beginning of the uni-
verse, it is characteristic that he did so in a popular lecture and without committing himself
to a particular view. It would take another three years until a universe with a beginning in
time was introduced into cosmology.

Before proceeding to this breakthrough, it should be noted that although mathematical
cosmology in the 1920s did not include the physics of matter and radiation, a few scientists



FOUNDATIONS OF MODERN COSMOLOGY 151

did attempt to adopt a more physical perspective in the study of the universe.” Most of
these attempts were not of a truly cosmological nature, but in retrospect they can be seen as
early examples of physical cosmology, a branch of science that would reach a mature state
only after the Second World War. For example, as early as 1922 Richard Tolman applied
chemical equilibrium theory to investigate the relative abundances of hydrogen and helium
in the universe, a problem that was also taken up six years later by Seitaro Suzuki, a
Japanese physicist. Suzuki reached the conclusion that the observed cosmic ratio of helium
and hydrogen—at the time known only very roughly—could be explained on the assump-
tion of a very hot early universe. However, the remarkable assumption of an early hot state
failed to make any impact among European and American cosmologists.

The application of the laws of thermodynamics to the entire universe goes back to the
nineteenth century, and in the 1920s a few physicists studied cosmological models from the
perspective of thermodynamics. Wilhelm Lenz, a German physicist, was probably the first
to apply thermodynamics to a definite cosmological model. In 1926 he studied the equilib-
rium of matter and radiation in an Einstein universe and found that the temperature of the
black-body radiation would depend on the radius of the universe as
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where a is the constant in the Stefan—Boltzmann law, and 7 is measured in absolute degrees
and R in cm. Arbitrarily assuming the radiation temperature to be about 1 K, he was led to
suggest a world radius of the order 10*' cm or 10° Mpc. Two years later, Tolman improved
Lenz’s calculations and derived expressions for the energy and entropy of the same kind of
world model. Lenz also considered the vacuum energy, which appears here for the first
time in a cosmological context. He stated that if the zero-point energy was included, one
would obtain for the vacuum energy an equivalent amount of matter so great that it would
produce a universe with a curvature radius smaller than the distance to the Moon!3® He
consequently concluded that the vacuum energy could not act gravitationally.

Also, the Swiss—American astronomer Fritz Zwicky studied the Einstein universe as a
thermodynamical equilibrium system. After the expanding universe had been recognized,
Tolman studied expanding models within the framework of relativistic thermodynamics. In
a paper of May 1931, he discussed the classical entropic paradox and mentioned some of
the solutions that had been proposed. One of these was Boltzmann’s idea of fluctuations in
entropy; another was ‘that the universe was indeed created at a finite time in the past with
sufficient available energy so that the entropy has not yet reached its maximum value’.8!
This was precisely what Lemaitre suggested at the same time, but Tolman (who probably
did not yet know of Lemaitre’s hypothesis) refused to take take the idea seriously. It was, he
claimed, an ad hoc hypothesis with no scientific merit.

The idea that the pattern of element abundances reflects nuclear processes in the early
universe, and may therefore be used to reconstruct this phase in the history of the cosmos,
was to play an important role in early Big Bang cosmology. Among the pioneers of this
kind of reasoning—a continuation of the astrochemistry of the Victorian era—was the
American chemist William Harkins, who as early as 1917 argued that the observed abund-
ances of the various elements were the result of nuclear evolution processes starting from
hydrogen. Basing his work on analyses of meteorites in particular, Harkins found that the
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first seven elements in order of cosmic abundance all had even atomic numbers and made
up almost 99% of the matter in the universe. This was at an early date in the history of
nuclear physics, only a few years after the notion of the atomic number (the positive charge
of the atomic nucleus) had been introduced as an ordering number for chemical elements.
Several other chemists shared with Harkins an interest in the chemistry of the stars. One of
them was the brilliant American physical chemist Gilbert Lewis, who in 1922 argued that
as astronomy could learn from chemistry, so chemistry could learn from astronomy:

While the laboratory affords means of investigating only a minute range of conditions under which chem-
ical reactions occur, experiments of enormous significance are being carried out in the great laboratories of
the stars. It is true, the chemist can synthesize the particular substances which he wishes to investigate and
can expose them at will to the various agencies which are at his command; we cannot plan the processes
occurring in the stars, but their variety is so great and our methods of investigation have become so refined
that we are furnished an almost unbounded field of investigation.®?

Eddington, too, realized that the content of matter in the universe might reflect its his-
tory. Like a few others before him, he called attention to the existence of radioactive min-
erals on the earth, suggesting that it indicated ‘a mechanism running down which must at
some time have been wound up’. According to Eddington, ‘it would seem clear that the
winding-up process must have occurred under physical conditions vastly different from
those in which we now observe only a running-down’. This may look like an anticipation of
the Big Bang scenario, except that Eddington did not refer to the early phase of the universe
but to ‘the general brewing of material which occurs under the intense heat in the interior of
the stars’.%

In a brief paper of 1931, Ladislaus Farkas and Paul Harteck, two German physical
chemists, applied equilibrium theory to a primeval mixture of nuclei, protons, and electrons
at a temperature of two billion degrees. They calculated the relative abundances for
elements up to sodium, claiming that their calculations agreed roughly with experimental
data. Their work would later inspire Weizsédcker to develop a cosmological theory of
element formation and stellar energy generation. However, Harold Urey and Charles
Bradley argued in the same year (1931) that the relative abundances of terrestrial elements
could not be reconciled with the equilibrium hypothesis, whatever the temperature of the
equilibrium mixture. None of the chemists engaged in this kind of work adopted a truly
cosmological perspective or sought to relate their work to cosmological models in the
relativistic tradition. Such a connection still lay in the future, though not by many years.

3.3.2  The primeval-atom hypothesis

The expanding model that Lemaitre suggested in 1927 became known as the
Lemaitre—Eddington model because it was adopted and further developed by Eddington
after he converted in 1930 to the new idea of the expanding universe. Whereas Eddington
remained throughout his life faithful to an expanding, yet eternally existing world, his for-
mer Belgian postdoc moved on, proposing in May 1931 the first version of what would
eventually be called the Big Bang universe.

Lemaitre’s main inspiration did not come from either astronomy or relativity (nor from
theology), but from recent developments within quantum theory coupled with considerations
about the presence of radioactive substances. The half-lives of radioactive elements such as
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uranium and thorium were known to be very long and of the same order of magnitude as the
Hubble time, that is, the inverse of the Hubble constant (the half-life of U-238 is 4.5 billion
years, and that of Th-232 is 14 billion years). Was this just a coincidence? Did it not indicate
that our present world might be looked upon as the nearly burned-out result of a previous
radioactive universe? According to Lemaitre, the universe had originated in a giant radio-
active flash and hence could be ascribed a definite age. To formulate this idea of a cosmic
beginning in a satisfactory way, he had to avoid Kant’s first antinomy, essentially an argument
based on the impossibility of giving a causal-deterministic account of the beginning of the
universe. At this stage quantum mechanics entered Lemaitre’s line of reasoning, for he knew
that quantum-mechanical processes such as radioactivity are non-causal and indeterministic
and might therefore be used to circumvent the logical problems discussed by Kant.

In a popular address of early 1931, Eddington dealt with one of his favourite themes, the
heat death and the role of entropy as an arrow of time. He considered briefly what the state
of the world would have been like if time were traced backwards to a state of minimum
entropy. Would this state correspond to the beginning of the world? Not according to
Eddington, who conceded that the state of maximum possible organization might be called
a ‘beginning’ but denied that it could be a physical reality, a subject of scientific reasoning.
‘Philosophically, the notion of a beginning of the present order of Nature is repugnant to
me,” he stated.®* Lemaitre begged to disagree. In his brief paper of 9 May, he expressed his
heretical view, that he was ‘inclined to think that the present state of quantum theory sug-
gests a beginning of the world very different from the present order of Nature’. He sug-
gested that ‘we could conceive the beginning of the universe in the form of a unique atom,
the atomic weight of which is the total mass of the universe . . . [and which] would divide in
smaller and smaller atoms by a kind of super-radioactive process’. Quantum-mechanical
indeterminacy helped him explain how the present world in all its colourful diversity could
be the result of a single, undifferentiated quantum:

Clearly the initial quantum could not conceal in itself the whole cause of evolution; but, according to the
principle of indeterminacy, that is not necessary. Our world is now understood to be a world where some-
thing really happens; the whole story of the world need not have been written down in the first quantum like
the song on the disc of a phonograph. The whole matter of the world must have been present at the begin-
ning, but the story it has to tell may be written step by step.5

Lemaitre’s hypothesis, as it appeared in Nature, was more a piece of cosmic poetry than a
scientific theory. But he soon presented a better argued and more elaborate version, first in
an address to the British Association for the Advancement of Science in October 1931.
Although on this occasion he did not present a quantitative theory, he did clarify his idea of
what he now called a ‘fireworks theory’ of cosmic evolution. He argued that the cosmic radi-
ation was the remnants of the disintegration of the primeval superatom—"‘ashes and smoke
of bright but very rapid fireworks’. At about the same time, he developed his ideas into a def-
inite model of the universe, the first example ever of a relativistic Big Bang universe. In a
paper in Revue des Questions Scientifiques, he described his world model as follows:

The first stages of the expansion consisted of a rapid expansion determined by the mass of the initial atom,
almost equal to the present mass of the universe. . .. The initial expansion was able to permit the radius [of
space] to exceed the value of the equilibrium radius. The expansion thus took place in three phases: a first
period of rapid expansion in which the atom-universe was broken down into atomic stars, a period of
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slowing-down, followed by a third period of accelerated expansion. It is doubtless in this third period that
we find ourselves today, and the acceleration of space which followed the period of slow expansion could
well be responsible for the separation of the stars into extra-galactic nebulae.®

This is what is called the Lemaitre model of the universe, a model which has some similar-
ities to the Lemaitre—Eddington model (both of them are ever-expanding and spatially
finite) but differs from it by being of finite age. In addition to the explosive beginning, what
characterized Lemaitre’s model was the second phase of slowing-down or ‘stagnation’, a
phenomenon made possible by the assumption of a positive cosmological constant.
Lemaitre had first introduced stagnation within the context of the Lemaitre—Eddington
model in an attempt to explain how the expansion from the Einstein state was caused by
condensation processes. There was a double bonus from introducing the stagnation phase:
for one thing, it stretched the timescale and thus provided a solution to the age paradox (see
below); for another thing, it made it easier to explain how galaxies were formed in the early
universe.

Lemaitre was a great advocate of the cosmological constant. Not only did his favoured
model of the universe rely on it, but he also found it methodologically convenient to operate
with the constant because it would provide relativistic cosmology with an extended empir-
ical content. In sharp contrast to Einstein’s attitude, Lemaitre referred to the cosmological

Fig. 3.5 Lemaitre’s finite-age world model,
as represented in a paper of 1958. The pre- \
sent radius was assumed to be ten times .
the Einstein equilibrium radius. From Galaxies
Godart and Heller 1985, © 1985 by the @ tr—-—---=-=
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constant by positive names such as ‘happy accident’, ‘logical convenience’, and ‘theoretical
necessity’. He tried several times to convince Einstein about the necessity of keeping a
non-zero cosmological constant, but in vain. All Einstein would admit was that the quantity
was helpful in solving the age paradox, and this was not enough to change his view.?’

From a mathematical point of view the Lemaitre model belongs to the class of Big Bang
models, in the sense that it includes R = 0 for ¢ = 0. However, Lemaitre adopted a physical
point of view which caused him to resist the idea of an initial singularity in the strict mean-
ing of the term. According to his thinking, at # = 0 the universe already ‘existed’ in the
shape of the material primeval atom that contained within it the entire mass of the universe,
and the radius of which he estimated to be a few astronomical units. The matter density
would correspond to that of an atomic nucleus, roughly 10" g/cm?, the highest density
physicists could imagine. Lemaitre’s primeval atom was simple in an absolute, almost
metaphysical sense. It was inaccessible to scientific inquiry, devoid of physical properties,
and hence non-existent from a physical point of view. While he originally spoke of the
original state as a unique atom, a kind of super-transuranic element, he later likened it to a
gigantic ‘isotope of the neutron’.

As to the cosmic singularity formally turning up at ¢ = 0, he denied that it could have any
physical meaning. When the movie of cosmic development was run backwards in time, at
some stage physical conditions would surely prevent the unwelcome singularity. This is
what Lemaitre argued in an important paper of 1933, which is also noteworthy because
it included the first calculation of an inhomogeneous world model with properties corre-
sponding to later ideas of ‘bubble universes’ (the model is today often known as the
Tolman—-Bondi model). Lemaitre insisted that ‘matter has to find a way to avoid the
annihilation of its volume’ and concluded that ‘only the subatomic nuclear forces seem
capable of stopping the contraction of the universe when the radius of the universe is
reduced to the dimension of the solar system’. He briefly considered cyclic solutions—and
endless series of contractions and expansions—but only to conclude that they were ruled
out observationally. Yet he shared Friedmann’s fascination with such solutions, which ‘have
an indisputable poetic charm and make one think of the phoenix of the legend’.8

Lemaitre realized that his Big Bang scenario was hypothetical and that sceptics might
consider it nothing but ‘a brilliantly clever jeu d’esprit’, as it was characterized by Ernest
Barnes, the mathematically trained bishop of Birmingham.?* Was the model physically
testable? If the universe had really once been in a highly compact, hot, and radioactive
state, would it not have left some traces that could still be subjected to analysis? Lemaitre
believed that there were indeed such traces from the far past, and that these were to be
found in the cosmic radiation. If the cosmic rays were remnants of the original explosion,
they would have to consist of high-velocity charged particles (and not of photons, as Robert
Millikan and others believed). With the expansion of the universe the energy of the
radiation would decrease, which meant that this energy must have been enormous shortly
after the Big Bang. In collaboration with Manuel Vallarta, a Mexican physicist, Lemaitre
developed his idea in a series of calculations of the energies and trajectories of charged
particles in the Earth’s magnetic field. He believed that there was experimental support for
the view of a super-radioactive origin of cosmic rays, but failed to convince the majority of
physicists. It was a wrong hypothesis, but it was a brave attempt to argue physically for the
origin of the universe.
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3.3.3  Responses to the exploding universe

Given that Lemaitre’s idea of a beginning of the universe was so radical and novel, it is not
surprising that it was received with scepticism by his fellow cosmologists. In so far as it
was considered as a mathematical model only, as one possible solution to the Friedmann
equations, it was not seen as particularly problematic. However, viewed as a physical
model, it was a different matter. In fact, as early as June 1930 de Sitter had included the
model in a survey of dynamic world models, but he considered it to be just a mathematical
solution of no particular physical importance. During the first several years after 1931,
most experts either ignored or rejected the primeval-atom hypothesis. If there was a para-
digm shift, from an eternal to a created universe, it occurred only in the 1960s.

Einstein was one of the first physicists to accept Lemaitre’s Big Bang or something like
it, although not without hesitation. The cosmological singularity was a problem, but ‘one
can try to escape this difficulty by pointing out that the inhomogeneity of the distribution of
stellar material makes our approximate treatment illusory’. He further noticed that ‘indeed
hardly any theory that explains Hubble’s enormous shift in the spectral lines as a Doppler
effect can avoid this difficulty in a comfortable way’.*® Almost all relativistic models con-
sidered as candidates for the real universe in the interwar years were closed. It was as if cos-
mologists wanted to repress the idea of infinite space associated with open models, an idea
which Barnes in 1931 called ‘a scandal of human thought’ and which Lemaitre in 1950
labelled ‘the nightmare of infinite space’. The only open model widely noticed in the 1930s
was the Einstein—de Sitter model.

In 1932 Einstein collaborated with de Sitter in suggesting a model of the universe in
which there was no space curvature, no pressure, and no cosmological constant. From these
assumptions of a parsimonious universe, it follows from the Friedmann equations that the
matter density is

p= 34 _ 3
876G 8nGT?

where T = 1/H is the Hubble time. With H =500 km/s/Mpc, this gives a density of
4 X 1072 g/cm?, which ‘may perhaps be on the high side, [but] it certainly is of the correct
order of magnitude’.! The Einstein—de Sitter density is ‘critical’ in the sense that the grav-
itational attraction is precisely balanced by the expansion. If (for A =0) there is more matter
in the universe, gravitation will take over and the expansion will be followed by a contrac-
tion; space in a subcritical universe will be negatively curved and expand forever. In more
recent literature the density is often given by the parameter {2 = p/p_, which has the value 1
in the Einstein—de Sitter model. Also, the Hubble constant is often written as H = 1004
km/s/Mpc, where s is a pure number (not to be confused with Planck’s constant).
Converted into billions of years, the Hubble time can be written 7' = 9.8h7!, and for the
critical density we have p, = (3/87G)10*h? = 1.9h* X 1072 g/cm’. The density parameter
) then varies inversely with the square of 4.

It is easy to show that, according to the Einstein—de Sitter model, the scale factor
increases as R(¢) ~ #/*, meaning that R = 0 for = 0, and the age of the universe is given by
27/3. Remarkably, Einstein and de Sitter did not write down the variation of R(f), and
neither did they note that it implies an abrupt beginning of the world such as suggested by
Lemaitre (to whom they did not refer). De Sitter, who died in 1934, never felt at home with

= pf),
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the Big Bang theory, whereas Einstein seems to have accepted it at an early date. In a letter
to Eddington of 1933, Lemaitre reported about his fireworks theory that, ‘I had the great
pleasure to find professor Einstein very enthusiastic about it” (he also told that Einstein had
‘great prejudice’ against the cosmological constant).*?

There were, basically, two reasons why Lemaitre’s theory was received so reservedly.
One was in part observational, and in part emotional; the other was related to the timescale
problem shared by most Big Bang models (although not, ironically, by Lemaitre’s). A uni-
verse with a beginning in time was considered very strange, especially as long as the
hypothesis was not supported by observational evidence. To entertain it seriously, strong
reasons were needed, and few physicists and astronomers could find such reasons (they did
not consider Lemaitre’s claimed support from the cosmic radiation to be convincing).
Because of the absence of hard data, much of the discussion was kept in an emotional
language, indicating that it was as much a matter of taste as of scientific evidence. To John
Plaskett, a Canadian observational astronomer, Lemaitre’s hypothesis was ‘the wildest
speculation of all’, nothing less than ‘an example of speculation run mad without a shred of
evidence to support it’.”> This was a rather extreme judgement, but scepticism was wide-
spread also among experts in relativistic cosmology. At the 1931 meeting of the British
Association, de Sitter stressed that we had direct knowledge only of the part of the universe
that we could observe (‘our neighbourhood’), and that assertions about other portions were,
strictly speaking, scientifically meaningless. On the other hand, he admitted that such
assertions, necessarily based on extrapolations and ‘philosophical taste’, were necessary in
cosmology.

Robertson found the Big Bang solution to be contrived and unappealing and much
preferred the Lemaitre—Eddington model because it avoided a catastrophic behaviour in the
past. A similar attitude was expressed by Tolman, who warned against the danger of dog-
matism and what he called ‘the evils of autistic and wishfulfilling thinking’. Among such
prejudices he included the belief that the universe was created in the past. ‘The discovery of
models, which start expansion from a singular state of zero volume, must not be confused
with a proof that the actual universe was created at a finite time in the past.”** Eddington
never believed that the universe had a beginning, a concept he found philosophically mon-
struous. As he wrote in 1933, ‘The beginning seems to present insuperable difficulties
unless we agree to look on it as frankly supernatural.’® Eddington continued to defend the
Lemaitre-Eddington model, which was also the subject of his last paper to the Royal
Astronomical Society, published in 1944. In this paper, which was based on his unorthodox
attempt to integrate quantum mechanics and cosmology, he derived for the original
Einstein state a radius of about 300 Mpc, which by now would have increased to about 1500
Mpc. Eddington’s result was theoretically based and did not depend on observations.

A few years after having firmly established the empirical redshift-distance relation,
Hubble initiated an ambitious research programme at Mount Wilson with the aim of deter-
mining from this relation, supplied with counts of galaxies, the structure of the universe.
His principal aim was not to establish which kind of relativistic model agreed best with the
data, but to determine if the observed redshifts were cosmological in nature, that is, due to
an expansion of the universe in accordance with the Friedmann equations. He believed that
a critical test was possible, since rapidly receding galaxies should appear fainter than sta-
tionary galaxies at the same distance. However, the result of his efforts was disappointing.
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In a major work of 1935, written jointly with Tolman, the two cosmologists admitted that
they were unable to decide in favour of any particular model; instead, they chose to
emphasize the uncertainty of the data. ‘It might be possible’, they tentatively concluded, ‘to
explain the results on the basis of either a static homogeneous model with some unknown
cause for the red-shift or an expanding homogeneous model with the introduction of effects
from spatial curvature which seems unexpectedly large but may not be impossible.’*®

In a study of 1936, described in his monograph The Realm of the Nebulae, Hubble
reported counts of faint galaxies up to apparent magnitude m=21. If space is flat and the
galaxies are distributed uniformly, the number with a magnitude smaller than or equal to m
is given by

log N(m) = 0.6m + constant.

Hubble found that this expression did not hold for very faint galaxies, where a slope of 0.5
agreed better with the data (see Fig. 3.6). He concluded that the deviation indicated
effects of redshift on the apparent magnitudes, but had to admit that his data provided no
unequivocal information about the structure of space. All what he could conclude was that
if the observations had to fit an evolving universe, this would be ‘a curiously small-scale
universe’ with a disturbingly high density, namely, R=145 Mpc and p = 1072% g/cm?. The
alternative was that the redshifts were not caused by the expansion of space, but were
the result of some other, unidentified mechanism. That Hubble was not convinced about the
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Fig.3.6 Hubble’s determination of a log N-m relation. He interpreted the departures of the observed relation
from the relation to be expected from a uniform distribution of nebulae as effects of redshifts. From Hubble
1936, p. 186.
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expansion of the universe is indicated by a letter Nicholas Mayall wrote to him in 1937. ‘It
is perhaps unnecessary to mention how pleased are some of the people here [Lick
Observatory] to note the way that your interpretation of the nature of the redshift casts
doubt upon the validity of theories of the expanding universe.”®’

Throughout his life, Hubble avoided committing himself to the expanding universe, in
spite of a philosophical preference for such a universe governed by the laws of general
relativity. In a review of 1942, he again emphasized the lack of sufficient and reliable data
and the dilemma implied by current observations. To accommodate observations, he saw
no other choice than to conclude either that the universe expanded in agreement with
relativistic cosmology, or that the redshifts were not recessional but due to some hitherto
unknown mechanism. The conservative Hubble found the second alternative unattractive
and the first implausible, as it implied a ‘strangely small’ high-density universe. Its volume
would be merely four times the observational region of space and its mass far greater than
what could be ascribed to visible matter alone.”® Faced with this situation, he preferred to
suspend judgement until better data were obtained.

Thus the explorations of space end on a note of uncertainty. ... With increasing distance, our knowledge
fades, and fades rapidly. Eventually, we reach the dim boundary—the utmost limits of our telescopes.
There, we measure shadows, and we search among ghostly errors of measurement for landmarks that are
scarcely more substantial. The search will continue. Not until the empirical resources are exhausted, need
we pass on to the dreamy realms of speculation.”’

Thus spoke the observational cosmologist. In his Darwin lecture of 1953, given shortly
before his death and at a time when the Big Bang theory had been much developed, if not
yet generally accepted, he maintained this cautious view concerning the reality of the
expansion.

Hubble was not alone in using observational data in an attempt to determine the structure
of the universe. His methods and assumptions were criticized in particular by Eddington
and George McVittie in England and Otto Heckmann in Germany, who in the late 1930s
introduced more sophisticated methods of analysis. Yet, in spite of their methodological
improvements, these people arrived at results that did not differ significantly from those
obtained by Hubble.'® For example, Heckmann reported as his best offer a spherically
closed world model with a radius of about 160 Mpc and a density of about 5.4 X 1072¢
g/cm?, although he recognized that the result was very sensitive to small observational
errors. In Hubble’s cosmological programme—or in the work done by McVittie,
Heckmann, and others—models with a beginning in time played no significant role.
Hubble was aware of the possibility, though, and in a footnote to his and Tolman’s 1935
paper he referred to Lemaitre’s model with a cosmological constant. In the Rhodes
Memorial Lectures of 1936, he concluded that if the universe was expanding, then a
Lemaitre-like universe with A = 4.5 X 107'8 (light years) 2, or 5 X 107> m~2 was the only
possibility. However, he in no way found the possibility attractive, and concluded that the
Lemaitre model, although it could not be ruled out, was ‘rather dubious.”!°!

3.3.4 The age paradox and element formation

One important reason for the resistance with which models of the Big Bang type were met in
the 1930s and 1940s was the age paradox, or timescale difficulty.!?? For logical and semantic
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reasons, the age of the universe must be greater than (or, in principle, equal to) the age of any
of its constituents, such as planets, stars, and nebulae. In other words, a cosmological model
which violates this criterion must be seriously wrong. The problem stands out most clearly in
the case of Friedmann models with a zero cosmological constant, where the age of the uni-
verse is of the same order as, but smaller than, the Hubble time T (recall that the age of the
flat Einstein—de Sitter universe is 73 7"). Hubble’s value of H = 500 km/s/Mpc corresponds to
T = 1.8 billion years, much smaller than the ages astronomers ascribed to stars and galaxies.
According to Jeans’s calculations, which enjoyed wide support in the early 1930s, it took no
less than 10'3 years for nebulae to form stars, and so the age of the universe must be much
greater than the billion years or so that most exploding models prescribed.

Jeans’s long timescale began to lose authority in the mid 1930s, but the timescale diffi-
culty remained. At the end of the decade, most astronomers agreed that a more sensible age
for the stellar universe was 3—5 billion years, still a value in glaring contradiction to the age
inferred from cosmological models. What is more, the age of the Earth was known with
reasonable accuracy from radioactive dating methods, and even this number came out too
high. The accepted value for the age of the Earth in the 1930s was between two and three
billion years, about double the age of the Einstein—de Sitter universe. Clearly, there was
something very wrong.

This problem was considered a most serious one during the early phase of Big Bang cos-
mology. De Sitter was deeply worried about it, and to Hubble it was a further reason not to
embrace expanding models with a definite span of time. Tolman, too, was worried, but
optimistically believed that the timescale difficulty might not be real. After all, cosmologi-
cal models were idealized to such an extent that the very concept of age might lose its
meaning. Perhaps the discrepancy was an artefact resulting from the use of homogeneous
models and illegitimate extrapolations to the assumed singular state? Such considerations
turned up in his textbook of 1934, and in his last paper, published posthumously in 1949,
Tolman returned to the subject. ‘I see at present no evidence against the assumption that the
material universe has always existed,” he wrote.!%* Although he could not resolve the age
paradox, he thought that modified relativistic models might well lead to an answer. For
example, if the assumption of homogeneity was abandoned, it was possible to construct a
model universe with an age of 3.64 billion years, still at the low end but a step in the right
direction. The point to notice is that although physicists and astronomers recognized the
difficulty, most of them did not see it as insurmountable or something that seriously ques-
tioned the credibility of relativistic cosmology.

If no other solution was in sight, one could always appeal to the cosmological constant. For
models with A > 0 and positive acceleration, such as Lemaitre’s, the Hubble time is shorter
than the age of the universe, and then the timescale problem can be avoided. Indeed, the main
reason why models with a cosmological constant were kept alive in post-Second-World-War
cosmology was that they avoided the age paradox. In his presentation at the 1958 Solvay con-
gress, Lemaitre concluded that the age of the universe was somewhere between twenty and
sixty billion years. As we have seen, Einstein would have nothing to do with the cosmological
constant (nor with inhomogeneous models), and for this reason he could not adopt the some-
what cavalier attitude of other cosmologists. He recognized that a comparison between the
age of the universe and the reliably determined age of the Earth resulted in a genuine
dilemma, a view he held as early as 1931. In 1945 he even indicated that if the dilemma could
not be resolved, he would be forced to abandon the relativistic theory of the universe.!**
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Fig. 3.7 Gamow? drawing of Bethe’s CN cycle. Gamow accepted Weizsicker’s cosmic scenario, which he took
to indicate that ‘such extreme conditions could not be found even in the central regions of the hottest stars, [but]
we are forced to look for them in the early superdense and superhot stages of the universe’. ‘The alchemy of the
sun’, from The Birth and the Death of the Sun by George Gamow, copyright 1946 by George Gamow (first pub-
lished in 1940). Used by permission of Viking Penguin, a division of Penguin Group (USA) Inc.

The early tradition in nuclear astrophysics reached a provisional climax in 1938-39, when
Hans Bethe in the United States and Carl Friedrich von Weizsicker in Germany indepen-
dently proposed how stellar energy was produced in nuclear reactions. Bethe, in part collabo-
rating with Charles Critchfield, suggested two mechanisms by means of which four protons
fuse into a helium-4 nucleus, one called the pp cycle and the other the CN cycle. Bethe’s very
successful theory (for which he was awarded the Nobel Prize in 1967) was a breakthrough in
nuclear astrophysics but of no direct cosmological consequence, since it was not concerned
with the synthesis of heavier elements or with the early, prestellar universe.

Contrary to Bethe, Weizsédcker wanted in his theory of 1938 to account for the formation of
the heavier elements. He argued that it was impossible to build up these elements in the inte-
rior of the stars and was consequently led to consider that they were formed cosmologically,
in an early hot state of the universe. ‘It is quite possible’, he wrote, ‘that the formation of the
elements took place before the origins of the stars, in a state of the universe significantly dif-
ferent from today’s.” But how could the physical conditions of this early state be known?
Weizsicker realized that direct empirical evidence was out of the question and suggested it
was necessary ‘to draw from the frequency of distribution of the elements conclusions about
an earlier state of the universe in which this distribution might have originated’.'® This
research programme is what is known as ‘nuclear archaeology’, namely, the attempt to recon-
struct the history of the universe by means of hypothetical cosmic or stellar nuclear processes,
and to test these by examining the resulting pattern of element abundances.

Weizsicker suggested tentatively that in the earliest state of the universe the density
was about that of an atomic nucleus and the temperature about 100 billion degrees.
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He imagined a great primeval aggregation of hydrogen collapsing under the influence of
gravitation to form the extreme conditions under which element formation would take
place in an explosive act. ‘How large should one imagine the first aggregations to have
been? Theory sets no upper limit, and our fancy has the freedom to imagine not only the
Milky Way system but also the entire universe as known to us combined in it.” Weiszacker
saw his speculation as justified because it promised a physical explanation for the recession
of the galaxies:

The energy released in nuclear reactions is about 1% of the rest energy of matter and imparts to the nuclei
on the average a velocity of the order of magnitude a tenth of the velocity of light. At approximately this
speed the fragments of the [primordial] star should fly apart. If we ask where today speeds of this order of
magnitude may be observed, we find them only in the recessional motion of the spiral nebulae. Therefore,
we ought at least to reckon with the possibility that this motion has its cause in a primeval catastrophe of the
sort considered above.!%

Weizsicker’s picture had a good deal in common with Lemaitre’s hypothesis of a primeval
atom, but it belonged to a different tradition as it did not refer to relativistic models and
had nothing to say about the geometry of the universe. His entire argument rested on
cosmic-abundance data for chemical elements, a new field of research, which to a large
degree relied on work done by the Norwegian mineralogist and geochemist Victor
Goldschmidt.

Although his main interest was in the chemical composition of the Earth, Goldschmidt
believed that only through comparison with the universe at large would it be possible to
understand the geochemical evolution of the Earth. As he expressed it in a lecture of 1944,
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Fig. 3.8 Goldschmidt’s 1938 summary data for the cosmic abundances of the elements as a function of their

neutron number.
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geochemistry was closely connected with ‘astrophysics and nuclear physics, leading up
to the final problem of the origin and evolution of matter itself”.!” Goldschmidt published
in 1938 an important compilation of tables of element distributions based on solar, stellar,
and meteoritic data.!% These tables resulted in the first diagrams showing not only the vari-
ation of the cosmic abundances of elements with the atomic number, but also the variation
with the mass and neutron numbers. The Norwegian professor of mineralogy suggested
that the data might be explained astrophysically or cosmophysically, possibly by the new
theory proposed by Weizsdcker. However, Goldschmidt argued that Weizsdcker’s theory
was unable to explain the sudden decrease in abundance following iron and therefore
suggested a revision of the theory.

3.4 Alternative cosmologies

During the period between the two world wars, cosmology was a very small research area,
with no professional community and no clear scientific identity. It was a science seeking
a paradigm—and there were those who questioned whether it was a science at all. In such a
situation of dissension, it is difficult to speak of mainstream cosmology, except that a
majority of those working with cosmological models accepted general relativity as the
theoretical framework for their studies. However, a large minority disagreed and chose to
disregard the still immature paradigm-candidate based on the works of Friedmann,
Lemaitre, Robertson, and others. Many cosmologists denied that the universe was
expanding and that space was curved, and they looked for other ways to explain Hubble’s
observations. Again, acceptance of the expansion of the universe did not necessarily mean
acceptance of relativistic cosmology. From the mid 1930s, A. E. Milne developed a strong
alternative which attracted much interest among mathematically inclined astronomers.
Milne’s alternative and also the unorthodox theories proposed by Dirac and Jordan were
‘modern’ in the sense that they incorporated not only the expanding universe but also the
idea of a sudden beginning, an idea still resisted by most cosmologists of the relativistic
school.

3.4.1 Against cosmic expansion

After 1929, any plausible cosmological theory would have to account for Hubble’s linear
relationship between the redshifts and distances of the galaxies. Relativists explained the
Hubble law by the expansion of the universe, but it could easily be explained differently,
without assuming the observed redshifts to be caused by receding galaxies.!” For example,
one could assume—purely ad hoc—that the velocity of light decreased slowly with time, as
did the Japanese physicist Tokio Takeuchi. By adopting a suitable variation of the velocity,
he derived in 1931 a galactic redshift proportional to the distance. From a review of deter-
minations of the velocity of light since 1849, it could even be argued that there was good
historical evidence for a linear slowing-down of the velocity, corresponding to a decrease in
the velocity of light during its journey from a distant galaxy to the Earth.!'® The hypothesis
was not taken very seriously, but it caused Eddington to lament that ‘The speculation of
various writers that the velocity of light has changed slowly in the long periods of cosmo-
logical time...has seriously distracted the sane development of cosmological theory.’
According to Eddington and most other physicists, ‘The speculation is nonsense because a
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change of the velocity of light is self-contradictory.’!'! As we shall see in Section 5.3, this
was not the final verdict on the subject of a possible varying speed of light.

The first non-Doppler explanation of the redshift—distance relation came as early as
1929, when Zwicky proposed that a gravitational analogue of the Compton effect might be
responsible. By assuming light quanta to transfer energy to matter in intergalactic space, he
arrived at a relation similar to Hubble’s and with a redshift of the right order of magnitude.
Zwicky found that his ‘gravitational drag’ explanation was in qualitative accordance with
all known observational facts. In 1935 he summarized his objections against the standard
interpretation, cautioning us ‘not to interpret too dogmatically the observed redshifts as
caused by an actual expansion’. As he pointed out, the theory of the expanding universe
was unable to explain the very large dispersion in redshifts of galaxies belonging to clusters
such as the Coma cluster (with a redshift of about 7000 km/s and a scatter between its
individual members of 3000 km/s). This was one of several reasons why ‘the theory of
the expanding universe can hardly be considered as a completely satisfactory solution of
the problem of the redshift’.!?

Some other non-standard explanations belonged to the tired-light category, where light
was assumed to gradually lose energy during its journey through empty space.!’> John
Stewart, a Princeton physicist, suggested in 1931 that the frequency decreased exponen-
tially with distance, and six years later Samuel Sambursky from the Hebrew University,
Jerusalem, postulated Planck’s constant to vary in time as exp(—Hf), which leads to the
same result. Neither Stewart nor Sambursky provided physical reasons for their sugges-
tions except that they evidently wanted to avoid the expanding universe.

William D. MacMillan, a professor of astronomy at the University of Chicago, preferred
the old-fashioned Newtonian universe and therefore questioned the interpretation of the
redshift as a Doppler effect. In 1932 he argued, as an alternative, that photons lost energy in
their travels through space. The same kind of explanation was offered by Walther Nernst,
the German physical chemist and Nobel laureate of 1920, who was a devout advocate of a
stationary universe. In works from the 1930s, Nernst hypothesized that photons lose energy
according to d£/dt = —HE, where E = hv is the photon energy. It follows that In(v,/v) = Ht
or, if the decrease in frequency Av is small compared with the frequency v, that Av/v = Ht.
Since ¢ = r/c, the result becomes Av/v = Hr/c, which is Hubble’s law. Thus, the cause of the
linearity is not that the universe expands, but simply that it takes more time for the photons
to reach the Earth, the farther away the galaxy is located. Nernst did not consider the
Hubble parameter H to be a cosmical constant, but a quantum decay constant giving the
decay rate of photons. The many non-Doppler explanations of the redshifts were not well
received, because of their ad hoc nature, and consequently their impact on the development
of cosmology was limited.

Nernst and MacMillan agreed that the universe was not governed by the laws of general
relativity, and also that it was necessarily stationary and eternal. Their cosmological views
had more affinity with those discussed in the late Victorian era than with the mathematical
cosmology associated with the theory of relativity. Nernst, MacMillan, and their few fol-
lowers were uniformitarians, believers in a stationary universe with a never-ending
exchange of energy between matter and ether which made the heat death avoidable.
According to MacMillan, writing in 1925, ‘the universe does not change in any one direc-
tion. ... It is like the surface of the ocean, never twice alike and yet always the same.’''*
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Nernst was no less committed to this kind of universe and believed that the decay of stellar
matter through radioactive processes was balanced by the formation of new matter. Unable
to explain the creation of matter physically, he postulated that it occurred in some kind of
energy—ether interaction. In 1937 he pictured the ether as consisting of massless neutrons,
these being transformed into real, ponderable neutrons by the absorption of radiation
energy into the ether’s pool of zero-point energy. In this way, neutrons would be created
throughout the universe so that interstellar space would include a rarefied gas of neutrons,
mixed with electrons and protons arising from the disintegration of the radioactive neut-
rons. From this cosmic particle gas, heavier elements would be formed.

Not surprisingly, Nernst’s ether-based speculations were ignored by most astrophysicists
and cosmologists. On the other hand, non-Doppler explanations of the redshift continued to
be investigated by a minority of researchers who felt uneasy about the expanding universe.
To mention just two examples, Einstein’s former collaborator Erwin Freundlich suggested
in the 1950s that the redshift could be explained by a hypothesis of photon—photon interac-
tion. His suggestion caused some controversy, but failed to change the attitude of most spe-
cialists that the redshifts were caused by the expansion of the universe.'!* The same can be
said about a static and eternal cosmological model proposed by Gerald Hawkins in the
1960s, intended to be an alternative to both the Big Bang and the steady-state theories.
Hawkins argued that the observed redshifts of distant galaxies were a gravitational effect,
and when the cosmic microwave background was discovered in 1965 he interpreted it as
the temperature of intergalactic dust grains.

3.4.2 Quantum and cosmos

Quantum cosmology before the Second World War? Well, not exactly, but the general idea
of bridging or integrating quantum theory and relativistic cosmology was not foreign at this
early date. One of the earliest works of this kind was published shortly before the advent of
quantum mechanics in the summer of 1925. Lanczos investigated an Einstein-like world
model which was periodic with respect to space and time, but in such a way that there was
no endless recurrence. In connection with the propagation of waves in his ‘spherical ring
model’, Lanczos was led to introduce quantum theory. For the world period, he arrived at
the expression T = 47*mR%/h?, which, with a world radius R of one million light years,
gives T = 10* years. According to Lanczos, the quantum nature of microphysical phenom-
ena reflected the state of the cosmos, rather than being a feature specific to the atomic
world. ‘The solution of the quantum secrets are hidden in the spatial and temporal closed-
ness of the world,” he wrote.!!¢ In the same year, James Rice, a Liverpool physicist, sug-
gested that the fine structure constant @ = 472e*/h’c was related to the geometry of the
world, and derived a formula which connected a with the radius of the Einstein universe.!!”

The speculations of Lanczos and Rice can be seen as precursors of the research pro-
gramme that Eddington developed between 1929 and his death in 1944, culminating in the
posthumously published Fundamental Theory. His interest in joining gravity to quantum
theory can be found as early as 1920, in the second edition of his Report on the Relativity
Theory of Gravitation, where he pointed out that a fundamental length of value 4 X 1073
m can be constructed from the constants c, # and G, namely, the quantity V hG/c?, later
known as the Planck length. Eddington was convinced that the microphysical and cosmical
constants of nature were deeply interconnected and that the cosmological constant
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was needed to make the connection. Moreover, he believed that quantum mechanics was
intrinsically cosmological because the wave function of a particle existed throughout the
universe. According to Eddington, the mass of an electron was an interchange energy with
all the other charges in the universe, and hence of cosmological nature.

The ordinary Schrédinger wave equation of 1926 is non-relativistic, the relativistic gen-
eralization is known as the Klein—Gordon equation (named after Oskar Klein and Walter
Gordon). This equation fails, however, to describe spinning electrons, and in 1928 Paul
Dirac found an alternative quantum wave equation which explains the electron’s spin and
also satisfies the requirements of the special theory of relativity. Interpreting the Dirac
wave equation cosmologically, Eddington found in the 1930s numerical relations that com-
bined cosmological quantities and atomic constants. To give an impression of Eddington’s
approach, two examples will suffice:
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Here, N denotes the ‘cosmical number’—the number of protons in the universe—and m
and M are the mass of the electron and the proton, respectively. The standard symbol
h stands for 4/27r. Eddington used his mathematically complex theory to calculate Hubble’s
constant from the laboratory values of other constants. As mentioned, in 1944 he found
Hy=572 km/s/Mpc in this way.!!8

Most leading physicists rejected Eddington’s theory, which also was coolly received, if
received at all, by astronomers. Yet it was not without impact, for it inspired several physi-
cists to pursue work in a similar tradition, more often than not in a numerological style. The
German Hans Ertel and the Austrian—American Arthur Erich Haas were particularly active
in the field. Contrary to Eddington, Ertel was interested in Lemaitre’s Big Bang model and
investigated the ‘Friedmann—Lemaitre cosmos’ from a quantum-cosmological point of
view.!" Haas published in 1934 Kosmologische Probleme der Physik, partly inspired by
Eddington, and two years later, after having settled in the United States, he offered ‘a purely
theoretical derivation of the mass of the universe’. From the assumption that the total
energy of the universe was zero, he concluded that the mass of the (Einstein) universe was
given by Rc*G.'?* Among Haas’s contributions to early physical cosmology must also be
counted a symposium he arranged at the University of Notre Dame in 1938. The theme of
the symposium was ‘The Physics of the Universe and the Nature of Primordial Particles’
(strikingly modern as it sounds), and among the participants were leading physicists and
cosmologists such as Arthur H. Compton, Gregory Breit, Harkins, Shapley, and Lemaitre.

Contrary to other leading quantum physicists, Erwin Schrédinger received Eddington’s
quantum-cosmological programme with enthusiasm. He was convinced, if only for a time,
that ‘for a long time to come, the most important research in physical theory will follow
closely the lines of thought inaugurated by Sir Arthur Eddington’.!?! Schrédinger even
added to the basket of Eddingtonian formulae his own piece of micro-macro numerology,
suggesting that R/8=V\/N, where § is the mean distance between nucleons in an atomic
nucleus. In works of 193940, he investigated the proper vibrations of quantum waves in
closed and expanding world models in the hope of deriving in this way the mass spectrum
of elementary particles as a consequence of the structure of space—time. Examining the
solutions of the Klein—Gordon wave equation in expanding space, he found what he called
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an ‘alarming phenomenon’, namely that ‘There will be then a mutual adulteration of posi-
tive and negative frequency terms in the course of time, giving rise to [pair production].’!??
What he found was that, in a universe with accelerated expansion, a pair of particles, such
as an electron and a positron, can be formed out of the vacuum, without violating energy
conservation. Schrodinger did not pursue this line of work, and soon lost his interest in
Eddington’s approach. His discovery that a varying gravitational field can create particles
was important, but it was totally ignored and had to be rediscovered by a later generation of
cosmologists.

3.4.3 Varying gravity

If Newton’s (or Einstein’s) constant of gravitation is allowed to change with time, and hence is
not a true constant, the rules and results of the cosmological game change too. This audacious
idea was first introduced in the 1930s by two of the pioneers of quantum mechanics, Paul
Dirac and Pascual Jordan (in a different way, it had been entertained a little earlier by Milne).
Dirac, a newcomer to cosmology, readily accepted Lemaitre’s picture of the Big Bang, which
he took to mean that ‘the universe had a beginning about 2 X 10° years ago, when all the
spiral nebulae were shot out from a small region of space, or perhaps from a point’.!?3 The age
of the universe, expressed in the ‘natural’ time unit e*/mc® (where e is the elementary charge
and m the electron mass), is a very large number, about 2 X 10%. As Weyl and Eddington had
pointed out earlier, the ratio of the electrical to the gravitational force between an electron and
a proton is of the same order of magnitude.'** Dirac believed that the relation

T 2
2 - 3 = = 1039
e /mc GmM

could not be a coincidence, but must signify some deep connection in nature between the
realms of cosmology and atomic theory. This connection he claimed to be the ‘large num-
ber hypothesis’, namely, that two very large numbers constructed from natural constants
(or otherwise turning up in fundamental physics) must be related in a simple way. Since the
left part of the equation is a measure of cosmic time, and since Dirac assumed that neither ¢
nor the atomic constants e, m, and M changed with time, it followed ex hypothesi that the
gravitational constant decreased as G(¢) ~ ¢t~ !. According to Dirac’s hypothesis, the relative
change of G was given by
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or about 10~ per year, a change that at the time was much too small to be subject to direct
experimental test. In a paper of 1938, Dirac developed a cosmological theory based on
Hubble’s relation and the varying-G hypothesis.'?* By applying the large number hypo-
thesis also to the inverse mean density of matter in the universe (which is a large number),
he found for the expansion rate the relation

R()~1"7,

—3H,

which implied that the age of the universe was related to Hubble’s parameter according to
1

to = gHal
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Moreover, Dirac argued that a universe complying with the large number hypothesis had to
be spatially flat, infinite, and with a zero cosmological constant. His argument for space
being flat was, characteristically, that the cases of positive and negative curvature were
ruled out because they implied very large numbers independent of the cosmic epoch.

Clearly, Dirac’s cosmological theory was problematic both empirically and methodolo-
gically. Not only did it conflict with Einstein’s general theory of relativity (which does not
allow G to vary), but it also led to a hopelessly small value of the age of the universe, about
700 million years, which was definitely smaller than the age of the Earth. Yet Dirac con-
vinced himself that these difficulties could be overcome. To his mind, the large number
hypothesis was a fundamental principle of such power and beauty that it had to be right. As
he explained in a lecture of 1939, it followed from the principle that the laws of nature were
evolutionary, not fixed once and for all: ‘At the beginning of time the laws of Nature were
probably very different from what they are now. Thus we should consider the laws of
Nature as continually changing with the epoch, instead of as holding uniformly throughout
all space—time.” Dirac even went as far as to suggest that the laws of nature at a given
cosmic time were not the same at all places in the universe: ‘We should expect them also to
depend on position in space, in order to preserve the beautiful idea of the theory of relativ-
ity that there is fundamental similarity between space and time.’'?° Although Dirac’s theory
was enthusiastically taken up by Jordan, and also attracted the interest from a few other
physicists (including the young Subrahmanyan Chandrasekhar, the eminent astrophys-
icist), it was ignored by the majority of physicists and cosmologists. Even Dirac himself
lost interest in his theory and only returned to it in the 1970s.

Jordan had an interest in cosmology even before he encountered Dirac’s idea of gravita-
tion varying in time. He was one of the early converts to Lemaitre’s picture of a Big Bang,
which he described in 1936 as follows:

About 10 billion years ago the world diameter, today grown to ten million [sic] light years, must have been
vanishingly small.... The initially small universe arose from an original explosion. Not only atoms, stars
and milky way systems but also space and time were born at that time. Since then the universe has been
growing, growing with the furious velocity which we detect in the flight of the spiral nebulae.'?’

In a series of works between 1938 and the early 1950s, Jordan developed his own version of
Big Bang cosmology based on Dirac’s large number hypothesis. The difference was that he
also adopted the idea—originally suggested by Dirac in 1937, but abandoned soon there-
after—of spontaneous matter creation. If p denotes the mean density of luminous matter
in the universe, the dimensionless ratio p(cT,)*/M comes out as approximately 1078, the
square of the cosmic time in atomic units. According to the large number hypothesis, as
understood by Jordan, this meant that the number of particles in the universe must increase
as N ~ 2. However, whereas Dirac had originally thought of matter creation in terms of
individual protons and electrons spread throughout the depths of the universe, Jordan
proposed that stars and galaxies would be formed spontaneously as whole bodies, at first
with a density corresponding to that of an atomic nucleus. Although Jordan was strongly
influenced by Dirac’s thinking, he ended up with a quite different world model: whereas
Dirac’s universe was infinite and spatially flat, Jordan’s was finite and positively curved.
Both physicists kept to a zero cosmological constant.
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Naturally, the spontaneous creation of supercompact stars and galaxies was a
problematic feature, as it seemed to imply a gross violation of energy conservation.
However, by developing a suggestion originally made by Haas, Jordan argued that there
was no contradiction. The Haas—Jordan argument was that the mass increase was energet-
ically compensated for by the increase in negative potential energy that follows from the
expansion of the universe. In this way, the total mass—energy of the universe remained
unchanged, namely, equal to zero.!?

Jordan elaborated his unorthodox cosmic scenario in a paper of 1944 (which, because of
the war, was not much noticed). He now concluded that there was no Big Bang in
Lemaitre’s cataclysmic sense, for initially there was no primordial atom to explode. Matter,
he suggested, was created along with the expansion. In a word, it was a Big Bang without a
bang. According to Jordan, the history of the universe could be traced back to a time when
its radius was only about 1073 m and when it consisted of only one pair of newly created
neutrons. As space expanded and the neutrons separated, the change in gravitational energy
would be balanced by the creation of new matter. Ten seconds after the initial bang, the
universe would have grown to the size of the Sun, though with a mass less than that of the
Moon. At this early epoch, the universe would consist of about 10'? stars of an average
mass of one million tons, and a supernova formed at that time (and they would form abun-
dantly) would initially have a radius of only 1 mm. Remarkably, Jordan found his scenario
to be in agreement with empirical facts and claimed that it was inductively based on these.

Except for Jordan and his co-workers, little more was heard of varying-G cosmologies in
the years after the Second World War. Still, although the idea did not attract much attention,
it remained alive and reappeared in the 1970s, when Dirac developed it in various versions
in attempts to make it conform to general relativity. None of his versions of varying-G
cosmology won much support, but a few researchers of the younger generation found the
idea sufficiently interesting to develop it independently. Vittorio Canuto and co-workers
constructed a cosmological model based on Dirac’s large number hypothesis, which, they
argued, could account for both the microwave background radiation and the primordial
helium production.'?® On the experimental side, studies in the early 1980s using the Viking
landers on Mars showed that if G varied at all, the variation was less than one part in 10'!
per year, in disagreement with Dirac’s prediction. This result caused most cosmologists to
dismiss theories with a decreasing gravitational constant. However, the more general
idea of natural constants varying in time has recently experienced a spectacular revival
(compare Section 5.3).

3.4.4 Milne’s universe

Edward Arthur Milne, from 1929 to his death in 1950 a professor of mathematics at the
University of Oxford, was an eminent astrophysicist who, in the 1920s, made important
contributions to the theory of stellar atmospheres and the radiation equilibria of stars. In the
spring of 1932 he turned towards cosmology, a field he developed in his own, original way
in a number of important articles and monographs. His first systematic exposition of cos-
mology appeared in a book-length article in 1933, and in 1935 he published his major opus,
Relativity, Gravitation and World-Structure, followed in 1948 by Kinematic Relativity.'>
Milne’s cosmology was unusual in several respects, not least because it was independent
of the theory of general relativity, which Milne did not accept (he did accept and use the



170 CONCEPTIONS OF COSMOS

special theory). He denied that space could have a structure, curved or not, and also that
space itself could expand. As merely a system of reference, space could have no physical
qualities. His cosmological system was built on two fundamental principles, one being the
constancy of the velocity of light, which he considered to be true by convention; the other
was what Milne called the cosmological principle, that is, that all observers will see the
same things, irrespective of their position and the direction in which they look. As we have
seen, in a loose sense the cosmological principle can be traced back a long time, first
appearing in Nicholas of Cusa in the fifteenth century; without elevating it into a general
principle, Einstein made use of it in his 1917 cosmological model, and it was adopted by
most later workers in the field.

In his book of 1935, Milne argued that all the basic laws of cosmic physics could be
deduced from a few principles of a kinematic kind. His original theory was restricted to
distance and time relations, but he later extended it to cover also dynamics and electromag-
netism. Contrary to Eddington, he did not try to integrate cosmology and atomic physics,
and quantum theory played no role at all. In Milne’s idealized model, galaxies were
represented by randomly moving particles, much like the molecules making up a gas. By
simple kinematic considerations he could show that the system would evolve in a Hubble-
like way, with the fastest-moving particles creating a dense spherical front near a distance
ct from the point of origin. At any time, the system was bounded by an impenetrable barrier

c
Fig.3.9 In A. E. Milne’s world model, an observer O would see the nebulae as bounded at distance ct at a
epoch ¢ by a barrier of infinite density, which he took to represent the creation of the universe. Each dot

represents a nebula in outward motion from the observer. The boundary is receding from the observer at the
speed of light. Illustration from Milne 1935.
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of infinite particle density. In spite of the infinite number of galaxies, by using the Doppler
shift formula of the special theory of relativity Milne could show that the total brightness
would be finite. Olbers’ paradox was not part of his world model.

In Milne’s expanding universe, the distance between any two galaxies moving with relat-
ive velocity v would increase with time as » = vt. If the Hubble constant is identified as the
inverse of ¢, Hubble’s law v = Hr comes out. Milne thus explained Hubble’s law purely
kinematically, without any reference to gravitation. In 1935 he deduced that 4Gpr> = 1,
which means (because p varies inversely as ) that the constant of gravitation increases
with the epoch. The result had the advantage that shortly after # = 0, when the particle-
galaxies were closely packed, there would be no gravitation to brake the rapid expansion;
with increasing epoch G would grow, but now the galaxies would be so far apart that
gravitation could be negleced. Milne emphasized that the linear relation between G and ¢
did not imply that local gravitation, as in the solar system, increased in strength. In fact, he
did not consider the time dependence of G to be subject to experimental test.

Milne operated with two measures of time, called kinematic time (f) and dynamic time
(1), which were connected by the relation

T=1 10g<li)> + 1,

where the constant ¢, was identified with the present epoch. He argued that the time of
Newtonian physics was 7-time, whereas optical phenomena would run according to #-time.
On the -scale the universe is expanding from a point source, but on the 7-scale the world is
static. According to Milne, it was not meaningful to ask if the universe was really expand-
ing or not, for the two descriptions were merely two different ways of picturing the same
world. It followed from Milne’s understanding of these time scales that he was unconcerned
with the age paradox, which for him was a pseudo-problem.

However, in 1945 Milne reached the conclusion that kinematic and dynamic time were
not, after all, equally valid, but that ‘phenomena themselves’ were best studied through the
more fundamental #-scale. About the origin of the universe, he wrote: ‘Just as the epoch
t = 0 is a singularity in the mechanical #-history of the universe—an epoch at which the fre-
quency of radiation was infinite—so the epoch ¢ = 0 is a singularity in the optical history of
the universe, namely, an epoch at which the frequency of radiation was infinite, because the
wave-length had to be zero.” He further suggested that the presently observed cosmic rays
were the fossils of the primitive high-frequency radiation, an idea which had some similar-
ity to Lemaitre’s scenario, except that Lemaitre’s fossils were not light quanta but charged
particles.”3! About the sudden beginning of the universe, the creation, Milne wrote: ‘We
can form no idea of an actual event occurring at # = 0; we can make propositions in princi-
ple only affer the event t = 0. As for why the event happened, we can only say that had no
such event happened, we should not be here to discuss it.”!?

In his great monograph of 1935, Milne included among the many pages densely packed
with mathematical equations a section on ‘Creation and Deity’, in which he stated that the
ultimate questions of cosmology needed reference to God. This was more than a casual
remark, and in later works he developed his unorthodox ideas of cosmo-theology, which
further alienated him from mainstream cosmology.'3?
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Milne’s kinematic—relativistic cosmology aroused great interest in the 1930s. Many of
the responses were critical, but other scientists, mostly in England, considered the theory to
be promising and worth developing as an alternative to general-relativistic cosmology.
Most of the interest in the theory came from British physicists and astronomers, but
initially American astronomers also found it worthwhile to study it. “Your paper is very
widely discussed and we are holding seminars on the subject,” Hubble wrote to Milne in
1933.13% Hubble found the kinematic model to ‘possess unusually significant features’, as
he wrote in The Realm of the Universe. On his side, Milne believed that Hubble’s observa-
tions provided empirical support for his theory: ‘Hubble’s observations disclosed a density-
distribution of nebulae increasing outwards if recession is adopted, and a homogeneous
distribution if recession is denied. This is just what is predicted on the present treatment.’!33

Milne’s ambitious attempt to reconstruct physics and base it on cosmological principles
was for a while followed with great interest but also met stiff resistance. Robertson, whose
attitude was hostile, studied the theory carefully in a series of papers in 1935-36. At the
same time, Arthur G. Walker, who was directly inspired by Milne, compared kinematic
relativity and general-relativistic cosmology from a formal and conceptual point of view.
His paper on cosmological space—times of constant spatial curvature carried the title ‘On
Milne’s Theory of World Structure’. What is known as the Robertson—Walker metric is the
most general form of metric for a space—time satisfying the cosmological principle. As
mentioned earlier, this kind of metric was first found by Robertson in 1929, but in its
general formulation of 1935 it was indebted to Milne’s theory, either positively (Walker) or
critically (Robertson).

One reason for the controversies that followed Milne’s theory was the philosophy behind
it, a mixture of conventionalism, operationalism, and extreme rationalism. The theory
might be valuable from mathematical and philosophical points of view, but had it anything
to do with physical reality? Milne proudly claimed that world physics was as much, or
more, a matter of logic and reason than of observation and experiment. As he wrote:

The philosopher may take comfort from the fact that, in spite of the much vaunted sway and dominance of
pure observation and experiment in ordinary physics, world-physics propounds questions of an objective,
non-metaphysical character which cannot be answered by observation but must be answered, if at all, by
pure reason; natural philosophy is something bigger than the totality of conceivable observations.!3¢

Statements like this, and similar views expressed by Eddington, Dirac, and Jeans, infuriated
scientists subscribing to a more empirical and inductivist view of science. Herbert Dingle, in
particular, accused Milne and other rationalist cosmo-physicists of perverting the true spirit
of science and replacing it with ‘a pseudo-science of inveterate cosmythology’. This attack
led in 1937 to a heated debate in Nature, which engaged many of Britain’s most prominent
scientists.'3” The controversy spilled over into The Observatory, the monthly review pub-
lished by the Royal Astronomical Society, where McVittie, in a paper of 1940, expressed his
and others’ objections in emotional terms: ‘It is eventually borne in on the puzzled reader
that Milne and Walker are not trying to understand Nature but rather are telling Nature what
she ought to be. If Nature is recalcitrant and refuses to fall in with their pattern so much the
worse for her.’!3® McVittie was at first attracted by Milne’s theory, which he tried to relate to
observations, but soon reached the conclusion that the approach of kinematical relativity
was unsatisfactory and close to pseudo-science, and hence had to be rejected.
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4

THE HOT BIG BANG

4.1 Cosmology—a branch of nuclear physics?

The Big Bang model of the universe has a curious history, as it was proposed three times,
largely independently, over a period of more than thirty years. Lemaitre’s primeval-atom
hypothesis of 1931 played no role for George Gamow in his development of a nuclear-physical
theory of the early universe in the late 1940s. Likewise, when Robert Dicke, James Peebles,
and others developed their version of the hot-Big-Bang theory in 1965 and the following years,
they did not build on either Lemaitre’s or Gamows earlier work. From a priority point of view,
there can be little doubt that Lemaitre was the true originator of Big-Bang cosmology; but also,
there can be little doubt that it was Gamow and his collaborators who first developed the
theory in a quantitative and physical way. Given that the hot-Big-Bang scenario existed in a
highly developed form in 1953, and that it predicted the existence of the cold microwave
radiation found in 1965, it is most remarkable that it was simply forgotten and had to be
reinvented in the mid 1960s.

It should be noted that Big Bang cosmology, in whatever of the three versions, was not a
theory of the Big Bang, but a theory of what happened after the hypothetical explosive act
in which the universe supposedly came into existence. This continued to be the situation
with the versions of Big Bang theory developed later in the century.

4.1.1 Gamow's exploding universe

From about 1940 to the early 1950s, a few physicists in the United States developed a new
framework for early-universe cosmology, a theory or research programme founded on
nuclear archaeology and the expansion of the universe as explained by general relativity.
During this work, nuclear and particle physics was for the first time firmly introduced as an
indispensable ingredient into cosmology, and the result was the first modern version of
what came to be known as the Big Bang model. The key figure in this development was
undoubtedly George Gamow, a Russian-born theoretical physicist who in 1933 emigrated
to the United States. Gamow was a pioneer in the young and exciting field of nuclear
physics, which he realized was of primary importance also to the study of the energy
production in stars and the ways in which elements are formed in stellar processes. It was
this nuclear—astrophysical route which led him to cosmology.! This was an unusual route,
for most physicists and astronomers at the time came to cosmology either through the
theory of general relativity or through some of the rival theories of space and time—and a
few, such as Hubble, through observational astronomy.

Gamow was well acquainted with Weizsdcker’s idea of a prestellar, highly compressed
state of the universe, which reappeared in a paper Gamow published in 1939 together with
fellow nuclear physicist Edward Teller. The two physicists concluded from the Friedmann
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equations for the expanding universe that the galaxies had been much closer together in the
past; to understand their formation, they found it necessary to assume an infinite, ever-
expanding space. Although the Gamow—Teller paper did not presuppose any explosive
event in the past, it was to serve as a kind of blueprint for Gamow’s further contributions to
cosmology. During a conference in Washington, DC in 1942, Gamow and the other partic-
ipants discussed how the heavier elements could be built up by nuclear reactions, and they
concluded that this could not be accounted for by means of equilibrium processes, but
required an irreversible, cataclysmic event, something corresponding to the origin of the
universe. According to the conference report, ‘It seems . . . more plausible that the ele-
ments originated in a process of explosive character, which took place at the “beginning of
time” and resulted in the present expansion of the universe.’? By autumn 1945 at the latest,
Gamow had reached the conclusion that the problem of the origin of the elements could
only be solved by combining the relativistic expansion formulae with the rates of nuclear
reactions, as he reported in a letter to Bohr of 24 October.

In a paper published in the Physical Review in late 1946, Gamow proposed that the ele-
ments were formed in a brief period of time in a high-density state of the early universe
consisting of a gaseous soup of primeval neutrons. In a letter to Einstein, he wrote: ‘It is
important to remember that in order to explain the present relative abundance of the chem-
ical elements one must agree that in “the Days of Creation” the mean density and temp. of
the Universe was 107 gm/cm? and 10'° K. In this first attempt, Gamow imagined that the
fast expansion would cause neutrons to coagulate into neutronic complexes, which by sub-
sequent emission of beta particles would turn into the known chemical elements. In this
way, he believed that the qualitative features of Goldschmidt’s abundance curve might be
explained, but he soon decided that the essential building-up process was instead neutron
capture by protons and nuclei formed by proton—neutron reactions (the protons would be
formed by decaying neutrons).

Until that time Gamow had worked alone, but subsequently he was assisted by Ralph
Alpher, who, under Gamow’s supervision, prepared his doctoral dissertation on the forma-
tion of elements in the primeval universe. In early 1948, Gamow and Alpher had ready an
improved version of the Big Bang model which offered a new picture of the early universe
and indicated the route to be followed in further research.*

According to the theory of Gamow and Alpher, ‘nuclear cooking’ had to take place
within the first half hour of expansion. Its basic mechanism was neutron capture, which
required a very high neutron density. The questions from where the primordial neutrons
came, and what caused them to decay about two billion years ago, were left as unanswered
in the Gamow—Alpher theory as they were in Lemaitre’s earlier theory. Right after the Big
Bang, neutrons would decay into protons, and some of the protons would combine with
electrons and form neutrons. With continued expansion and decrease in temperature and
density, the latter process would become rare and soon stop, whereas neutrons would
continue to decay with a constant rate. The protons generated from radioactive decay would
then combine with neutrons to form deuterons, and higher nuclei would be built up by
further neutron capture processes followed by beta decay. The nuclear building-up process
was assumed to begin about twenty seconds after # = 0. By working out this scenario semi-
quantitatively, but without making detailed calculations of the thermonuclear processes,
Gamow and Alpher found a reasonably close fit to Goldschmidt’s abundance curve.



THE HOT BIG BANG 179

In a later and more detailed paper of 1948, based on his dissertation, Alpher made full
use of the data on neutron capture cross-sections (reaction probabilities) that had recently
been made public by Argonne National Laboratory. He also introduced for the primordial
soup the term ‘ylem’, an ancient name for the original substance of the world, which
(unknown to Alpher) had been used much earlier by theologians, alchemists, and chemists.?
Alpher assumed an open, ever-expanding model of the universe, but this assumption was of
no crucial importance. Although he mentioned the universal expansion, it was not fully
worked into the nuclear-physical calculations, where, essentially, the only adjustable
parameter was the density of matter.

In his article of 1948, Alpher estimated the temperature and density of matter at the
starting time of element formation to be about 10° K and 0.001 g/cm?. He noted that at this
temperature, the radiation density as given by the Stefan—Boltzmann law would be about
10 g/cm® and thus dominate over the matter contribution, but did not elaborate on the
consequences. He did, however, refer to a result obtained earlier by Tolman, that whereas
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Fig. 4.1 One of Alpher and Herman’s ‘divine creation curves’ of 1949. This figure shows the expansion of the
universe (the curve marked L) and the variation with time of the matter and radiation densities (p,, and p,), as
well as the temperature 7. Reprinted with permission from R. Alpher and R. Herman, ‘Remarks on the
evolution of the expanding universe’, Physical Review 75 (1949), 1089-1099. Copyright by the American
Physical Society.
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the density of matter decreases with time as =2, in a model filled with black-body radiation

the variation proceeds as # 2. According to Alpher and Gamow, in the early radiation-
dominated universe the temperature (in absolute degrees) would decrease as

_ 1.52x10"

:
where ¢ is measured in seconds. A much fuller discussion was included in papers from
1948-51 written in collaboration with Robert Herman, a physicist who had studied
cosmology under H. P. Robertson and in 1948 joined forces with Gamow and Alpher in
their attempt to understand the early universe.

T

4.1.2  Nuclear Big Bang theory

1948 was a great year in the annals of cosmology. Not only did it witness the introduction
of the steady-state model, it was also in this year that the hot-Big-Bang model emerged. At
about the same time as Alpher was doing so, Gamow considered a radiation-dominated, hot
universe and noted that since the radiation density (p,) decreased faster than the matter
density (p,,), there must have been an era when the two densities were equal. He believed
this crossover or decoupling time was important because it gave the right conditions for
galaxy formation, a problem which greatly interested Gamow.

In the autumn of 1948, Alpher and Hermann took up the same problem in a more careful
treatment. Whereas earlier studies had dealt with either a radiation-filled or a matter-filled
early universe, these authors now realized that they had to take account of both quantities in
the expanding universe. In this way, they were led to the result that the product p,p,, **
remained constant during the expansion. For the present mean density of matter, they
adopted Hubble’s value of 1073° g/cm® and estimated the values at the time of element
formation to be p,, = 107% g/cm® and p, = 1 g/cm’, the latter value ‘for purposes of
simplicity’. As a rough value for the present radiation density, they thus got 10732 g/cm?,
corresponding to a temperature of about 5 K. In the words of Alpher and Herman, “This
mean temperature for the universe is to be interpreted as the background temperature
which would result from the universal expansion alone.’® However, they also noted that the
temperature of space would increase because of starlight, thereby creating the impression
that the two sources might not be observationally separable. It needs to be emphasized that
the prediction of the cosmic heat radiation was due to Alpher and Herman, and that Gamow
had no share in it. In fact, at first Gamow did not believe the prediction to be true, or, if it
was, that the radiation could be observed. Only after several years did he take it seriously,
and even then he understood it in a different way from Alpher and Herman.

The prediction of a cosmic microwave background radiation—for that is what is was—
failed to attract the interest of physicists and astronomers, even though Gamow, Alpher, and
Herman mentioned it in their publications seven times between 1948 and 1956. The reasons
for the neglect are hard to tell, but it cannot have helped that the Washington physicists
suggested values for the radiation temperature in a wide range between 3 K and 50 K (both
values were due to Gamow). As early as 1940-41 the Canadian astrophysicist Andrew
McKellar had suggested that a hitherto unidentified interstellar absorption line was due to a
quantum transition corresponding to an excitation temperature of about 2.7 K. It was later
realized that the source of excitation was the cosmic heat bath, but that insight dates from
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1966, at a time when the microwave background had been detected by other means. In the
late 1940s no one thought of a cosmological explanation for the excitation temperature,
which thus remained for many years just one more spectroscopic fact of astrophysics.
Between 1948 and 1954, Alpher and Herman made a number of attempts to get observa-
tional astronomers interested in the radiation and, if possible, to detect it, but their efforts
bore no fruit.” There are reasons to believe that it would have been technologically possible
to observe the faint microwave background even in the early 1950s, and if it had been
detected, the history of cosmology might have taken a different course. But history is about
what happened, not about hypothetical pasts.

The early calculations of the Gamow group did not involve detailed thermonuclear
reactions. Such calculations attracted the interest of a few experts in nuclear physics,
among them Enrico Fermi, who, together with Anthony Turkevich, took up the problem in
1949, but without ever publishing their results. Fermi and Turkevich considered a large
number of possible nuclear reactions and arrived, after lengthy calculations, at the result
that half an hour after the initial neutronic state about 24% of the mass would have
transformed into helium; the rest was mainly hydrogen, with small amounts of neutrons
and helium-3 nuclei. Their work seemed encouraging at first, not least because of the
calculated hydrogen-to-helium ratio (about 6.7 in terms of atoms), but it failed to account
for the heavier elements. The problem was the lack of atomic nuclei with mass numbers of
5 and 8, which were necessary to build up elements heavier than helium by means of
neutron capture. This ‘mass gap problem’ deeply concerned Fermi, Gamow, and other
nuclear physicists, but whatever suggestions they made, they failed to bridge the gap in a
realistic manner. By 1953 at the latest it was clear that the problem was a serious one
indeed, unsolved if not necessarily unsolvable. Whatever the true status of the mass gap
problem, it was widely seen as a grave difficulty for the Big Bang theory, which in
Gamow’s version was inextricably connected with element formation. If the main purpose
of the theory was to explain the distribution of elements, and if it could only account
satisfactorily for helium, what good was it?

As far as helium was concerned, the Fermi—Turkevich result was in broad agreement
with what the Japanese physicist Chusiro Hayashi found in 1950. Hayashi suggested an
even higher initial temperature than did Alpher and Herman, and also that electrons and
positrons would contribute importantly to the nuclear processes in the very early universe.
He concluded that the original matter of the universe, the ylem, could be neither purely
neutronic nor very much dominated by neutrons at the time element formation began, but
would be composed of a mixture of neutrons and protons in the ratio 4: 1. According to
Hayashi’s calculations, helium would be built up in the early inferno of protons and
neutrons in such a way that the present hydrogen—helium ratio would be close to 6: 1.
Admitting the crudeness of his calculations, Hayashi found the predicted value to agree
satisfactorily with the rather uncertain observational data.

Inspired by Hayashi’s work, Alpher and Herman, together with James Follin, developed
their theory in 1953 into a much improved version which resulted in a present
hydrogen—helium ratio between 10: 1 and 7: 1, or a helium content between 29% and 36%
by weight. However, although the prediction was impressive, it did not count much as a
confirmation, because of the uncertainty in the observed amount of helium in the universe.
It was to take until the early 1960s before astrophysicists could claim with some confidence
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Fig.4.2. A calculation of how the ratio of protons and neutrons would develop in the early universe. The ratio
depends on the half-life of the neutron, which at the time had been measured to be about 12.8 minutes (the
modern value is 14 minutes 47 seconds). The upper horizontal axis refers to the temperature (x = mc*/kT).
Reprinted with permission from Alpher, Follin, and Herman 1953. Copyright by the American Physical Society.

that about 30% of the matter in the universe consisted of helium, most of the rest being
hydrogen.

The Gamow theory of the hot Big Bang reached its climax in the 1953 paper by Alpher,
Herman, and Follin.® These three authors made innovative use of the most recent advances
in nuclear and particle physics, for example by taking into account elementary particles
such as neutrinos, muons, and pions. They started their calculations at a time only 10~* seconds
after the Big Bang, corresponding to a temperature of nearly 10'* K, and argued that for
even earlier times the field equations of general relativity would not be valid. The earliest
universe was no longer the ylem made up of neutrons, as imagined a few years earlier, but
now consisted of photons, neutrinos, electrons, positrons, and muons, with only traces of
neutrons and protons. After a few minutes’ expansion, most electrons and positrons would
have annihilated, leaving mainly photons and neutrinos. Alpher, Herman, and Follin made
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detailed calculations until 600 seconds after the Big Bang, when the half hour of nuclear
genesis began. After 100 million years had elapsed, they found the temperature to have
dropped to 170 K and the mass density to 10726 g/cm?. The paper was a theoretical tour de
force, but most physicists and astronomers found it unconvincing. The mass gap problem
remained unsolved, and the theory’s only prediction, of the helium content of the universe,
could not be compared with reliable observations.

4.1.3 A failed research programme?

The Big Bang theory of Gamow and his small group of collaborators did not arouse much
attention, especially not outside the United States. After 1953 it largely ceased to be the
object of further research. Given that the theory was later to be revived in the highly
successful standard Big Bang theory, it is remarkable that for more than a decade only a
single scientific paper was devoted to it. In Japan, Hayashi and his collaborator Minoru
Nishida suggested in 1956 that if the primordial universe was as dense as 107 g/cm? three
helium nuclei might combine and make possible the formation of heavier nuclei in spite
of the mass gaps related to the missing elements of mass 5 and 8. The mechanism was
unable to reproduce the distribution of elements, though, and was therefore of academic
interest only.

Although Gamow’s theory failed to attract active interest from physicists and
astronomers, around 1950 it was well known and often referred to. One noteworthy
example is provided by a book published that year, Geochemistry, the first comprehensive
textbook on geochemistry written in a Western language. The two Finnish authors, Kaleva
Rankama and Ture Sahama, included substantial chapters on astrophysics and cosmology
related to the formation and distribution of chemical elements. They referred approvingly
to the new Big Bang theory, which they found to promise an understanding of how the
elements had been originally formed. ‘It is generally assumed that the elements of a large
part of the whole of the Universe were created during a momentary, catastrophic happening,’
they wrote, exaggerating the popularity of Gamow’s theory.’

The Gamow-Alpher-Herman theory or research programme was very much of a
nuclear-physical rather than an astronomical nature. It dealt with the building up of nuclei
in the early universe, whereas it did not have much to say about the later development of the
universe. Correspondingly, Gamow and his collaborators published their results in the
physics journals, primarily the Physical Review, not in the astronomy journals, such as the
Astrophysical Journal and the Astronomical Journal.'® Most astronomers were foreign or
instinctively hostile to Gamow’s kind of theory, which they scarcely recognized as belong-
ing to their science, if to science at all. Whereas attempts to account for the formation of
elements were accepted parts of astrophysics, theories which supposedly dealt with the
creation of matter were considered with suspicion. As the French astrophysicist Evry
Schatzmann put it, ‘One should not introduce the idea of creation in the elaboration of the
theories of formation of the elements. The problem is to study under which conditions the
actually observed abundance of the elements have been produced, and not to invent a state
of the universe completely different from the one of its actual state.’!! If Schatzmann had
the Big Bang theory in mind, his objections were in part misplaced. To be sure, the theory
was certainly based on ‘a state of the universe completely different from the one of its
actual state’, which was the very essence of the Big Bang idea, whether in Gamow’s or
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Lemaitre’s version. On the other hand, none of the versions dealt with the cosmic creation
of matter or energy. Strictly speaking, they were evolution theories, not creation theories,
but this important distinction was not always recognized, neither then nor later.

Gamow’s style of cosmology—which was shared by Alpher and Herman—included a
robust, no-nonsense approach to the study of the universe which was thoroughly permeated
with instrumentalist ideas of science adopted from his work in nuclear physics.'> When
it came to the theoretical foundation of cosmology, Gamow and his collaborators were
orthodox believers in Einstein’s theory of general relativity, which they took to be unprob-
lematical and applied in the form of the Friedmann equations. They intentionally
disregarded alternative theories such as Jordan’s and Milne’s. With regard to the ‘beginning’,
they simply started their calculations briefly after the the magical moment t =0, in a
pre-existing mini-universe, and they did not concern themselves with the difficult question
of what ‘happened’ at ¢ = 0.!3 Theirs was a creation cosmology of a kind, but not in the
creatio ex nihilo sense, only in the sense of explaining matter and radiation as a creation
from an earlier state.

In accordance with his non-philosophical, almost engineer’s, attitude to cosmology, Gamow
considered the very early universe merely to be an extremely hot and compact crucible, an
exotic laboratory for nuclear-physical calculations. His approach was conservative in the
sense that he saw no need to introduce new principles of physics. The known laws would do.
Gamow did not deny that cosmology posed difficult problems of a conceptual and meth-
odological nature, but he found it unprofitable to dwell on these as long as progress could be
obtained by the tested methods of physics. This was the approach of what he called ‘factual
cosmology’, which was to be contrasted with ‘postulary cosmology’ in the rationalist style
of Milne and the steady-state theory. It is indeed possible, if of course only roughly, to place
most of the cosmologists of the period from about 1935 to 1965 in a kind of methodological
spectrum that ranges from extreme pragmatism to extreme rationalism.'4

A somewhat similar classification was suggested by McVittie, who in 1961 distinguished
between empiricist and rationalist schools of cosmology. Yet McVittie conceived of
cosmology in quite a different light from the way Gamow did. According to McVittie,
cosmology was essentially an interplay between the general theory of relativity and
astronomical observations. He was an empirical cosmologist, but hardly a pragmatic in
Gamow’s sense, and he did not feel at home with Gamow’s emphasis on the physical
properties of the early universe. As he correctly pointed out, the general theory of relativity
predicts no Big Bang, no nuclear explosion, it merely predicts (when supplemented with
astronomical observations) that the expansion of the universe began from a state in which
all matter was concentrated at a single point. Without mentioning Gamow’s name, he
referred scornfully to ‘imaginative writers’ who had woven fanciful notions such as the Big
Bang round the predictions of general relativity. '3

4.2 The steady-state challenge

At a time when Big Bang cosmology was still a somewhat immature research programme,
it was challenged by an entirely different theory of the universe, the steady-state model.
According to this theory, the large-scale features of the universe had always been, and
would always be, the same, which implied that there was neither a cosmic beginning nor a
cosmic end. The controversy between the new theory and the class of relativistic evolution
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theories with a finite age continued for more than fifteen years and deeply influenced the
cosmological scene in the 1950s. The steady-state alternative turned out to be wrong, but
no one could foresee that in the mid 1950s. It is important to realize that the steady-state
theory, wrong as it is, was a serious rival and that it did much to advance cosmological
knowledge in the period. Moreover, from a methodological point of view, it was highly
attractive and in many ways superior to the Big Bang model. (But truth and methodological
virtues are not necessarily related.)

The controversy is of particular interest because it involved a heavy dose of debate
concerning fundamental questions and the philosophical foundations of cosmology as
such. The stakes were high, and they forced cosmologists to take up issues that are rarely
discussed in phases of normal science. In this section, the steady-state theory is followed
from its birth in 1948 until about 1960, at a time when it was under pressure but still very
much alive. Five years later it was practically dead, as will be recounted in the next
section.

4.2.1 An everlasting universe

The idea of the universe being in a steady state, with energy dissipation being balanced by
some kind of creative processes, was advocated by several scientists in the 1920s and
1930s, such as those mentioned in Section 3.4. MacMillan not only assumed that the distri-
bution of matter throughout the universe was uniform on a large scale, he also denied ‘that
the universe as a whole has ever been or ever will be essentially different from what it is
today’.!® That is, he effectively formulated what in the later steady-state theory was called
the perfect cosmological principle. In 1940, Reginald Kapp, a British professor of electrical
engineering, further developed this kind of world picture in a book entitled Science versus
Materialism. According to Kapp, the hypothesis of a universe with a finite past was alien to
the spirit of science because it postulated a mythical past with processes entirely different
from those observed today. To keep an everlasting and uniform universe, he not only
assumed that matter was continually created but also that it continually disappeared. Kapp’s
theory was basically philosophical and he never developed it into a mathematically formu-
lated cosmological model.

In spite of qualitative similarities, the steady-state theory of 1948 owed nothing to the
older tradition of cosmological thinking associated with names such as MacMillan, Nernst,
and Kapp. It appeared in two papers in Monthly Notices of the Royal Astronomical Society,
written by three young Cambridge physicists. Fred Hoyle was trained in theoretical physics
but had by 1940 moved into astronomy, in which science he published on a variety of
subjects, at the same time as he was engaged in military radar research. In relation to this
research, he came to know two young physicists of Austrian descent, Hermann Bondi and
Thomas Gold, and after the war, when they returned to Cambridge, the three physicists
continued to meet and discuss problems of physics and astronomy. One of these problems
was relativistic cosmology, a field with which none of them had previously been occupied
but which they agreed was in an unsatisfactory state. Bondi had an interest in the general
theory of relativity and published in 1948 a review article on cosmology in which he
stressed the principles and qualitative features of the various theories rather than their
mathematical details. The article can in some respects can be seen as a methodological
prologue to the steady-state theory which appeared later the same year."”
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During their freewheeling discussions of 1947, Bondi, Gold, and Hoyle were led to the
conclusion that the standard evolution cosmology based on Einstein’s field equations had
to be replaced by a better theory. They had no problem with the expansion of the universe,
which they took for granted, but found it methodologically objectionable that the relativ-
istic models could accommodate almost any observation, and hence had little real predictive
power. Moreover, they considered the age paradox a grave problem, which it was illegitimate
to get rid of by introducing special assumptions such as the cosmological constant in
Lemaitre’s model. For scientific as well as philosophical reasons, the three Cambridge
physicists wanted an unchanging yet dynamic universe in agreement with Hubble’s
observations. To make the two desiderata meet, they were forced to postulate that matter
was continually created throughout the universe, an idea which originally came from Gold.

The discussions of Bondi, Gold, and Hoyle did not result in a joint paper but in two
papers in which the steady-state theory was presented rather differently, one by Hoyle and
another by Bondi and Gold.!® Still, it was not a case of two different theories, but two dif-
ferent versions of the same theory. Both versions adopted as a starting point what Bondi and
Gold called the ‘perfect cosmological principle’ and Hoyle called ‘the wide cosmological
principle’, namely, that the universe is not only spatially but also temporally homogeneous.
That is, the large-scale appearance of the universe is the same at any location and at any
time. The perfect cosmological principle naturally implied an eternal universe and hence
eliminated the age paradox. A stationary universe may seem to conflict with the recession
of the galaxies, but Bondi, Gold, and Hoyle countered the problem by introducing continual
creation of matter at such a rate that the mean density of matter in the universe would
remain constant. This feature of steady-state cosmology was most controversial and often
seen as the main characteristic of the theory, which was consequently sometimes referred
to as ‘continuous creation cosmology’.

It follows from simple considerations that the rate of matter creation needed to maintain
a stationary universe is 3pH, where p is the mean density of matter and H is Hubble’s con-
stant. With the values of the constants known at the time, the creation rate becomes 10~
g/s/cm? or about three new hydrogen atoms per cubic metre per million years, much too
small to be directly detectable. Neither Hoyle nor Bondi and Gold could predict in what
form the new matter would appear, but for reasons of simplicity it was assumed to be
hydrogen atoms or perhaps protons and electrons.

It is important to realize that matter creation in the steady-state theory was ex nihilo, not
creation out of energy. This implies violation of one of the most fundamental laws of
physics, the principle of energy conservation, a price that Bondi and Gold were willing to
pay because they believed the perfect cosmological principle to be even more fundamental.
Although they admitted that energy was approximately conserved, they saw no reason to
conclude that it was absolutely conserved on a cosmic scale: ‘In the conflict with another
principle [the perfect cosmological principle] which is much more far-reaching and capable
of making more statements about the nature of the universe and the applicability of physical
laws, there is no reason for upholding the principle of continuity to an indefinite accuracy,
far beyond experimental evidence.” Because of the continual formation of matter, new
galaxies would be formed at such a rate that the density of galaxies remained constant in
spite of the expansion of the universe. According to the steady-state theory, in any large
volume of space there would be old and young galaxies, the ages being distributed in
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accordance with a certain statistical law which implied an average age of 7/3, where T'is the
Hubble time.

From the assumptions of the steady-state theory followed not only the creation rate of
matter but also the average density of matter, the metric of space, and the expansion rate.
Hoyle constructed his version of the steady-state theory in close resemblance to the field
theories of general relativity, which he did by adding a term (called the C-field) represent-
ing the spontaneous creation of matter. With this contraption, he was able to deduce an
expression for the constant average density of matter in the universe. The expression
happened to be exactly the same as the critical density in the Einstein—de Sitter model,
p = 3H?*/87G or, numerically, about 5 X 10728 g/cm>. The predicted mass density was thus
considerably larger than the observed density, but Hoyle argued that the discrepancy was
not a problem, since only a small part of the matter might be visible and exist in the form of
stars and galaxies. As to the metric and the expansion of space, it followed that the steady-state
universe was flat and expanding exponentially, just as in the old de Sitter model (except that
this model contained no matter). In the expression for the expansion, R(f) = R,
exp(Hf) = Ryexp(#/T), the inverse Hubble constant was no longer a measure of the age of
the universe but just a characteristic timescale.

Altogether, the new cosmological theory which appeared in 1948 was remarkably precise
and yielded a number of definite consequences. Bondi and Gold expressed this methodolo-
gical quality by contrasting it with the situation in relativistic evolution cosmology:

In general relativity a very wide range of models is available and the comparisons [between theory and
observation] merely attempt to find out which of these models fits the facts best. The number of free para-
meters is so much larger than the number of observational points that a fit certainly exists, and not even all
the parameters can be fixed.

The scenario of the heat death obviously disagrees with the perfect cosmological principle,
upon which the steady-state theory rested. Hoyle argued that there was no problem with the
second law of thermodynamics, for although entropy would increase locally, the creation of
matter would prevent any approach of a global heat death. In his book Cosmology of 1952,
Bondi similarly argued that the creation process, together with the expansion of the universe,
countered the increase of entropy towards a maximum value. As the universe expanded,
radiation energy would be lost, but it would be replenished by the formation of new stars
which would generate fresh radiation. ‘High-entropy energy (in the form of radiation) is
constantly being lost through the operation of the Doppler shift in the expanding universe,
while low-entropy energy is being supplied in the form of matter.’!°

4.2.2  The reception and development of the steady-state programme

A large part of the astronomy community responded to the steady-state theory by ignoring
it. Outside Great Britain the theory received little attention, and mainstream cosmologists
such as Gamow, Robertson, Tolman, Lemaitre, and Heckmann rejected it without examin-
ing it seriously. They found matter creation to be preposterous and claimed that the theory,
apart from being artificial, disagreed with recent observations of the reddening of galactic
spectra. Joel Stebbins and Alfred Whitford, two American astronomers, reported in 1948
that they had found a reddening in the spectra of distant galaxies in excess of that expected
from the ordinary, velocity-dependent redshift. Whereas this could be explained as an age
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effect in the evolutionary view, it seemed to contradict steady-state cosmology, where the
average age of galaxies does not depend on time. Gamow, Heckmann, and other relativist
cosmologists used the Stebbins—Whitford effect to discredit the steady-state theory, but in a
critical review of the data Bondi, Gold, and Dennis Sciama showed in 1954 that the effect
was spurious. After a couple of years’ confusion, it was agreed that there was no age-
determined colour effect to contradict the steady-state theory.

It was mostly in England that the steady-state theory attracted followers, and it was also
here that it met with the strongest opposition. Shortly after its appearance it was criticized
by Milne, McVittie, and Dingle, who argued that the hypothesis of continual creation of
matter violated fundamental principles of science. On the other hand, the new cosmological
theory received some support from the Astronomer Royal, Harold Spencer Jones, who was
impressed by the theory’s high degree of testability. As he concluded, correctly, in a review
article, ‘it has at least one great advantage in that it can be tested by observation without
any additional hypothesis.’?

It was response to the opposition, rather than potentialities in the steady-state programme
itself, that caused most of the development of the theory, which consequently occurred in a
somewhat incoherent way. The defence of steady-state theory took place along two lines of
argument. One strategy was to modify the theory in order to counter various philosophical
and observational objections to it, in particular by incorporating the objectionable creation
of matter within the framework of existing physical theory. Because of the rigid structure of
the Bondi—Gold version, which allowed virtually no change in the original scheme, these
modifications were all developments within Hoyle’s field-theoretical version. The second
strategy was to furnish indirect support for the steady-state theory by attempting to weaken
its main rival, relativistic evolution cosmology of the Big Bang type, either by emphasizing
the inadequacies of the latter or by showing that its successes could be matched by
arguments based on the steady-state theory.

William Hunter McCrea, a London theoretical physicist and former collaborator of
Eddington and Milne, was favourably inclined to the steady-state theory from its very
beginning. In papers between 1951 and 1953, he endeavoured to develop Hoyle’s theory so
as to make it accord better with general relativity theory and to satisfy some kind of energy
conservation.?! Whereas in Hoyle’s theory the pressure was zero, McCrea found that the
theory could be reformulated by introducing a uniform negative pressure, p = —pc?. In
Hoyle’s model the expansion was caused by an outward pressure produced by the created
matter, whereas McCrea explained the expansion as a result of the negative pressure, which
was itself unobservable because of its uniformity. McCrea’s reinterpretation remained
within the steady-state programme and led to the very same results as Hoyle’s theory. But
instead of making use of the creation process itself as the primary postulate, the introduc-
tion of a zero-point stress in space shifted the focus of the theory away from the mysterious
creation of matter, which was no longer seen as a genuine creatio ex nihilo process, but
rather as a kind of transformation. In the new interpretation, the creation process was a
consequence of space being endowed with negative pressure.

McCrea’s alternative version of the steady-state theory inspired several other British
physicists to take up similar work and attempt to give some kind of explanation of the
troublesome concept of creation out of nothing. Thus, elements of McCrea’s theory were
incorporated into further developments of the C-field theory made in 1960-68 by Hoyle
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and his young collaborator Jayant Narlikar. According to the extended C-field theory of
Hoyle and Narlikar, matter creation took place without violating the principle of energy
conservation, as the energy of the created particles would be compensated by the negative
energy of the C-field. Although the Hoyle—Narlikar theory led to interesting mathematics
and promised a unification of particle physics and gravitation, most scientists found it
barren as a physical and cosmological theory.

In relation to McCrea’s theory, Bondi and Raymond Lyttleton suggested in 1959 a remark-
able cosmological theory based on the idea that McCrea’s stress was a manifestation of the
electromagnetic field owing to a slight inequality between the numerical charges of the
proton and the electron. They found that with a charge excess of the hydrogen atom of
2 X 10~ 8¢ (where e is the elementary charge), the Hubble expansion law could be explained
as the result of electrostatic repulsion. If matter was created out of nothing, so was electrical
charge, which meant that they had to modify Maxwell’s field equations. The Bondi—Lyttleton
theory not only led to an explanation of Hubble’s law and a derivation of the creation rate of
matter in agreement with the result obtained in 1948, but it also provided McCrea’s negative
pressure with a physical cause, namely, the hypothetical charge excess. Bondi, Lyttleton and
also Hoyle (who contributed to the idea of the electrical universe in 1960) had high hopes for
a time in this ingenious theory. However, it rested on the postulate of a minimum charge
excess, which turned out to disagree with experiments.?? Consequently, the electrical version
of the steady-state theory was abandoned after less than a year’s life. Nothing more was heard
of it. The fate of the theory is worth noting, as it may have been the first time a theory of the
universe was shot down by ordinary laboratory experiments.

It was agreed that a good cosmological theory should be able to explain the formation
and distribution of galaxies, a problem that was studied from the viewpoint of both of the
contending theories, the relativistic evolution theory and the steady-state theory. Lemaitre’s
theory of galaxy formation, developed in the 1930s, depended on the assumption of a non-
zero cosmological constant, and Gamow developed another theory associated with his Big
Bang cosmology. However, in 1956-57 the British physicist William Bonnor criticized
Gamow’s theory and concluded that the ordinary Big Bang theory was unlikely to lead to
an understanding of galaxy formation. Within the framework of steady-state theory, a very
different theory of galaxy formation was proposed by the young Dennis Sciama, who was
impressed by the theory of Bondi, Gold, and Hoyle (and more so by the Bondi—Gold
version) and belonged to its staunch advocates for more than a decade. Sciama’s model of
1955 was based on the accretion of cosmic material by already existing galaxies, and
another theory, also based on the steady-state theory, was proposed by Hoyle and Gold in
1958. By the early 1960s the general impression was that steady-state cosmology offered
better explanations of the formation of galaxies than the theories based on relativistic
cosmology, but also that the entire problem was too complex to warrant any definite
conclusion with regard to the two rival conceptions of the world.?

In stark contrast to Gamow’s theory, which was completely based on nuclear physics, the
steady-state theory had no direct connection to nuclear particles and their interactions. But
of course it was realized that the problem of element formation through nuclear reactions
belonged as much to steady-state theory as to Gamow’s theory. Since a cosmic origin was
ruled out ex Aypothesi, the formation of all elements had to take place in existing sources
such as stars and novae. It was not really a cosmological problem, but one to be solved
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astrophysically. As mentioned, it was a stumbling block to the development of Big Bang
theory that heavier elements could not be produced cosmologically, because of the mass
gaps at 5 and 8. In 1952, the Austrian-American physicist Edwin Salpeter found a mech-
anism by means of which three helium nuclei could unite and form carbon (3a — !2C) ata
sufficiently high rate under the physical conditions governing the interior of some stars. The
cosmological significance was that the mechanism would not work under the conditions
assumed to govern the early Big Bang universe.

Hoyle developed Salpeter’s triple-alpha process in a paper of 1953 and started collabor-
ative work on an ambitious theory of element formation with the American William Fowler
and the two British astrophysicists Margaret Burbidge and Geoffrey Burbidge. The result
of their work, the so-called B*HF theory, was published in 1957.2* By making use of a
variety of complex nuclear processes, it gave a satisfactory explanation of the abundances
of almost all the elements. Although the theory was not explicitly associated with the
steady-state theory, it agreed with it, and it was definitely not a Big Bang theory, since it
made no use of a hypothetical hot, compact past of the universe. For this reason, the success
of the B?HF theory was implicitly a success of steady-state cosmology and it reduced the
motivation to develop the primordial theory of Gamow and his co-workers. On the other
hand, the abundances of the very light elements, such as helium and heavy hydrogen, were
still best explained within a Big Bang context, and so nucleosynthesis did not unambigu-
ously distinguish between the two cosmological theories.

4.2.3  Redshifts and other observations

The age paradox was a major reason why Big Bang models with a zero cosmological
constant were met with some scepticism. Conversely, since the paradox does not turn up in
the steady-state theory, it was seen, at least in some quarters, as support for this kind of
cosmology or at least a reason to take it seriously. The accepted value of the Hubble time in
about 1950 was 1.8 billion years, corresponding to a recession constant of 540 km/s/Mpc,
with an estimated uncertainty of 10% or so. But how reliable was Hubble’s value? It rested
on the calibration of the cepheid distance scale, going back to Shapley’s work in the late
1910s, and this calibration was generally believed to be authoritative. That this might not be
the case was first suggested by the French astronomer Henri Mineur in 1944, and seven
years later Albert Behr, a German astronomer, concluded that all intergalactic distances had
to be increased by a factor of about 2.2. Behr consequently estimated that the Hubble time
was about 3.8 billion years, an age which ‘agrees with the determinations of the age of the
world from the abundance of radioactive substances and their decay products’.?®

Behr’s result did not attract much attention, and it was only when the German—American
astronomer Walter Baade, working at the recently completed 200-inch Hale telescope, took
up the question that things changed. Baade had left Germany for a position at Mount
Wilson Observatory in 1931, and in the early 1940s he found that all the stars in the
Andromeda Nebula belonged to one or other of two different classes, or populations. The
problem was that Hubble had used cepheids from one population to determine the distance
to Andromeda, while Shapley had used cepheids from the other population in his
period—luminosity calibration. Baade therefore found it necessary to recalibrate the
period—luminosity curve, and during the 1952 meeting of the International Astronomical
Union in Rome he announced that the cepheids used as distance indicators had a considerably
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higher luminosity than hitherto assumed. This had drastic consequences, for it implied that
the cosmic distance scale, and the timescale as well, had to be doubled—as Baade
concluded, ‘Hubble’s characteristic time scale for the Universe must now be increased from
about 1.8 X 10° years to about 3.6 X 10° years.?°

Support for Baade’s new Hubble time followed quickly, and new measurements
increased it further. These were mainly due to Allan Sandage, who after Hubble’s death
took over the observational programme at the Hale telescope, which he gave a clearer
cosmological orientation. In 1956, Sandage, Humason, and Nicholas Mayall determined
the best value of the constant to be 5.4 billion years, and two years later Sandage concluded
that the age of the universe, based on the flat Einstein—de Sitter model, was between 6.5 and
13 billion years.

The revised timescale was good news for the Big Bang theory, although it did not make
the age paradox disappear. For one thing, the best determinations of the age of the Earth
continued to increase until the value stabilized at 4.55 billion years in 1956, a result chiefly
due to the Chicago geochemist Clair Patterson. Adopting an Einstein—de Sitter universe
and 5.4 billion years for the Hubble time, this means a universe younger than the Earth. For
another thing, most stars were agreed to be considerably older than the Earth, some of them
much older. Theories of stellar evolution indicated ages of the oldest stars of more than
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15 billion years, far older than even the most optimistic age of the Big Bang universe. Still,
many astronomers preferred to put the blame for the discrepancy on the admittedly
uncertain stellar models rather than consider it a real problem for the evolutionary universe.
Whether for good or bad reasons, by the late 1950s the age paradox stopped being an
important part of the cosmological controversy, and it was rarely mentioned as an argument
in favour of the steady-state theory.?’

In order to discriminate between cosmological models, and especially between relativistic
expansion models and the steady-state model, analysis of the relationship between the
redshifts and apparent magnitudes of galaxies (or clusters of galaxies) moved into the focus
of observational cosmology. The method had roots in the work of Hubble and Tolman in the
1930s but was greatly improved in the 1950s, when the deceleration parameter was
introduced as an important cosmological quantity. This dimensionless parameter is a
measure of the rate of slowing down of the expansion and is defined as
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where the subscript refers to the present time. In a paper of 1958, the German astronomer
Walter Mattig derived a redshift-magnitude relation which was valid for any value of the
redshift and deceleration parameters. In an approximate form, it can be written as

m = M + 5log(cz) + 1.0861(1—¢g)z + const.,

where z is the redshift. The same relation, but in a different notation, can be found as early
as 1942, in Heckmann’s textbook Theorien der Kosmologie. It was further known that in
Friedmann models with zero cosmological constant, g, is related to the space curvature, as
given by the curvature constant &, by
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For such models, the deceleration parameter is given by g, = €22, meaning that the
relation may be written in terms of the critical density €2 rather than ¢,. For models with a
cosmological constant, the relation is

_0_ A2
=% " 3Hy
The point is that if g, can be found from redshift-magnitude measurements, it yields a
determination of the space curvature and hence indicates which world models are ruled out
and which not.?® The deceleration parameter of the steady-state theory was as small as —1,
which distinguished it from most Friedmann models. This insight was discussed in a joint
paper by Hoyle and Sandage from 1956, which included the following summary:?’

Exploding models (A = 0) Steady state model
qo >V k= +1
qo =" k=0 g =1, k=0

0<qo <’ k=-1

The idea worked nicely in principle, but what about observational practice? Passing over
all the uncertainties and problems related to the redshift-magnitude test, in 1956 Sandage,
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Fig. 4.4 The relationship between redshifts and apparent magnitudes for four cases, corresponding to different
values of the deceleration parameter g,. The cases A, B, and C represent Big Bang models, and case D
represents the steady-state model with ¢, = —1. Observational data for 18 clusters of galaxies are included.
This figure originally appeared in Hoyle and Sandage 1956. Copyright 1996. Astronomical Society of the
Pacific; reproduced with permission of the Editors.

Humason, and Mayall reported a best value for the deceleration parameter of 2.5 = 1. They
realized that this was a provisional result but nonetheless felt confident that it ruled out the
qo = —1 predicted by the steady-state model. That measurements of distant galaxies were
problematical was confirmed the following year, when William Baum reported that g, was
likely to be somewhere between 0.5 and 1.5. This was still incompatible with the steady-state
theory, but Hoyle and his followers interpreted the numbers as indicating the inconclusive-
ness of the test, not that they refuted their favoured cosmological model. In this situation one
could only hope for better, more reliable data. However, in spite of much work, it proved
disappointingly difficult to get an unambiguous value for the deceleration parameter.
Sandage, McVittie, and most other astronomers believed by the mid 1960s that the accumu-
lated redshift-magnitude observations spoke against the steady-state alternative, but the
alleged refutation was not clear enough to convince those in favour of the theory.

The most serious challenge to steady-state cosmology came from the new science of
radio astronomy which had evolved in Great Britain since James Hey had detected the first
discrete ‘radio star’ in 1946, fourteen years after Karl Jansky in the United States had
discovered radio noise signals from the Milky Way.*® Originally radio astronomy was not
considered relevant to cosmology, but after it was recognized around 1954 that most radio
sources were extragalactic, some astronomers realized that the new science might
contribute significantly to the solution of cosmological problems. The leading radio
astronomer of the time, Martin Ryle of Cambridge University, consciously used the 2C
Cambridge survey to draw cosmological conclusions. Ryle was not a ‘radio cosmologist’,
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though, and as an observational astronomer he had little respect for the work of cosmolo-
gists. As he wrote in notes for a course he gave in about 1953,

Cosmologists have always lived in a happy state of being able to postulate theories which had no chance of
being disproved—all that was necessary was that they should work in the observable universe out to regions
where the velocity is about /¢ . . Now we do seem to have some possibility of exploring these most distant
regions. Even if we never actually succeed in measurements with sufficient accuracy to disprove any cos-
mological theory, the threat may discourage too great a sense of irresponsibility.’!

The method that Ryle and his co-workers used was to count the number N of radio
sources with a flux density larger than a certain value S. If it is assumed that the sources are
distributed uniformly in a static flat space, the two quantities will be related according to

log N(=S) = —1.51ogS + const.

Cosmological models with different geometries and expansion rates will lead to different
predictions, meaning that a number count results in a log N—log S distribution which can be
compared with a straight line with slope —1.5. From such a comparison, it might be
possible to infer whether the prediction agreed with observations. However, because of
evolution effects, the programme could not be used for relativistic models, but only for the
steady-state model, which predicted that the radio sources would lie beneath a line of slope
—1.5 in the log N—log S plot.

Having examined the nearly 2000 radio sources in the 2C survey, Ryle and his group
concluded in 1955 that the main part of the sources corresponded to a line of slope —3.
This did not confirm any of the relativistic evolution models, but it strongly disagreed with
the steady-state prediction, in conformity with Ryle’s hope. His conclusion was unambigu-
ous but also, it soon turned out, premature. Gold and other steady-state advocates
suggested systematic errors, and they were unexpectedly supported by Bernard Mills and
his group of radio astronomers in Sydney, who got results from the southern hemisphere
quite different from those obtained in Cambridge. According to the Sydney group, the
major part of the log N-log S curve had a slope of —1.8, and in 1958 the figure had come
down to —1.65. Although the Cambridge radio astronomers had to admit that they had
misinterpreted their data, Ryle pressed on with his belief in the cosmological significance
of that data, which created a rift between the two groups.*? In a paper in the not widely read
Australian Journal of Physics from 1957, Mills and O. Bruce Slee compared the two sets of
data and concluded that ‘discrepancies, in the main, reflect errors in the Cambridge
catalogue, and accordingly deductions of cosmological interest derived from its analysis
are without foundation. ... There is no clear evidence for any effect of cosmological
importance in the source counts.’

The objections made by the Australians did not mean that the steady-state theory was
vindicated, but they did mean that the case for an evolutionary universe had not been
proven. The confusing situation was discussed at the 1958 International Astronomical
Union meeting in Paris and also at the Solvay congress held in Brussels the same year,
when the topic was ‘The Structure and Evolution of the Universe’. In Brussels, Bernard
Lovell, the leading radio astronomer and director of the Jodrell Bank Observatory, gave an
address in which he concluded that, so far, radio astronomical observations had failed to
distinguish between the competing models of the universe. Most experts agreed and looked
forward to more and better data.
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Fig. 4.5 A. C. Bernard Lovell’s presentation of radio cosmology at the eleventh Solvay congress on physics
held in Brussels, June 1958. The curve on the left compares the Cambridge 2C survey with the straight bro-
ken line of slope —1.5 as obtained from the steady-state prediction of a uniform spatial density of sources.
The figure on the right compares the log N—log S plots for the Cambridge and Sydney surveys. From
R. Stoops, ed., La structure et [’évolution de | 'univers (Brussels: Solvay Institute, 1958), p. 189 and p. 193.

Reproduced with permission of Instituts Internationaux de Physique et de Chimie.

4.2.4 Wider issues

A major reason why the steady-state theory became a subject of debate also in the public
arena was the publication in 1950 of Hoyle’s The Nature of the Universe, a small popular
book based on a series of BBC talks given the previous year.>* Not only did Hoyle attack
the hypothesis of the exploding universe (for which he coined the name ‘Big Bang’), but he
also drew consequences from the two rival cosmological systems to the realms of ethics,
politics, and religion. Hoyle did not hide his disdain for organized religion, and suggested
that there existed an unholy alliance between Christianity and the Big Bang theory; con-
versely, there was no room for Christian belief in a universe governed by the steady-state
theory. Understandably, his provocation caused reactions and much concern in the British
religious community and among Christian scientists. Hoyle and a few other cosmologists,
including William Bonnor, intimated that theories of the Big Bang type were implicitly
religious as they relied on a first event—a miracle—that only made sense if caused by a
supernatural being. Steven Weinberg, the leading particle theorist and contributor to Big
Bang cosmology, asserted in 1967 that ‘The steady state theory is philosophically the most
attractive theory because it least resembles the account given in Genesis. It is a pity that the
steady state theory is contradicted by experiment.’?

The accusation of an alliance between Big Bang cosmology and Christian theology was
generally unfair, but it was not without substance, as was illustrated by an address that Pope
Pius XII gave to the Pontifical Academy of Sciences in Rome in the autumn of 1951.
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Reviewing recent developments in astrophysics and cosmology, the Pope concluded that
modern cosmologists had arrived at the same truth that theologians had known for more
than a millennium. The scientific picture of the development of the universe was in complete
harmony with Christian belief. Modern science, the Pope claimed, ‘has confirmed the
contingency of the universe and also the well-founded deduction as to the epoch when the
world came forth from the hands of the Creator. Hence, creation took place. We say:
therefore, there is a creator. Therefore, God exists!’3® Of course, this direct association
between scientific theory (Big Bang cosmology) and religious belief (Christian creation
theology) was questioned by many theologians and even more scientists.?” Lemaitre, for
one, was unhappy with the address of his pontiff. He denied that there was any direct
connection between a particular cosmological model and what Christian religion was really
about. Yet in the 1950s many scientists, theologians, and commentators felt it natural to
engage in discussions concerning the relationship between cosmology and religion.
Although this is an interesting chapter of cultural history, the many discussions did not
influence the scientific development of the rival cosmologies to any extent.

Much of the discussion concerning cosmology in the fifteen or so years following 1948
was of a philosophical nature, in particular concerning methodological issues. This was at a
time when it was still a matter of some debate whether cosmology should be counted as a
science in the first place. And, if it was, which of the two main conceptions was the most
scientific? According to what criteria? In the early phase of the controversy, Dingle
resumed the crusade against rationalistic cosmo-physics which he had fought in the 1930s
against Milne and Eddington. He tended to see cosmology as such as scientifically dubious
and was particularly annoyed with the steady-state theory and its foundation in the perfect
cosmological principle. Such an a priori principle (as he claimed it was) had nothing to do
with science, he charged, and would lead to nothing but the ‘unscientific romanticizing’
that characterized the Bondi—-Gold-Hoyle conception of the universe. Other philosophers,
including Milton Munitz and Mario Bunge, focused on the spontaneous creation of matter
out of nothing, a problematic feature of the steady-state theory which they found difficult
to reconcile with accepted standards of science.

The lack of professional maturity in cosmology was a major issue in a public discussion of
1954 in which Bondi and Gerald Whitrow discussed ‘Is Physical Cosmology a Science?’ in the
pages of the British Journal for the Philosophy of Science. Whitrow, a theoretical astronomer
with philosophical interests, argued that cosmology was not truly scientific and that it was
unlikely ever to become so. Because of its peculiar object, the universe, it was destined to
remain on the borderline between science and philosophy. Bondi, on the other hand, suggested
that cosmology had already become a respectable science, a field based on observations and
mathematical models which had largely replaced the philosophical arguments that were so
important in the past. He stressed that the criteria for choosing between theories were the same
as in the other physical sciences, namely the rejection of a theory whose predictions disagreed
with observations. According to Bondi, a cosmological theory must be falsifiable, and the
higher degree of falsifiability the better. By this standard, he found the steady-state theory to be
eminently scientific, much more so than the Big Bang alternative.

Bondi’s view of cosmology, and to some extent also those of other steady-state
theorists, was directly inspired by Karl Popper’s philosophy, which presented science as a
hypothetical-deductive system and highlighted the falsification (rather than verification)
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of hypotheses as the hallmark of science. In a 1959 review of Popper’s main work The
Logic of Scientific Discovery, Bondi linked Popper’s falsificationist philosophy directly to
the controversy in cosmology: ‘For here the correct argument has always been that the
steady state model was the one that could be disproved most easily by observations.
Therefore, it should take precedence over other less disprovable ones until it has been
disproved.”*® On several later occasions, Bondi described himself as a follower of Popper
and praised his philosophy of science.

Bondi’s claim that philosophical, foundational, and aesthetic arguments no longer played a
role in cosmology was wishful thinking, as is evident from the literature of the 1950s, where
such arguments occurred abundantly. Bonnor, who was in favour of relativistic evolution
theory (but not the Big Bang version), objected that steady-state cosmology was merely a phe-
nomenological, not an explanatory theory. To Bonnor, this was a grave deficiency, but to Bondi
it was a necessity of any cosmological theory, because the object of such a theory, the universe,
is unique and cannot be subjected to law-like explanation like other objects of science. As
Bonnor and Bondi disagreed over the role of explanations in cosmology, so they disagreed over
the meaning and function of simplicity. Bonnor felt that the perfect cosmological principle was
complex and uneconomical, designed for a particular model of the universe, whereas Bondi
defended the principle. Characteristically, he did so in terms of Popper’s philosophy:

It is the purpose of a scientific hypothesis to stick out its neck, that is to be vulnerable. It is because the
perfect cosmological principle is so extremely vulnerable that I regard it as a useful principle. . . .[Bonnor’s]
views of what constitutes science must differ markedly from mine. I certainly regard vulnerability to
observation as the chief purpose of any theory.?’

Popper’s ideas regarding testing and demarcation may have been favoured in particular by
advocates of the steady-state theory, but their appeal was not limited to this group. Ever
since the 1950s, Popperian philosophy has played an important role among astronomers
and cosmologists, sometimes explicitly and sometimes implicitly. Several modern cosmo-
logists have felt attracted by Popper’s emphasis on risky and falsifiable hypotheses, which
to some extent has guided their scientific practice.*

There is little doubt that philosophical and even subjective factors played a role in
cosmology in the early 1950s, although it is hard to tell how important they were. Certainly,
not all scientists engaged in cosmological research shared Bondi’s view that it was now a
matter of comparing theory with observations. According to Martin Johnson, a British
physicist inspired by Milne’s line of thinking, the choice between cosmological models was
‘an aesthetic or imaginative choice’. The Estonian—Irish astronomer Ernst Opik disliked
the steady-state theory, which he believed ‘can at present be addressed only [1954] from the
standpoint of esthetic value’. To mention but one more example, the Swedish physicist and
cosmologist Oskar Klein stated in 1953 that cosmology was a field where ‘personal taste
will greatly influence the choice of basic hypotheses’. As to the perfect cosmological
principle, it was just one of those basic hypotheses, ‘a matter of taste’.*!

Cosmology in the first few decades after the Second World War was not confined to the
controversy between Big Bang and steady-state theories, nor to attempts at understanding
the large-scale features of the real universe. A couple of examples will suffice to
illustrate the variety of cosmological thinking in the period. In a paper of 1949, the
Austrian—American mathematician and logician Kurt Godel studied an anisotropic solution



198 CONCEPTIONS OF COSMOS

to the cosmological field equations which corresponded to a universe rotating around some
centre with a period of about 10!! years.** The surprising idea of a rotating universe had first
been suggested by Gamow in 1946, who pointed out that one might in this way avoid the
initial singularity, but Godel’s proposal seems to have been independent of Gamow’s. The
model of 1949 was remarkable in several respects. Godel did not make use of a common
cosmic time, and he assumed a negative cosmological constant corresponding to a positive
pressure (A ~ —kp). The most surprising feature of the model was that it allowed round trips
in time, including causality-violating space travels into the past, with all the fascinating
paradoxes that follow. Godel realized that his ‘toy model’ yielded no redshift and for this
reason could not be a candidate for the real universe, but he suggested that ‘it is not imposs-
ible’ that our world was an expanding version of the rotating model. His science-fiction-like
solution has been further investigated by later cosmologists, and of course it has also
attracted a good deal of philosophical attention.

The cosmological theories of the 1950s and 1960s had obvious implications for astro-
nomical and astrophysical problems. It is less well known that there were also connections
to geology, a science which, after all, is very different from cosmology. Jordan believed that
his varying-G cosmology had important geophysical consequences, and in his Schwerkraft
und Weltall of 1952 he even used it to explain Alfred Wegeners still controversial hypothesis
of drifting continents. Jordan later developed his views into an elaborate geophysical
theory of an expanding Earth, which he also used to explain volcanoes, lunar craters, the
ice ages, the formation of planets, etc.*

The idea of an expanding Earth was independently proposed by the Australian geologist
Samuel Warren Carey, who argued that it offered a better explanation of the surface of our
globe than the plate-tectonical theory that emerged in the 1960s. In order to justify the
hypothesis physically, he drew on cosmologies of the Dirac—Jordan type, which, in his
view, allowed a continual production of new matter in the interior of the Earth. Cosmology
was an integrated part of Carey’s wide-ranging attempt to reform the Earth sciences,
although in an unorthodox form that combined features of the Dirac—Jordan hypothesis
with the steady-state theory. ‘“The implications of Hubble’s law’, he wrote retrospectively,
‘forced me to the conclusion that everything in the universe has suffered the same accelerating
increase in mass. Therefore to understand the Expansion of the Earth, we must seek to
understand the expansion of the universe.”** Carey’s unorthodox cosmo-geophysical theory
attracted considerable interest in the 1960s but never succeeded in seriously challenging
the successful theory of plate tectonics and sea-floor spreading. With the advent of standard
Big Bang cosmology, his theory became even more unorthodox.

If the Godel universe deserves the science fiction label, so do ‘wormholes’, hypothetical
tunnels or bridges that short-cut one region of space—time to another. The wormhole
phenomenon is described by certain solutions to Einstein’s field equations. These were first
studied by the Austrian physicist Ludwig Flamm as early as 1916, and in a paper of 1935
Einstein and his collaborator Nathan Rosen examined the solutions in a different context,
namely, with the aim of constructing an atomistic theory of matter on the basis of the
gravitational and electromagnetic equations. During this work they discovered the
‘Einstein—Rosen bridge’, which they identified with an elementary particle. The name
‘wormhole’ was introduced by John Wheeler in 1955, at a time when bridges in space—time
were still thought to be a mathematical curiosity. In the late 1980s Kip Thorne and others
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began to examine new kinds of wormholes which were ‘traversable’, meaning that hypo-
thetical objects could move along them, going from one universe to another and also back
and forth in time.* Naturally, science fiction writers loved the idea.

4.2.5 Cosmology and political ideology

Until about 1960, research into cosmological models was largely limited to Western Europe
and North America. In the Soviet Union, the pioneering work of Friedmann was not followed
up to any extent, and after the mid 1930s the political situation made it increasingly difficult
to work with cosmology in the Western style.*® Communist ideologues and scientists consid-
ered the very application of physical theories to the universe as a whole to be suspect and
against the spirit of dialectical materialism, the state philosophy based upon the thoughts of
Marx, Engels, and Lenin. In conformity with the view of socialists and materialists in the late
nineteenth century (compare Section 2.4), it was claimed that the universe must necessarily
be infinite in space as well as time. Models such as Milne’s and Lemaitre’s Big Bang uni-
verses were particularly dangerous—a ‘cancerous tumor that corrodes modern astronomical
theory and is the main ideological enemy of materialist science’, as one Soviet astronomer
warned in 1953.%7 Of course, it didn’t help that Lemaitre was a Catholic priest and that the
Pope had recently supported the Big Bang theory as evidence for the truth of the Bible.

Soviet physicists and astronomers in the Stalinist era did not generally see the theory of
the expanding universe to be ideologically problematical, but models of a finite age were
either ignored or categorically rejected. They were feoria non grata. According to official
Soviet astronomy, the models proposed by Lemaitre, Milne, and Gamow were nothing but
bourgeois mythology, ‘astronomical idealism, which helps clericalism’, as expressed in a
declaration of December 1948.#® Other astronomers tended to reject cosmology as such, in
whatever model it was dressed. The eminent astrophysicist Victor Ambarzumian argued
that cosmology proper was unscientific, a myth which relied on unjustified extrapolations
of observations and theories based on the empirically accessible part of the universe. If the
Big Bang theory was considered to be reactionary and bourgeois, the rival steady-state
theory did not fare better. The theory of Hoyle and his allies was deemed politically
incorrect because it operated with continual creation of matter.

Although there was no official ban on cosmology—it wasn’t needed—the effect of the
ideological pressure was that for a couple of decades cosmology was practically non-
existent in the Soviet Union. In 1947, the chief ideologue Andrei Zhdanov explicitly
warned against the reactionary ‘fairy tale’ of the finite-age universe. Soviet astronomers by
and large conformed to the dogma of the authoritarian communist regime by giving up the
study of the universe as a whole. The situation only changed in the early 1960s, when
Soviet cosmology under the leadership of Yakov Zel’dovich emerged as a vigorous research
programme within international cosmology.

The sad story of cosmology’s clash with communist ideology did not end with the
Stalinist era in the Soviet Union. In the People’s Republic of China, left-wing Maoist ideo-
logues developed their own version of dialectical materialism which implied that modern
cosmology became a forbidden science in Mao Zedong’s empire. Fang Lizhi, a Chinese
physicist, got caught up in the frenzy of the Cultural Revolution, starting in 1966 and
ending about a decade later. After having spent a year in jail he began to pursue astrophysics
and in 1972 he published a theoretical paper on Big Bang cosmology, the first of its kind in
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the People’s Republic. Enraged radical Marxists rallied against Fang’s heresy and its
obvious betrayal of the true spirit of dialectical materialism and proletarian science.
Between 1973 and 1976, some thirty papers were published against the Big Bang theory.
An article of 1976 in Acta Physica Sinica summarized what was wrong with this kind of
theory:

Materialism asserts that the universe is infinite, while idealism advocates finitude. At every stage in the
history of physics, these two philosophical lines have engaged in fierce struggle . .. with every new
advance in science the idealists distort and take advantage of the latest results to ‘prove’ with varying
sleights of hand that the universe is finite, serving the reactionary rule of the moribund exploiting
classes . . . We must ferret out and combat every kind of reactionary philosophical viewpoint in the domain
of scientific research, using Marxism to establish out position in the natural sciences.

The notion of a finite universe born ten billion years ago was ‘linked up with all sorts of
idealist philosophy, including theology’. The party line was to deny cosmology scientific
legitimacy, much as materialists and positivists had argued in the nineteenth century.
Questions about the universe at large could not be answered scientifically, only on the basis
of the ‘profound philosophical synthesis’ of Marxism—Leninism:

The dialectical-materialist conception of the universe tells us that the natural world is infinite, and it exists
indefinitely. The world is infinite. Both space and time are boundless and infinite. The universe in both its
macroscopic and microscopic aspects is infinite. Matter is infinitely divisible.*

Fortunately, the campaign against Fang and Big Bang cosmology came at a time when
the Cultural Revolution was in decline, and consequently it did no lasting harm. In the
autumn of 1975, when Fang and his colleagues were allowed to defend themselves, they
stated that ‘whether the big bang is a correct theory or not, recent developments such as
radiotelescopy had made cosmology an experimental science, to be approached through the
usual scientific methods rather than through philosophical discourse’.>® Fang’s troubles
with the political authorities were not over, though. He developed into China’s most
prominent political dissident, the country’s parallel to Sakharov in the Soviet Union. In
1987 he was expelled from the Chinese Communist Party for the second time, and in the
turmoil following the Tiananmen Square massacre of June 1989 he took refuge in the US
Embassy in Beijing to avoid being arrested as a traitor and class enemy.

4.3 Relativistic standard cosmology

The 1960s was a decisive decade in the history of modern cosmology. With improved data
for the distribution of radio sources and the new quasars, and particularly with the discov-
ery of the cosmic microwave background, steady-state cosmology was largely abandoned
and left the cosmological scene to the now victorious hot-Big-Bang theory. By the end of
the decade, this theory, consisting of a large class of models sharing the assumption of a
hot, dense beginning of the universe, had become a standard theory accepted by a large
majority of cosmologists. In fact, it was only from this time that cosmology emerged as a
scientific discipline and ‘cosmologist’ appeared as a name for a professional practitioner of
a science, on a par with terms such as ‘nuclear physicist’ and ‘organic chemist’. Although
rival cosmologies did not disappear, they were marginalized. Not only was the Big Bang
now taken to be a fact, rather than merely a hypothesis, it was also taken for granted that the
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structure and development of the universe were governed by Einstein’s cosmological field
equations of 1917.

In spite of the new-born confidence in relativistic Big Bang cosmology, it was realized
that there were still many unsolved problems. One of them was the nature and status of the
initial singularity; another was the amount and distribution of matter in the universe. To the
astronomers’ surprise, it turned out that there was more dark matter in the universe than
visible matter. This was a puzzle, but it was good news to those cosmologists who were in
favour of a universe which was nearly critical in density. By the end of the 1970s it seemed
that a critical, flat universe without a cosmological constant might be a good candidate for
the real world.

4.3.1 Radio waves and microwaves

In the late 1950s, the situation in radio cosmology was undecided. Martin Ryle’s original
claim that the 2C data contradicted the steady-state theory was weakened by the discordant
data from the Sydney radio astronomers, who concluded that the slope of the log N—log S
curve was —1.65, a value not grossly conflicting with the steady-state prediction of —1.5.
With results from the new 3C survey and complementary results from the southern
hemisphere, a growing consensus emerged and it appeared that radio astronomy was, after
all, capable of distinguishing between cosmological models. The point of no return was
reached in the beginning of 1961, when Ryle presented improved data that were clearly
incompatible with the steady-state theory, even when the largest permissible variation in
source luminosity was included. Unlike the 2C survey, the new Cambridge results
remained stable and were not seriously questioned by other radio astronomers. By 1963
Ryle had determined the slope of the log N—1log S diagram to be —1.8 = 0.1, which agreed
excellently with what the Sydney group found the following year, namely —1.85 = 0.1.
From this time at the latest, there was consensus among specialists in radio astronomy that
the slope could not possibly be —1.5, the favoured value from the point of view of the
steady-state theory.

The radio-astronomical consensus did not kill the steady-state theory, but it weakened it
considerably and left the theory in a bad shape, as a rather unattractive alternative to the
relativistic evolution models. As to these models, they were only indirectly supported by
the number counts of radio sources, namely by ruling out the steady-state theory. Radio
astronomy did not help in determining which of the evolution models was the best can-
didate for the real universe, except that some of the relativistic models, such as the flat-space
Einstein—de Sitter model, were compatible with the radio data. By and large, the cosmolog-
ical use of the radio source counts was restricted to the negative level, to rule out the
steady-state theory.

The long waves from radio sources were not the only kind of electromagnetic radiation
that made life difficult for advocates of the steady-state theory. Although the 1948
Alpher-Herman prediction of a cosmic microwave background was ignored, it was not
completely forgotten.>! In 1963 two Russian astrophysicists, Andrei Doroshkevich and Igor
Novikov, discussed some observations of reflected microwave signals made by Edward
Ohm, a physicist employed by Bell Laboratories. Ohm had found an excess temperature of
3.3 K in his antenna, a result Doroshkevich and Novikov related to the microwave back-
ground that was to be expected according to the hot-Big-Bang theory of Gamow and his
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collaborators. However, the two Russians misunderstood parts of Ohm’s report and conse-
quently concluded that if Ohm had unknowingly detected a cosmic microwave background,
it must have a temperature close to absolute zero. They discussed the matter with their
senior colleague Yakov Zel’'dovich, but nothing further happened and no Soviet experiment
was set up to detect the radiation.

The discovery of the cosmic background radiation was serendipitous, in the sense that
the original experiments were not aimed at cosmological questions and were performed by
two scientists who did not even know about the possibility of a fossil radiation from the
Big Bang. Arno Penzias and Robert Wilson, two other researchers at Bell Laboratories,
had in 1963 started radio-astronomical work with a horn antenna originally designed for
communication purposes. During this work, they noticed to their surprise an excess
temperature in their antenna of some 4 K, which they could neither understand nor get rid
of. The noise, or surplus radiation, was the same in all directions and therefore indicated a
cosmic origin, but Penzias and Wilson had no idea of what this meant. It was only in
March 1965 that they came to hear of work going on in Princeton University that offered
an explanation of the excess temperature. Then, and only then, did they realize that they
had made an important cosmological discovery. Thirteen years later they were awarded the
Nobel Prize in physics for their discovery, ‘after which cosmology is a science, open to
verification by experiment and observation’, as it was phrased in the presentation speech
in Stockholm.

The Princeton physicist Robert Dicke had an interest in cosmology and general relativ-
ity, but was unaware of (or had forgotten about) the prediction of Alpher and Herman. In
about 1963, while thinking of the consequences of an oscillating universe with many big
bangs and big squeezes, he concluded that there might exist today a relic black-body radi-
ation that originally had been very hot but had cooled off as the universe expanded. His
idea was that during the collapse phase starlight would be shifted to the blue, becoming
more energetic, and part of the blueshifted light would photodissociate the elements
formed in the stars, leaving a fresh supply of hydrogen after the bounce.

In 1964 Dicke suggested to James Peebles, a 29-year-old Canadian-born physicist and
former student of his, to look at the problem and calculate the properties of the assumed
radiation. Peebles’s first answer was a temperature of about 10 K, a result he arrived at
without knowing of the earlier work of Alpher, Herman, and Gamow. At that time, in the
early months of 1965, Dicke and Peebles started a collaboration with their Princeton
colleagues Peter Roll and David Wilkinson, who had constructed a radiometer to measure
thermal radiation at a wavelength of 3 cm (Penzias and Wilson had used 7.4 cm). When
they learned about the Penzias—Wilson excess temperature, they realized that the cosmic
background radiation had already been found. The Bell and Princeton physicists published
their works as companion papers in the July 1965 issue of the Astrophysical Journal.
Penzias and Wilson reported their finding of an excess temperature of 3.5 = 1.0 K at
A = 7.3 cm, without mentioning its implication for cosmology. This was left for the four
Princeton physicists, who argued that the observed radiation was indeed part of the black-
body radiation remaining from the primordial decoupling of matter and radiation.

The Big Bang interpretation of the Penzias—Wilson experiment created a sensation and
was quickly accepted by the majority of astronomers and physicists. Still, to count as a full
confirmation, and conversely as a refutation of the steady-state theory, the background
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radiation would have to be detected at more than a single wavelength. Only if the spectrum
was in fact black-body-distributed and isotropic would it confirm the predictions of the Big
Bang theory and vindicate the early work of Alpher and Herman. The first confirmation
came in early 1966, when Roll and Wilkinson reported a measurement of a 3.0 K radiation
at a wavelength of 3.2 cm, and later the same year it was pointed out that the energy of the
background radiation corresponded to the excitation energy of CN molecules that
McKellar had measured back in 1940. During the following years, the spectrum was pieced
together by many individual measurements. The result was a confirmation of the black-
body distribution and a more precise value of the background temperature, which by the
mid 1970s had been narrowed down to 2.7 K.

As the black-body shape was established by accumulated data, so did sensitive measure-
ments rule out any discrete sources or other fine-scaled anisotropy of the background
radiation. It was, however, realized that the background radiation should exhibit a kinematic
anisotropy due to the motion of the Earth (as part of the Milky Way) relative to the average
rest frame of the universe. By the end of the 1970s this anisotropy, corresponding to a
motion of the Earth relative to the radiation at a velocity of 390 km/s, had been detected in
experiments using balloons and aeroplanes.

How did the steady-state theorists respond to the bad news from radio source counts and
cosmic microwaves? In general, none of the leading advocates of steady-state cosmology
admitted that the new discoveries amounted to a refutation of their favoured theory. As to
the data from radio astronomy, they either questioned the reliability of the measurements or
produced alternative explanations within the steady-state framework. For example, Sciama
developed in 1963 a model based on the assumption that about half of the radio sources
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were located inside the Milky Way, and in this way, and by making use of a number of
additional hypotheses, he managed to reproduce the observed slope of — 1.8 without admit-
ting an evolving universe. Almost all astronomers found his theory to be artificial and ad
hoc, a desperate and unnecessary attempt to deny the obvious—that the universe was evol-
ving. All the same, in an article of 1965 Sciama boldly maintained that ‘the steady-state
model remains in the field, bloody but unbowed’.>

The response to the discovery of the microwave background in 1965 followed a similar
path, first by questioning whether the waves were really isotropic and black-body-distributed
and next by devising alternative explanations consistent with a steady-state universe. From
the mid 1960s onwards Hoyle, partly in collaboration with Narlikar and Chandra
Wickramasinghe, developed an alternative theory based on the idea of thermalization, the
assumption that a major part of the stellar radiation was somehow converted into long-
wavelength components of a black-body-like form. If so, the microwave background would
not be cosmic, but starlight in disguise. Hoyle and his colleagues argued that the thermalizing
mechanism consisted of tiny interstellar grains, but the hypothesis attracted little interest. The
same was the case with a model Sciama proposed in 1966, which was based on the assumed
existence of a new kind of radio source that collectively would produce the observed
background radiation. Whatever alternative the steady-state theorists came up with, they
failed to convince the large majority of astronomers and physicists that the theory was still
alive and worth considering.

The determination of the temperature of the cosmic microwave background had import-
ant implications for the calculations of nuclear processes in the early universe leading to
the formation of helium and other light elements. In 1966 Peebles calculated the helium
abundance on the assumption of a radiation temperature of 3 K and arrived at 26-28%
helium, depending on the value of the present density of matter. The result agreed
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Fig. 4.7 One of Peebles’s calculations of 1966, showing the formation of light atomic nuclei in the early
universe. From P. J. E. Peebles, ‘Primordial helium abundance and the primordial fireball, II’, Astrophysical
Journal 146 (1966), 542—552. Reproduced by permission of the American Astronomical Society.
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excellently with observations, which Peebles took to be one more confirmation of the
hot-Big-Bang model (or ‘fireball’ model, as he and Dicke called it).

Even before the discovery of the cosmic microwave background, Hoyle and Roger Tayler
had found that a helium abundance of this magnitude required physical conditions corre-
sponding to a hot Big Bang, whereas stellar processes would not do. However, in their 1964
paper, they did not conclude in favour of the Big Bang: Hoyle preferred the alternative of
hypothetical, supermassive objects, which would result in similar amounts of helium.
Much more detailed calculations of nucleosynthesis were published in 1967 by Hoyle,
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Fowler, and Robert Wagoner, who concluded that under Big-Bang-like conditions the
observed abundances of the light elements could be reproduced satisfactorily, but that most
heavier elements had to be the results of stellar processes.”> Hoyle continued to favour
supermassive objects over the Big Bang, but few followed him. As calculations were further
refined, a consensus emerged that deuterium and the helium isotopes had their origin in the
Big Bang from which the universe evolved. By 1970, the range of helium abundance by
mass had been computed to be between 22.5% and 27.5%, depending on the mass density
and the exact half-life of the neutron.

4.3.2 Quasars and other cosmic novelties

If quasars are to be assigned a definite discovery date, 5 February 1963 is a good choice.>*
On this day the Dutch—American astronomer Maarten Schmidt studied the unusual spec-
trum of a recently identifed ‘radio star’ known as 3C 273 (that is, number 273 in the 3C
Cambridge survey). The line spectrum puzzled him until he realized that some of the lines
were spaced like the familiar Balmer lines in the hydrogen spectrum, only shifted towards
the red end. Schmidt concluded that it was indeed a Balmer spectrum redshifted by 16 per
cent, which implied that the faint star had a recessional velocity of almost 48 000 km/s. He
and his colleagues Jesse Greenstein and Thomas Matthews subsequently turned their
attention to the radio source 3C 48, which Sandage had found as early as 1960, and they
similarly explained its spectrum as arising from an object of redshift z = 0.37.

During the next few years several other star-like objects with high redshifts were identified.
These strange objects were referred to as quasi-stellar radio sources or quasars, a name
which dates back to 1964. In fact, quasars have nothing to do with stars and emit most of
their energy outside the radio range, but this was not known at the time. The new heavenly
objects immediately caught the attention of the astrophysicists, who sought to understand
how they could emit such enormous amounts of energy. If their redshifts were of cosmolog-
ical origin—due to the expansion of the universe—they were very distant objects with a
power much larger than the power of giant galaxies. Could this amazing output of energy be
explained by ordinary nuclear processes? Or perhaps by gravitational collapse of massive
superstars? (The latter mechanism had been discussed by Hoyle and Fowler shortly before
Schmidt’s discovery in 1963.)%

The cosmological significance of quasars was related to their great distances rather than
their great energy output. If the redshifts were really cosmological, these quasars must have
existed only very far away and long ago, which contradicts the perfect cosmological principle,
the very heart of steady-state cosmology. The question was discussed in the years around
1965, and most astronomers agreed that there was compelling evidence that quasars were
indeed at cosmological distances, more than about 300 Mpc away. Moreover, blueshifted
quasars were conspicuously absent, suggesting that they could not be nearby objects with
redshifts due to some local velocity effect.

If the redshifts were due to the cosmic expansion, some kind of Hubble relation (or relation
between redshifts and magnitudes) would be expected. In a paper of 1966 Sciama and
his student Martin Rees, the later Astronomer Royal, examined data for 35 quasars and
concluded that their distribution in a redshift-flux density diagram disagreed with the
prediction of steady-state theory. Sciama took the result to imply a refutation of the
steady-state model that he until then had staunchly defended: ‘If the red-shifts of quasars
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are cosmological in origin, then the present red-shift—flux density relation for quasars rules
out the steady state model of the universe.’>® Expectedly, Hoyle denied that the data from
quasars were incompatible with the steady-state theory, but by 1970 almost all other
astronomers sided with Sciama and agreed that quasars were one more nail in the coffin of
the steady-state theory.

Quasars were not the only strange animals discovered in the cosmic zoo in the 1960s. In
1967, Jocelyn Bell (later Bell Burnell), a 24-year-old research student at Cambridge
University, was measuring scintillating radio sources when she noticed some noise signals
that did not quite look like noise. The pulse-like signals came from a definite part of the
sky, and she and her thesis adviser, Anthony Hewish, found that they oscillated very accur-
ately, with a period of about one and a half seconds. She had discovered the first pulsar and
within a few months she found a second one, with a period only slightly less than that of the
first object.’” Bell had made a discovery of radio-emitting, pulsating objects, but what were
they? Hewish sought to explain the phenomenon in terms of neutron stars, and in 1968
Thomas Gold argued that pulsars were rapidly rotating neutron stars with a strong magnetic
field, a hypothesis which won general acceptance. A similar mechanism had been
suggested by Franco Pacini in 1967, shortly before the discovery of pulsars.

Bell’s discovery and its interpretation by Gold and others implied that neutron stars, until
then purely hypothetical objects, had finally been detected. These superdense celestial
objects have a history which goes back to the 1930s, when Baade and Zwicky introduced the
concept and name in a paper of 1934, suggesting that a supernova explosion was caused by
the conversion of a normal star into a neutron star. Five years later, Robert Oppenheimer and
George Volkoff studied the physics of neutron stars by means of quantum mechanics and
general relativity theory and estimated the upper mass limit for a neutron star to be about 70
per cent of the Sun’s mass.’® However, since the radius of a neutron star was expected to be
only about 10 km, there seemed to be no prospect of detecting the object and consequently
neutron stars remained for a long time an interesting hypothesis studied by theoretical
astrophysicists. Only with the unexpected discovery by Bell and Hewish did they become
observationally real. The discovery in 1968 of a pulsar with a period of only 0.033 in the
centre of the Crab Nebula was of special importance because of its relation to the earliest
known supernova, reported in Chinese sources from 1054. (The Crab Nebula was definitely
identified with the remnants of the 1054 star by Mayall and Jan Oort in a review of 1942.)

Pulsars were not of direct cosmological significance, but have been very important for
relativistic astrophysics. For one thing, because of the extreme density of neutron stars,
they represent matter in a state near gravitational collapse, which caused researchers to take
black holes more seriously (see below). For another thing, binary pulsars—two neutron
stars orbiting around each other in eccentric orbits—have been used to confirm the general
theory of relativity to very high accuracy, and have resulted in convincing evidence that
gravitation propagates as waves with the speed of light. The first binary pulsar, called PSR
1913+16, was discovered in 1974 by the American astrophysicist Joseph Taylor and his
research student Russell Hulse, and in 1993 they were awarded the Nobel Prize for ‘the
discovery of a new type of pulsar, a discovery that has opened up new possibilities for the
study of gravitation’. Using the technique of pulsar timing, Taylor and others were able to
show that if the constant of gravitation varied with time, the variation was less than 10™!! or
even 107 '2 per year, which ruled out cosmological models of the Dirac type.>’
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Astronomy investigating celestial X-rays and gamma rays took off in the early 1960s by
means of detectors carried by rockets and satellites. William Kraushaar and George Clark,
two physicists from the Massachusetts Institute of Technology, used the Explorer XI
satellite to measure the flux of high-energy gamma rays that might have resulted from
annihilation of matter and antimatter in space. Ever since Dirac’s prediction of antimatter in
1931, a few scientists had speculated about the possible existence of cosmic antimatter
made up of antiprotons, positrons, and antineutrons, possibly in an amount equal to that of
ordinary matter. Dirac himself had, in his Nobel lecture of 1933, speculated about stars and
planets made up of antimatter, and in 1956 the American nuclear physicist Maurice
Goldhaber proposed that the universe might consist of a cosmos and an ‘anticosmos’ separated
from the very beginning of their existence. However, Kraushaar and Clark found in 1962
that the cosmic flux of high-energy gamma rays due to proton—antiproton annihilation was
so small that it disproved the hypothesis of a symmetric matter—antimatter universe.

Later experiments with satellites and balloons showed that there exist a large variety of
objects that emit X-rays and gamma rays and that these rays also exist in the form of diffuse
background radiation. Data from the Vela satellites proved the existence of mysterious,
short-lived bursts of gamma rays, a phenomenon first reported in 1973 but detected six
years earlier. The Vela satellites were launched by the US Air Force to detect signals from
nuclear weapons being tested in space, which was banned by a treaty of 1963. Nuclear
bombs emit a large amount of gamma rays, and it was by examining gamma ray records
from 2 July 1967 that it was realized that the rays did not originate from bombs, but from
celestial sources. For the first several years, the data were classified.

It was unknown what these gamma bursts were, and from where they came, until it
turned out in 1997 that they were at cosmological distances. One gamma burst detected that
year was located in a galaxy with redshift 3.42, corresponding to a distance of about 3600
Mpc, which implied that gamma bursts must be much more powerful than even supernovae
and quasars. The duration of the bursts is typically a few seconds, and the energy of the
emitted photons may be as high as 10 GeV (a gamma photon from a radioactive substance
has an energy of about 1 MeV). In 2005 an Italian-led group of astronomers measured
gamma radiation from a burst with z = 6.3, making it one of the most distant objects
known in the universe. These highly energetic phenomena were poorly understood, but
many astronomers thought they might be caused by fusion of two neutron stars or a neutron
star and a black hole. When, in the spring of 2003, a gamma burst was observed simultane-
ously with a supernova, this provided support for a third explanation, that gamma bursts are
essentially caused by heavy stars collapsing into a black hole.

Finally, the Indian-born Shiv Sharan Kumar at the University of Virginia proposed in
1963 the existence of star-like objects with too little mass to sustain thermonuclear reac-
tions. These ‘brown dwarfs’, as they were baptized in 1975, were originally known as black
or infrared stars. They remained hypothetical for many years but are now believed to be real
constituents of the universe, as abundant as ordinary stars.’®® Consequently, they may
account for a sizeable fraction of the dark mass in the universe. In the 1980s there were
some reports of brown dwarfs, but none of them were confirmed. The situation changed in
the mid 1990s, when several candidates for high-mass brown dwarfs were detected. The
first indisputable brown dwarf (called Gliese 229B) was reported in 1995, and in the
following year several Jupiter-size substellar bodies were inferred to exist. Gliese 229B
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was a million times fainter than the Sun, had a surface temperature of about 1000 K, and a
mass 30 to 40 times that of Jupiter.

4.3.3 Developments in general relativity

From about 1925 to 1955, Einstein’s theory of general relativity was decidely unfashion-
able and was cultivated only by a small group of physicists, mathematicians, and
astronomers.! The only area of research in which the theory played a major role was cos-
mology, but at that time many physicists and astronomers found cosmological studies to be
on or even beyond the periphery of science. From about 1955 this situation began to
change, and work in general relativity and gravitation gained greater respectability. The
‘renaissance’ was to a large extent caused by advances in experimental physics which made
it possible to test predictions of general relativity in the laboratory. Moreover, the rejection
of steady-state cosmology was widely seen as a triumph of Einstein’s theory, and new
astronomical discoveries greatly stimulated the application of relativity to astrophysical
problems, as illustrated by quasars and pulsars.

The rise of general relativity as a strong research area of physics and astronomy
indirectly implied an enhanced status also of relativistic cosmology. The renaissance was
reflected in the venerable Solvay congresses, which from their start in 1911 until 1958 had
not included gravitational physics. But from 1958 to 1973, three of the Solvay congresses
focused on gravitation-related topics (1958, ‘Astrophysics, Gravitation, and the Structure
of the Universe’; 1964, ‘The Structure and Evolution of Galaxies’; 1973, ‘Astrophysics and
Gravitation’). These and many other conferences were followed by specialized journals,
such as General Relativity and Gravitation (1970), and authoritative textbooks began to
appear. Noteworthy examples were Relativistic Astrophysics (1971) by Zel’dovich and
Novikov, Gravitation and Cosmology (1972) by Steven Weinberg, and Gravitation (1973)
by Charles Misner, Kip Thorne, and John Wheeler.

From Einstein’s first prediction in 1911 of the bending of light by massive objects, there
may seem to be but a small step to conceive of such objects as ‘gravitational lenses’ in
analogy to optical lenses.®? Indeed, as early as 1912 Einstein had the basic idea of gravita-
tional lensing, but he decided not to publish it. In the following years, the idea appeared a
couple of times in the scientific literature. Eddington mentioned the possibility of observing
a double image by way of gravitational lensing in his Space, Time and Gravitation of 1920,
and in 1924 the Russian physicist Orest Chwolson discussed the idea in Astronomische
Nachrichten. Nothing much further happened until 1936, when Einstein met a Czech
amateur scientist, Rudi Mandl, who tried to convince him about the lensing effect and its
consequences (which, according to Mandl, included the evolution of life). Einstein, who
seems to have forgotten his own earlier investigation, hesitatingly agreed to look at the
problem and submitted a short note to Science on ‘Lens-Like Action of a Star by the
Deviation of Light in the Gravitational Field’. Here he derived exactly the same result for
the image magnification that he had found 24 years earlier!

Einstein did not believe that the phenomenon would be observable, but his note had the
effect that the lensing effect was taken up by other researchers, notably Zwicky, who, in
1937, realized that galaxies would serve much better than stars as gravitational telescopes.
Contrary to Einstein, Zwicky was optimistic that gravitational lenses might be detected. It
was only in the early 1960s that the idea was developed into more realistic versions, for
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instance by the young Norwegian astronomer Sjur Refsdal in papers of 1964. Zwicky was
right in his optimism but did not live to experience the detection of the lensing effect. The
first gravitational lens was discovered in 1979 by Dennis Walsh, Robert Carswell, and
Raymond Weymann, who found two quasars separated by 6” to be a double image of the
same background quasar. Since then, gravitational lensing has developed into a hot area of
relativistic astrophysics with important implications for cosmology. For example, in 1995 a
team of German and Estonian astronomers used gravitational lensing to determine the
value of the Hubble constant to be no more than 70 km/s/Mpc.

The concept of black holes has roots back in the late eighteenth century.®® John Michell,
a prominent natural philosopher in the Newtonian tradition, hypothesized that light par-
ticles would be retarded in the sense that the speed of light emitted from a very heavy star
would be less than that of sunlight. He suggested that a star of the same density as the Sun,
but 155 times its diameter, would emit light with a speed five per cent less than the ordinary
speed. However, observations failed to confirm this interesting prediction.®* What if the
light-emitting star was even heavier? In 1784, Michell wrote another paper based on the
universality of the law of gravitation and the assumption that corpuscles of light carried
mass. It was then easy to calculate that light would be unable to escape from a sufficiently
massive body: ‘If there should really exist in nature any bodies whose density is not less
than that of the Sun, and whose diameters are more than 500 times the diameter of the Sun,
since their light could not arrive at us . .. we could have no information from sight.’6>
Michell realized that such bodies, although invisible, would not be undetectable, for stars
and other luminous bodies in their neighbourhood would be strongly perturbed by their
gravitational field and might thus reveal the existence of these dark stars. A similar sugges-
tion was made by Laplace in his influential Exposition du systéme du monde of 1796 and
repeated in the second edition of 1799 (but not in the third edition of 1808, nor in the fourth
and fifth editions of 1813 and 1824). The idea of dark stars was taken up by Soldner, who in
1800 suggested that Laplace’s argument was inadequate because it presupposed the speed
of light to be constant. According to Soldner, gravity would slow down the speed of the
light particles, with the result that even small stars might be invisible.

With the acceptance of the wave theory of light in the 1820s such considerations disap-
peared from physics and astronomy, only to reappear in the twentieth century, inspired by
Einstein’s theory of general relativity. In an address of 1921, the 70-year-old Oliver Lodge
(who did not accept Einstein’s theory) developed the scenario of black holes, still on the
assumption that light had weight. He found that a mass capable of retaining its light must
have a density and radius satisfying pR? = 1.6 X 10%’ g/cm. ‘If a mass like that of the sun
(2.2 X 10* grammes) could be concentrated into a globe about 3 kilometres in radius, such
a globe would have the properties [of a black hole]; but concentration to that extent is
beyond the range of rational attention. The earth would have to be still more squeezed, into
a globe 1 centimetre in diameter.’

Lodge referred to work published by Schwarzschild in 1916, which is today recognized
to be one of the founding papers of black holes. As Lodge interpreted Schwarzschild’s
metric, it allowed ‘the speed of light to be zero in . . . the neighbourhood of a mass so
great that 2M/R = ¢*G and in that case light cannot altogether escape from the body. %
Schwarzschild provided the exact solution to Einstein’s field equations for a uniform
spherical mass and found that there exists an ‘exterior singularity’ at a distance from the
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centre given by Ry = 2GM/c?. The same solution was independently derived by a Dutch
physicist, Johannes Droste, whose work also appeared in 1916. The Schwarzschild or
Schwarzschild—Droste radius happens to be the same expression as that found by Laplace,
but of course the explanation is radically different. Schwarzschild’s paper was almost
entirely mathematical and he did not consider the meaning of the singularity appearing in
his formulae.

The nature of the singularity, whether it was a mathematical artefact or physically real,
was much discussed during the next decades. Einstein, for one, believed it was physically
irrelevant, and in 1933 Lemaitre showed that it was apparent only and could be removed by
a change of coordinates. Its relation to the gravitational collapse of massive stars was
pointed out by Oppenheimer and Hartland Snyder in a paper of 1939, which, more than
Schwarzschild’s, qualifies as the pioneering work of black-hole physics. By using
Schwarzschild’s result, the two American physicists showed that the radius Rg does not cor-
respond to a singularity, but defines a surface, or horizon, from which light cannot escape
to infinity. The result of the collapse of a sufficiently massive star was, they wrote, that the
star ‘tends to close itself off from any communication with a distant observer; only its grav-
itational field persists’.®’ It was only in about 1960 that the subject attracted wide interest
and astrophysicists began to speculate whether black holes might be constituents of the
universe. The name ‘black hole’ was introduced by John Wheeler in a talk of 1967: “What
was once the core of a star is no longer visible. The core like the Cheshire cat [in Alice in
Wonderland)] fades from view. One leaves behind only its grin, the other, only its gravita-
tional attraction . . . Moreover light and particles incident from the outside emerge and go
down the black hole only to add to its mass and increase its gravitational attraction.’®®

In 1971, Stephen Hawking at Cambridge University proved ‘the second law of black
hole mechanics’, that the area of the event horizon can never decrease. The analogy with
thermodynamics—the area corresponds to the entropy—was obvious, and according to
Jacob Bekenstein, a young Princeton physicist, it was not merely formal but showed that
black holes can be ascribed entropy. The suggestion was developed by Hawking, who in a
paper of 1974 argued that black holes must have a temperature and therefore emit radiation
as if they were hot bodies. If so, they would eventually evaporate, although the decay time
might be exceedingly long. Although at first controversial, within a few years Hawking’s
proposal was generally accepted and the ‘Hawking radiation’ was added to the theoretical
tool box not only of the astrophysicists but also the cosmologists.

The first serious searches for black holes started in the early 1970s, and in 1973 it was
suggested that the X-ray source Cygnus X-1 consisted of a visible star orbiting around a
black hole. Another and much better candidate was identified in 1994, when British
astronomers analysed the binary system V404 Cygni and interpreted it as a star orbiting
around a black hole 12 times as heavy as the Sun. The mass of the companion star was
estimated to be 70 per cent of the Sun’s mass. By that time, few astronomers doubted that
black holes were plentiful in the universe. It is also believed that an enormous concentra-
tion of dark mass near the centre of the Milky Way, established by the German astronomer
Reinhard Genzel and co-workers in the late 1990s, is a supermassive black hole.

So-called white holes, time-reversed versions of black holes, are hypothetical bodies
emerging spontaneously from a singularity. They were first considered by Novikov and
Yuval Ne’eman in the mid 1960s, when some physicists thought they might be useful in
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explaining the recently discovered quasars. However, contrary to their black counterparts,
white holes are being investigated as hypothetical objects only. They are not believed to be
part of the fabric of the universe.

The problem of an initial space—time singularity in the cosmological field equations was
a matter of some concern in the 1930s, when it was investigated by Lemaitre, Tolman, and a
few others. Einstein offered his opinion in The Meaning of Relativity, published in 1945:

One may not . . . assume the validity of the equations for very high density of field and matter, and one may
not conclude that ‘the beginning of the expansion’ must mean a singularity in the mathematical
sense. . . . This consideration does, however, not alter the fact that ‘the beginning of the world’ really
constitutes a beginning, from the point of view of the development of the new existing stars and systems of
stars, at which those stars and systems of stars did not yet exist as individual entities.*’

Ten years later the question was reconsidered from a more general, mathematical point of
view by the Indian physicist Amalkumar Raychaudhuri, who argued that the cosmic singu-
larity was not an artefact of assumptions of homogeneity and isotropy but a consequence of
general relativity. On the other hand, in the Soviet Union, Evgeny Lifschitz and Isaac
Khalatnikov concluded in the early 1960s that the general case of an arbitrary distribution
of matter did not lead to the appearance of a singularity. To many cosmologists this was a
reassuring conclusion, but in early 1965 the British mathematician Roger Penrose spoiled
the comfort by proving that a gravitationally collapsing star will inevitably end in a
space-time singularity, that is, turn into a black hole. Half a year later, Hawking extended
the result to apply also cosmologically, thereby disproving the optimistic conclusion of
Lifschitz and Khalatnikov. Further work by Penrose, Hawking, George Ellis, and Robert
Geroch resulted in a comprehensive singularity theorem, the essence of which was that a
universe governed by the classical theory of general relativity must necessarily have a
space—time singularity.

The Penrose—Hawking theorem does not really imply that the universe started in a
singularity at # = 0, but only that there is a singularity somewhere. The theorem proves the
existence of a singularity, but says nothing about its properties or whether it belongs to the
past or the future. Moreover, in the very early universe, quantum effects cannot be ignored,
which means that the validity of the Penrose—-Hawking theorem cannot be assumed without
qualifications. All the same, the theorem brought the embarrassing singularity at the birth
of the universe back on stage and was sometimes taken to be a proof of it.

Whereas most cosmologists since Lemaitre’s time wanted to avoid the conceptually
troublesome initial singularity, a few chose to see it as a positive and useful element in
cosmological thinking. Erwin Freundlich, Einstein’s early collaborator, compared in a book
of 1951 the fear of the singularity to the horror vacui of Aristotelian physics and suggested
that it was ‘the last reminder of a subconscious yearning for a harmonious universe’. This
was also the opinion of the American physicist Charles Misner, who in 1969 proposed that
‘We should stretch our minds, find some more acceptable set of words to describe the
mathematical situation now identified as “singular,” and then proceed to incorporate this
singularity into our physical thinking until observational difficulties force revision on us.’”
Misner’s stretching of his mind led him to suggest a redefinition of time, to substitute the
ordinary time parameter ¢ by log #, essentially the same time recalibration that Milne had
used in the 1930s. With such a concept of time, the original singularity would disappear
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into the infinite past, and Misner could state that ‘The universe is meaningfully infinitely
old because infinitely many things have happened since the beginning.” Misner’s reinter-
pretation was conceptually satisfactory but did not affect the development of cosmology
any more than Milne’s attempt had done.

4.3.4 Matter in the universe

Dark cosmic matter became a big topic in the 1970s, but in a general sense the concept was
familiar also to astronomers of the pre-Einstein era.”! The first example of dark matter in
the history of cosmology is probably Philolaus’ invisible counter-Earth from the fifth
century BC, which we encountered in Section 1.1. The dark stars that Michell and Laplace
considered in the late eighteenth century provide another example of invisible but gravita-
tionally detectable matter. The idea lived on, as illustrated by Agnes Clerke’s Problems of
Astrophysics of 1903, which included a chapter on ‘Dark Stars’, in which she concluded:
‘Unseen bodies may, for aught we can tell, predominate in mass over the sum-total of those
that shine; they possibly supply the chief part of the motive power of the universe.”’? Clerke
described the hypothetical dark stars as ‘suns in a state of senile decay’.

With the first estimates of the mass density of the Milky Way in the early part of the
twentieth century, the concept of dark matter started its slow march from speculation to
observationally supported hypothesis. Jeans suggested in 1922 that there must be about
three times as many dark stars as bright stars in our galaxy. As to the observed part of the
universe, Hubble’s 1926 estimate of the average density of the universe, based on counts of
galaxies, was about 1073! g/cm?, a value which by the 1930s had increased by a factor of
ten or more. In The Realm of the Nebulae of 1936, Hubble stated 1073 as a lower limit and
1072 as an upper limit. These figures are to be compared with the critical density of the
Einstein—de Sitter universe, originally based on a value of the Hubble constant that was too
high, which in the 1932 paper by Einstein and de Sitter was given as 4 X 10728 g/cm®. With
the revision of the Hubble constant in the 1950s, it became clear that the universe contained
too little visible matter to make it critical (2= 1), that is, to conform to either the
Einstein—de Sitter model or the steady-state model. In an address delivered to the 1958
Solvay congress, the Dutch astronomer Jan Oort concluded that p = 4 X 1073 g/cm?
(£2=0.01), on the basis only matter contained in galaxies. He realized that the real density
might be higher. From the perspective of the steady-state theory there was no reason to
worry, since this theory assumed large amounts of neutral hydrogen in intergalactic space
as a candidate for dark matter.

It was not, however, arguments related to theoretical cosmology that caused dark matter
to make its entry into cosmology. Instead, in connection with investigations of clusters of
galaxies, Zwicky suggested in 1933 that the gravitation from visible matter was not enough
to keep the clusters together. He studied the velocities of galaxies in the Coma cluster and
found a dispersion that necessitated the presence of large amounts of dark matter. ‘The
average density of the Coma system’, he wrote, ‘must be at least 400 times greater than
what is derived from observation of the luminating matter. Should this be confirmed, the
surprising result thus follows that dark matter is present in a very much larger density than
luminating matter.”’® As to the cosmological consequences, he pointed out that although
measurements of ‘luminating’ matter led to £2 <<1, it was ‘not unreasonable’ to assume
that the dark matter might increase the matter density to 2= 1.
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Zwicky’s argument was not much noticed, and it took about forty more years until obser-
vational evidence clearly showed that there must be a large amount of invisible, gravitating
matter in the discs of rotating galaxies; if not, the galaxies would fly apart because of a too
weak gravitational attraction. This conclusion, based on theoretical studies of the dynamics
of galaxies, was reached in 1974 by Peebles, Jeremiah Ostriker, and Amos Yahil in the
United States, who showed that the masses of spiral nebulae were roughly proportional to
their radii, which indicated the presence of dark matter. They made the general claim that
about 90-95% of the mass of the universe is in a dark form. Jaan Einasto and a group of
Soviet astronomers arrived independently and almost simultaneously at a similar conclusion.
The work of the two groups had the result that dark matter was now considered to be a real
and most important constituent of the universe. The new status was further emphasized
when Vera Rubin and other astronomers found in 1978 compelling evidence in the rotation
curves of spiral galaxies that the mass of a galaxy was about five times the mass of its
constituent visible stars. Moreover, it followed from their work that the mass, unlike the
luminosity, was not concentrated near the galactic centre.”* By the late 1970s dark matter
had been discovered, not just hypothesized, and in amounts much larger than visible matter.
The mass density of the universe, including the new estimates of dark matter, led to
= (.2-0.6. But what was this dark matter?

As possible candidates for dark celestial bodies made up of ordinary (baryonic) matter,
astronomers considered what they called MACHOs, an acronym for ‘massive compact
halo objects’. These objects were non-luminous but might reveal their existence by their
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Fig. 4.9 Rotation speeds for some galaxies, as determined by Vera Rubin and collaborators in 1978.
Predictions based on the visible mass resulted in curves which at large distances would decrease rather than
staying approximately constant. The discrepancy between observations and predictions was interpreted as
evidence for large amounts of dark matter in the haloes of the galaxies. From V. C. Rubin ef al., ‘Extended
rotation curves of high-luminosity spiral galaxies’, Astrophysical Journal 225 (1978), L107-L111.
Reproduced by permission of the American Astronomical Society.
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gravitational actions. They might be massive black holes, Jupiter-like planets, or brown
dwarfs. A collaboration called the Macho Project started in 1993 to look for the MACHOs
by means of the gravitational lensing effect and soon found many indications of their
existence. This and other projects have demonstrated the existence of dark matter of the
MACHO type, but its nature is not yet clear.

4.3.5 Cosmological models

Shortly after the discovery of the cosmic background radiation, there emerged a consensus
among most cosmologists on the main problems of cosmology and how to solve them. The
hot-Big-Bang relativistic theory acquired a nearly paradigmatic status, and alternative
theories were marginalized. At the same time cosmology experienced a strong quantitative
growth, as is shown by bibliographical data. Whereas the annual number of scientific
articles on cosmology had on average been about 30 in the period 1950-1962, between
1962 and 1972 the number increased from 50 to 250. Still, compared with other fields of
physics and astronomy, cosmology remained a small and loosely organized science, split
between physics and astronomy.”

At the same time that cosmology became cognitively institutionalized, it achieved a
social institutionalization that made the subject a full-time professional occupation rather
than a part-time hobby for astronomers, mathematicians, and physicists. There was a
growing integration of the field into university departments, and courses and textbooks on
cosmology became common. For the first time, students were taught standard cosmology
and brought up in a research tradition with a shared heritage.”® With the professionalization
and status as a respected field of science there followed the exclusion of philosophers and
amateur scientists; in some sense there was a narrower view of what cosmology was about.
The national differences that had characterized earlier cosmology also disappeared.
Originally, physical Big Bang theory had been an American theory, steady-state theory had
belonged to the British, and the Russians had for political and ideological reasons hesitated
about doing cosmology at all; but now the field became truly international. It was no longer
possible to tell an author’s nationality from the cosmological theory he or she advocated.

In spite of the new-born confidence in the hot-Big-bang theory, most researchers
stressed that the theory included many problems and uncertain features. It was considered a
research programme or framework for organizing observations, a starting point for further
research rather than the final answer to how the universe had evolved and was structured. It
was generally agreed that the universe should be described by Big Bang solutions to
Einstein’s field equations without the cosmological constant. After the demise of the
steady-state theory, confidence in the general theory of relativity grew to an almost
dogmatic level. Zel’'dovich and Novikov were among those who stressed that no new
physics was needed to understand the universe:

There are no observational data suggesting a limitation on the applicability of GTR [general theory of
relativity] to the scales of the Universe. Therefore, the assumption that a change in GTR is needed in
applications to cosmology is unfounded. Thus, the aggregate of theoretical, experimental, and observa-
tional facts stand in favor of the applicability of the physical laws and GTR to a description of the
evolution of the Universe from almost the very beginning of the expansion. They apply from times when
the matter density is much greater than the density of nuclear matter, p > 10'* g/cm?, up to the present
time.”’
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Sandage’s observational programme was to measure the Hubble constant and the decel-
eration parameter with sufficient precision to pin down the best candidate for a model of the
real universe. In about 1970 he concluded tentatively that ¢, = 1.2 = 0.4 and that the Hubble
time for A = 0 was between 7 and 19.5 Gyr, corresponding to a closed universe with an age
in the range from 4.2 to 11.7 Gyr (Gyr = gigayear = one billion years). But these values
were contradicted by other measurements which suggested an open and perpetually expand-
ing universe. Indeed, in 1979 Sandage argued from a wide range of data that the preferred
values were H, = 50 km/s/Mpc and g, = 0.02, corresponding to an open universe of age 19
Gyr.”® During the 1970s and onwards, Sandage, who at the time was collaborating with the
Swiss astronomer Gustav Tammann, became engaged in a protracted controversy with
Gérard de Vaucouleurs and others concerning the value of the Hubble constant. Whereas
Sandage and Tammann found values about 50 km/s/Mpc, de Vaucouleurs found 100
km/s/Mpc.

Sandage’s programme was fine in principle, but did not really deliver what it promised.
In the absence of unambiguous observational guidance, many cosmologists preferred the
Einstein—de Sitter model, not because it was confirmed by observation but because it was
simple and not clearly ruled out. There was always the joker in the game, the cosmological
constant, and although it was generally unwelcome, models of the Lemaitre type did
receive some attention. Around 1970 they were reconsidered by Vahe Petrosian and others,
who found such models useful in explaining certain quasar data. From considerations of
the Hubble diagram and other evidence, James Gunn and Beatrice Tinsley suggested in
1975 that the most plausible model was a closed, ever-accelerating universe with A >0 and
a density so high that no deuterium was produced during the Big Bang.”® Mindful that their
conclusion was controversial, they presented it as a puzzle in need of better data.

The model favoured by Gunn and Tinsley did not survive for long, and they could not
have known that the accelerating universe with a positive cosmological constant would
return at full power some twenty years later. The uncertainty continued for many years, and
still in the late 1980s the question was completely open, leading the American astronomer
Virginia Trimble to comment, ‘Those of us who are not directly involved in the fray can
only suppose that the universe is open (£2<<1) on Wednesday, Friday, and Sunday and
closed (£2> 1) on Thursday, Saturday, and Monday. (Tuesday is choir practice.) %

Although by 1970 cosmology was on its way to becoming a normal science, governed
by the relativistic Big Bang paradigm, there was plenty of room for unconventional ideas,
some of them moderate and others decidedly unorthodox.?! The idea of ‘many universes’ in
a scientific context goes back to 1934 when Tolman, developing work by Lemaitre from
1933, investigated non-homogenous, spherically symmetric solutions to the cosmological
field equations and found the possibility that the entire universe may contain independent
homogeneous regions, sub-universes of different density. Some of these, he speculated,
might expand while others might contract, and there might be a multitude of big bangs
spread over time and space. A vaguely similar picture was suggested by Hoyle and Narlikar
in 1966 within the framework of a much modified version of the steady-state theory. In the
Hoyle—Narlikar theory, the universe was likened to a pulsating bubble, consisting of many
separate and continuously formed bubble-universes which would either expand or contract,
at different rates. This idea, conflicting as it does with the perfect cosmological principle,
departed radically from the original steady-state theory. Another of the former steady-state
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theorists, Thomas Gold, proposed in 1973 a somewhat similar idea of multiple universes,
but without relating it to concepts of the steady-state theory.’? These theories were largely
ignored, but within a few years multiple universes would become much discussed within
the framework of inflation cosmology (see Section 5.1).

The Hoyle—Narlikar theory of 1966 may be seen as a precursor of the last stand of the
steady-state theory, the QSSC (quasi-steady-state cosmology) theory developed by Hoyle,
Narlikar, and Geoffrey Burbidge in the 1990s. QSSC operated with creation of matter in
‘little big bangs’ in epochs of high density, and pictured the expansion of the universe as
superimposed on oscillations on a very large timescale, say 10'! years. About the only thing
it had in common with the original theory of 1948 was continuous creation of matter in an
eternal universe. Hoyle and his colleagues developed their theory in great detail, which
included an explanation of the cosmic background radiation and the abundances of light
elements, but it failed to make impression on the large majority of cosmologists, who
worked within the framework of Big Bang theory.®*

Another kind of alternative cosmological theory which for a brief period attracted some
attention was the plasma cosmology proposed by the Swedish physicist (and Nobel laureate
of 1970) Hannes Alfvén in the 1960s. According to this theory, the universe at large con-
sisted of equal amounts of matter and antimatter separated by electromagnetic fields, and
annihilation processes were responsible for the huge explosion which in the past made our
part of the universe expand. This explosion made a ‘big bang’, but it was not the birth of the
universe, for according to Alfvén and his followers the universe had always existed. Very
few cosmologists considered Alfvén’s plasma cosmology a serious alternative, for other
reasons, namely because there was no observational evidence for large amounts of antipar-
ticles in the universe.

During the 1970s, Paul Dirac attempted to breathe new life into his old idea of a cosmo-
logy based on the large number hypothesis and a gravitational constant varying with time
(compare Section 3.3). He developed the idea into several versions, but none of them were
able to explain the cosmic background radiation, which at the time was a must for any cos-
mological theory. According to Dirac, the large number hypothesis ruled out the possibility
that the microwave background had its origin in a primeval decoupling of matter and radia-
tion. Although Dirac’s theory was a failure, the general idea of a time-varying constant of
gravitation was taken up by a few researchers, including Paul Wesson and Vittorio Canuto,
who developed it into versions more in line with mainstream cosmology.®* The possibility
of ‘constants’ of nature varying in time continued to fascinate and is still being investigated
by some cosmologists, if in ways widely different from Dirac’s original ideas.

Whereas the theories of Hoyle, Alfvén, and Dirac belonged to the periphery of cosmo-
logy, the alternative proposed by Dicke and his research student Carl Brans in 1961 was
considered an interesting and serious challenge to the standard theory. The Brans—Dicke
theory was not merely an alternative cosmological theory of the Big Bang type, but an
alternative to Einstein’s general theory of relativity. It operated with a scalar field, acting as
a gravitational constant, which would in general change with time, although not in a specific
way, since it depended on the value of a certain external parameter. The cosmological
consequences of the new theory did not differ much from those of relativistic evolution
theory, except that in general it led to a different expansion rate of the universe and
therefore also to a different amount of helium being produced in the early universe.
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The theory of Brans and Dicke had implications for geophysics and astrophysics which
were much discussed in the 1960s, one of these being that the Sun’s oblateness would differ
from that predicted by general relativity. Later observations showed that the shape of the
Sun did not agree with Dicke’s prediction, which was a major reason why interest in the
Brans—Dicke theory greatly diminished.
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NEW HORIZONS

What by 1970 had become the standard Big Bang theory was not so standard that it could
not change considerably over the next few decades, and by the end of the century it had
transmuted into an almost unrecognizable form. Big-Bang-based understanding of the
early universe celebrated great triumphs with the ever-tighter symbiosis between cosmo-
logy and particle physics, which in the early 1980s reached a new phase with the invention
of the inflationary scenario for the very early universe. On the theoretical front, inflation
was the most important advance in late-twentieth-century cosmology, and it quickly gave
rise to a variety of models, some of which differed drastically from the ‘old’ Big Bang theory
by not accepting the Big Bang. Inflation theory also stimulated, and perhaps legitimized,
lines of cosmological thinking that were almost purely hypothetical and often highly specu-
lative, such as in the broad arena of quantum cosmology. Remarkably, with the anthropic
principle, teleological and semi-philosophical considerations returned to cosmology.

Later historians may single out new observations, rather than new and bold theories,
when they have to decide what constituted the most important changes in modern cosmo-
logy. By the turn of the millennium, evidence had accumulated to the effect that we live in a
universe which expands at an ever faster rate, a picture very different from the standard
picture of the 1970s. The acceleration is driven by a force which is still not well understood,
but may be represented by the cosmological constant, long thought to be a mistake. The
development during the last three decades has been stormy and also confusing. One cannot
describe it in a proper historical perspective, but also one cannot ignore it in a historical
account of cosmology.

5.1 Early-universe cosmology

The idea of using nuclear and elementary-particle physics to inform and constrain
cosmological theories goes back to the 1930s, and played an important role in the
pioneering work of Gamow and his group, especially in the Alpher—Herman—Follin
theory of 1953. With the explosive development of high-energy physics in the 1960s and
1970s, the close connection between cosmology, astrophysics, and particle physics
strengthened. Enthusiastic physicists (more than astronomers) tended to see the connec-
tion as giving birth to a new and—finally!—scientific cosmology. According to two of
the leading physicists in the new research area, the Americans David Schramm and Gary
Steigman,

cosmology has become a true science in the sense that ideas not only are developed but also are being tested
in the laboratory . . . This is a far cry from earlier eras in which cosmological theories proliferated and there
was little way to confirm or refute any of them other than on their aesthetic appeal.!
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Moreover, the confidence in the hot-Big-Bang model led researchers to use this model to
get insight into particle physics at the extreme energies of the very early universe, energies
far beyond what any human-made accelerator could produce. The early universe became
‘the poor man’s accelerator’, as it was often called, and high-energy physics and cosmology
entered an increasingly symbiotic relationship. Whereas nuclear astrophysics was a well-
established field in the 1950s, particle astrophysics with applications to cosmology
emerged as a vigorous new science in the 1970s. One indication of the symbiosis was the
foundation in 1992 of the journal Astroparticle Physics.

One of the first and most important results in particle physics arising from Big Bang
cosmology related to the number of neutrino species. In the mid 1970s, two types of neutri-
nos had been detected, one related to the electron and the other to the heavier muon. As far
as laboratory experiments could tell, there might be many more neutrinos, but how many
they could not tell. In 1977 Steigman, Schramm, and James Gunn used cosmological data
and theory to come up with an answer superior to that of the experimental physicists. It was
known that the expansion rate of the early universe depended on the total energy density,
which in turn depended on the number of particle species at a time when the universe
consisted mainly of photons, electrons, and neutrinos. Because the production of helium-4
is very sensitive to the expansion rate, it was possible to constrain the number of neutrino
species by comparing calculations with the measured amount of helium. Steigman,
Schramm, and Gunn found in this way that there could be no more than six species of
neutrinos, and subsequent calculations sharpened the bound to four, and then to three. This
prediction, based solely on cosmological arguments, was confirmed in 1993 when results
from CERN, the European centre of high-energy physics, indicated that there were indeed
three species of neutrinos. A few years later, Schramm proudly pointed out that ‘this was
the first time that a particle collider had been able to test a cosmological argument, and it
also showed that the marriage between particle physics and cosmology had indeed been
consummated’.?

In addition to this success, by means of similar cosmological arguments it proved
possible to put limits on the neutrino masses that were more stringent than those provided
by laboratory experiments. In the case of the muon neutrino, the cosmological upper limit
(50 eV) was about 10000 times less than the laboratory limit. Physicists had assumed the
existence of a third neutrino, known as the tau neutrino, since about 1975, and calculations
in 1991 showed that primordial nucleosynthesis required the mass of the particle to be less
than 0.5 MeV. This constraint agreed with, but was finer than, the one obtained experimen-
tally, which afforded yet another test of the early Big Bang scenario and boosted confidence
in the ‘inner space—outer space connection’.’

The focus in the 1960s on primordial production of helium-4 resulted in agreement
between observations and predictions which strongly supported the Big Bang model.
However, it was realized that the yield of helium-4 in the early universe is not very sensitive
to the baryon density, and for this reason the interest of the nuclear cosmologists turned
towards the cosmological origin of deuterium (and also helium-3), which constrains the
baryon density much more tightly. The determination of the amount of deuterium (D) came
to serve as a ‘cosmic baryometer’. Prior to the 1970s, the abundance of deuterium in the
universe was not well known. Only with the launching in 1972 of the Copernicus satellite
did it become possible to measure the amount of interstellar deuterium, which John
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Rogerson and Donald York reported to be D/H = 1.4 X 1075, Since deuterium was
produced in the Big Bang, it was possible to use the experimental result to infer the value of
the present density of the universe. The two astronomers derived p = 1.5 X 1073 g/em?,
which indicated an open, ever-expanding universe.* After much work in this area, convincing
evidence for a primeval abundance of deuterium relative to hydrogen of D/H = 3.2 X 1073
was obtained. By the mid 1990s this was taken to imply a baryon density of 3.6 X 1073
g/cm’, or £2;; = 0.02/4 2, which provided firm evidence for the existence of large amounts of
non-baryonic dark matter.’

High-energy physics also threw new light on one of cosmology’s old and important
questions, why antimatter is practically absent from the universe. In the very early universe,
antinucleons were assumed to be as abundant as nucleons, and almost all of these would
annihilate into high-energy photons until the universe had expanded to such a size that
annihilation became rare. The result would be a nearly complete annihilation of matter,
leaving a photon-to-nucleon ratio of about 108, as was shown by Zel’dovich in 1965. The
problem was that the observed ratio was much smaller, about 10°. How had the ‘annihila-
tion catastrophe’ been prevented? The discrepancy could be explained by assuming a slight
excess of matter over antimatter in the early universe, but not all physicists found this a
satisfactory explanation. They objected that this was merely pushing back the asymmetry
to the initial condition of the universe, and hence not a real explanation.

A much better explanation became possible with the emergence in the mid 1970s of the
first grand unified theories (GUTSs), a class of theories which gave a unified account of the
electromagnetic, weak, and strong interactions. Grand unified theories had in common that
they did not conserve the baryon number, meaning that they allowed processes where the
number of produced baryons, such as protons and neutrons, does not equal the number of
antibaryons. It was this property that the Japanese physicist Motohiko Yoshimura exploited
in 1978 to demonstrate how an initially symmetrical state could evolve into a state with a
slight excess of nucleons, producing a world somewhat like the one we know. ‘If my mech-
anism works, we may say that a fossil of early grand unification has remained in the form
of the present composition of the universe,” he wrote, giving a new twist to the concept of

Table 5.1 Chronology of important events in the history of the Big Bang universe

Time after Big Bang Temperature (K) Energy Events

10745 103! 10" GeV Quantum gravity. Planck time

1073 1077 10" GeV End of grand unification. Origin of
matter—antimatter asymmetry.
Inflation

10725 101 1 GeV Neutrons and protons form from
quarks and antiquarks

10s 10° 1 MeV Big Bang nucleosynthesis of light
elements

10y 10° 0.1eV Formation of atoms. Origin of
background radiation

1010y 3 1073 eV Formation of solar system. Life
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nuclear archaeology.® Theory predicts that very massive X particles (my = 10> GeV) will
be produced in the GUT era. Although anti-X particles will be produced in the same
amount as the X particles, they decay into quarks and antiquarks at different rates, thereby
generating an excess of quarks over antiquarks and baryons over antibaryons.

Subsequent work by Yoshimura, Weinberg, Frank Wilczek, Leonard Susskind, and others
gave a more detailed explanation of why there are a billion more photons than nucleons in
our universe. The application of grand unified theory to cosmology led to successes, but
also to problems. For example, a large number of primordial, very massive magnetic
monopoles were expected to be formed, which would lead to an absurdly great mass
density. Yet not a single magnetic monopole has ever been observed since Dirac predicted
their existence back in 1931 (in a form different from the monopoles of the grand unified
theories).

Although grand unified theories accounted for the preponderance of matter over
antimatter, the first suggestion along these lines pre-dated grand unified theories by several
years. In a prescient work of 1967, the Soviet physicist and famed political dissident Andrei
Sakharov suggested that baryon number might not be conserved exactly and that this might
have important cosmological implications. Sakharov’s brief paper, published in a Russian
journal, was not much noticed at the time but has later been recognized to be a pioneering
contribution to the interface between cosmology and particle physics. These topics remained
important to Sakharov during the rest of his life and he continued working on them, even
after he was exiled to Gorky in 1980. His interest in cosmology reflected a belief in a cyc-
lical universe which was not so much grounded in scientific data as related to metaphysical
and emotional desires. A Nobel Prize peace lecture does not usually include references to
physics and cosmology, but in Sakharov’s case it did, and it was not accidental:

I support the cosmological hypothesis that states that the development of the universe is repeated in its basic
characteristics an infinite number of times. Further, other civilizations, including more ‘successful’ ones,
should exist an infinite number of times on the ‘preceding’ and the ‘subsequent’ pages of the book of the
universe. Nevertheless, this weltanschauung cannot in the least devalue our sacred inspirations in this
world, into which, like a gleam in the darkness, we have appeared for an instant from the black nothingness
of the ever-conscious matter, in order to make good the demands of reason and create a life worthy of
ourselves and of the goal we only dimly perceive.’

But back to the cosmology—physics interface in the late 1970s. The dark-matter problem
forged further links to particle physics when it turned out that a large part of the missing or
dark matter was presumably in an unusual form, something very different from the
nucleons and electrons of ordinary ‘baryonic’ matter.® Many cosmologists in the 1980s
believed that the universe was critical ({2 = 1), not because of observations but because the
successful inflation theory predicted it. If so, this made the dark-matter problem more
urgent since it then followed that most of the mass of the universe was probably not normal
matter.

Observations and theoretical arguments based upon Big Bang nucleosynthesis indicated
that visible matter (stars and the like) made up only about 10% of the amount of ordinary
matter, but even if the dark matter was included, the baryonic part amounted to a mere 5%
of the critical value. A density as small as {2 = 0.05 could not account for the formation of
structures in the universe, such as the clustering of galaxies. Many cosmologists therefore
concluded that there must be a large component of dark, non-baryonic matter, a suggestion
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that found an enthusiastic response among particle physicists who had independently
predicted exotic particles that might possibly serve as the stuff needed to make the universe
critical.

The most obvious candidate was the neutrino, predicted by Wolfgang Pauli in 1930 and
detected experimentally in 1956. Although the neutrino was well known, it was ‘exotic’ in
so far that it is not part of ordinary matter (contrary to Pauli’s original idea, according to
which the neutrino was a constituent of the atomic nucleus). Of course, in order to be of any
relevance to the dark-matter problem, it needed to have a mass, however small. Although
the neutrino was traditionally taken to be massless, experiments could not rule out a very
small mass, and some theories predicted that it did have a mass.” The question remained
unsettled until 1998, when it was unexpectedly shown in the Super-Kamiokande neutrino
observatory near Tokyo that cosmic-ray neutrinos ‘oscillate’ into some other kind of
neutrino, which meant that at least one of the neutrinos involved must possess mass. The
result caused problems for the standard model of elementary particles (which presupposed
zero-mass neutrinos) and also implied that neutrinos must contribute to the non-baryonic
matter density. Results from the Australian-based Two Degree Field (2dF) project showed
in 2002 that the neutrino density was about the same as the density of ordinary matter
(L2, = 0.05) and therefore not of great significance to the dark-matter problem. The
absolute masses of the neutrinos have not yet been determined, but recent experiments
indicate that m, = 0.30 eV for the three species taken together.

In the late 1980s a consensus emerged that the exotic part of the dark matter was ‘cold’,
made up of relatively slowly moving particles unknown to the experimenters but predicted
by physical theory. The particles of CDM (cold dark matter, a term introduced by Peebles in
1982) were collectively known as WIMPs, which stands for ‘weakly interacting massive
particles’. One of the CDM particle candidates was the axion, a particle Steven Weinberg
had introduced in 1978 in connection with the theory of strong interactions (quantum chro-
modynamics), while others were predicted by supersymmetric theories, according to which
all particles have partner particles. The most promising of these particles was the neutralino,
a stable combination of supersymmetric partner particles called a photino, a zino, and a
higgsino (partners to the photon, the Z-boson, and the elusive Higgs particle, respectively).
There were, however, several other possibilities for dark-matter particles, including
primordial black holes. Whatever the WIMPs are, they interact only by the weak and gravita-
tional forces, and have in this respect much in common with the neutrinos (which adds to the
difficulty of detecting them). So far, exotic dark matter, whether WIMPs or something else,
has escaped detection, although there have been a few controversial claims of discovery.

High-energy physics made its most spectacular impact on cosmology in 1979-82, with
the advent of inflation theory, a radically new conception of the earliest phase of the Big
Bang universe. Several of the ingredients of the inflation scenario were first proposed by
the Russian physicist Alexei Starobinsky, who in papers of 1979—80 developed a model in
which the initial state of the universe was replaced by a brief but fiery expansion phase of
the de Sitter type. Starobinsky’s model was discussed by his mentor Zel'dovich and
attracted much attention among Russian cosmologists, but it failed to make any impact on
their Western counterparts. !

The effective invention of the inflation theory was due to Alan Guth, a young American
particle theorist, who came to the idea while trying to understand the discrepancy between



226 CONCEPTIONS OF COSMOS

the abundance of magnetic monopoles predicted by grand unified theories and the fact that
no such particle has been observed. Guth called attention to two other questions which he
believed had been left unanswered by standard Big Bang cosmology. One was the horizon
problem, which is essentially the problem that in the very early universe distant regions
could not have been in causal contact, meaning that they could not communicate by means
of light signals. The large-scale uniformity of the universe was hard to understand if it had
developed from a huge number of causally separate regions. It could be ascribed to a
Leibnizian pre-established harmony in the early universe, but such kinds of explanation did
not appeal so much to physicists of the late twentieth century as they appealed to Leibniz.
The horizon problem played an important role in the controversy over the steady-state the-
ory in the 1950s, when it was discussed by Whitrow and Felix Pirani, among others. It was
clarified by Wolfgang Rindler in a work of 1956 and seems to have been recognized for the
first time in 1953 by Alpher, Herman, and Follin.!!

Whereas the horizon problem was well known by 1980, the flatness problem was not. It
was first described by Dicke in a popular lecture of 1969 and given further attention by
Dicke and Peebles in 1979. A roughly flat space today ({2 = 1) implies that the density
must have been extremely close to the critical value at the beginning of the universe, and
Guth emphasized that the standard model offered no explanation for this remarkable exam-
ple of an apparent pre-established harmony: ‘A universe can survive ~ 10'° years only by
extreme fine tuning of the initial values of p and H, so that p is very near p,,. For the initial
conditions taken at 7, = 10'7 GeV, the value of H, must be fine tuned to an accuracy of one
part in 10%. In the standard model this incredibly precise initial relationship must be
assumed without explanation.’!2

The essence of Guth’s revision of the standard model was that it introduced a brief phase
in the life of the very early universe in which it expanded or ‘inflated’ by a truly gargantuan
factor. This was assumed to take place by a kind of phase transition occurring shortly after
the Planck time, the era t, = (hG/c®)'? = 10~ s, which marks the effective beginning of
cosmological theory.!* The phase transition, which was linked to certain properties of
grand unified theories, produced a ‘false vacuum’, a temporary state of the lowest possible
energy density, which could be described by particle theory but for which there was no
experimental evidence. Guth explained that the false vacuum would lead to a gravitational
repulsion, an expansion of the type proposed by de Sitter in 1917 and driven by the
cosmological constant. One can think of the early universe, filled with a false vacuum, as
expanding as R(f) ~ exp(#/0), where 6 is an expansion time constant depending on the
energy density of the false vacuum pg,. The relationship follows roughly the expression

2o 3¢
~ 8mGp,

The characteristic energy in the GUT era is 10'* GeV, from which py, follows, and then a
value for the expansion constant of about 1073* s. The corresponding Hubble parameter
during the inflation phase is H = 67! = 10* per second (or about 10'* in the standard units
km/s/Mpc). Although the inflation period lasts only a split second, during this brief interval
of time the radius of the universe will inflate by a factor of, say, 10*. Since the energy
density of the false vacuum (and not the energy itself) has the remarkable property that it
remains constant, the inflation generates an enormous amount of latent energy.
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The false vacuum can be conceived of as an excited vacuum state; like all excited
quantum states it will be unstable, in this case decaying to the normal vacuum. When this
happens, the explosive repulsion disappears, attractive gravity takes over, and the energy
stored in the false vacuum is released. This will produce a universe filled with hot radiation
energy and traces of matter at a temperature of about 10?” K, just as assumed in the initial
conditions for the standard Big Bang model. From this point onward, the universe will
continue to expand, but at the much slower rate of the standard theory.

Guth emphasized that the inflation model eliminated at least two fine-tuning problems of
the standard theory. It provided a mechanism that drove the density {2 towards one during
the inflation era, and in this sense solved the flatness problem, and it also predicted that the
current value of the density parameter must be approximately one. The horizon problem
was taken care of by the assumption that the universe—or the region of it corresponding to
the observable universe—was incredibly small before inflation set in, so small that any part
of it was causally connected with any other part and therefore at the same temperature.
Starobinsky did not originally refer to the horizon problem, but in 1981 Zel’dovich pointed
out that Starobinsky’s theory solved this problem too. Finally, Guth’s model also solved the
monopole problem, not by ruling out the hypothetical particles but by making them
extremely scarce because of the phenomenal expansion of space.

Inflation cosmology became an instant success in spite of various flaws in the original
version, which Guth himself pointed out. One of the flaws was that the inflation did not
leave the universe sufficiently homogeneous to be compatible with observations, a problem
known as the ‘graceful exit’ problem. As early as 1982, Guth’s theory was transformed into
an improved version (‘new inflation’) by Andrei Linde in Russia and Paul Steinhardt and
Andreas Albrecht in the United States. The new inflationary scenario was eagerly taken up
by several research groups, who agreed that Guth’s paper set the standards for any new
theory of the early universe that was to be taken seriously. To speak of a paradigm is not
much of an exaggeration, and physicists did indeed use the term. Between 1981 and the
summer of 1996 about 3100 papers were published which referred to various aspects of
inflation cosmology.

Of particular importance was the Nuffield Workshop on the very early universe that
convened in Cambridge, England, in the summer of 1982 and was attended by, among
others, Guth, Hawking, Starobinsky, Steinhardt, Sciama, Rees, and Michael Turner. One of
the focal problems addressed in Cambridge was the calculation of the initial density
inhomogeneities (‘perturbations’) that were needed to explain how structures had emerged
in the universe. It was found that on the basis of the new inflation theory it was possible to
understand the inhomogeneities as arising from quantum fluctuations, and calculations led
to a definite prediction of the density inhomogeneities. The shape of the spectrum of these
inhomogeneities agreed with what had been found by Edward Harrison in 1970 and, in a
different way, by Zel'dovich two years later. The spectrum proposed by Harrison and
Zel’dovich was motivated by attempts to account for the origin of large-scale structures, such
as galaxies. Whereas the original Harrison—Zel'dovich spectrum was phenomenological, in
1982 it became based on physical theory. This was one more triumph for inflation theory,
and reinforced its status as a promising new approach to the study of the very early universe.

The hugely successful inflation theory was not without its critics. Many observational
astronomers found it as irrelevant as it was incomprehensible, and others wondered
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whether the success was on the social rather than the scientific level. Georges Ellis, an
eminent South African theoretical cosmologist, wrote with Tony Rothman a paper where
they sharply criticized the new inflation fashion. Their rhetoric brings to mind the earlier
controversies related to Milne’s rationalistic cosmology and the steady-state theory:

A peculiar situation has arisen in cosmology. Over the last five years physicists have been hard at work on a
theory that set out to resolve two problems that may not exist. This theory has no evidence to support it, and
the one prediction it does make appears to be incorrect. . . . It is too early to make a conclusive judgment on
inflation, which is, without argument, aesthetically pleasing. But there can also be no argument that
cosmology is approaching the frontier where science is no longer based on experimental evidence and
makes no testable predictions. Once this border is crossed, we have left the world of physics behind and
have entered the realm of metaphysics.'*

Other critics argued that, by the 1990s, there really was no inflation theory but only a wide
range of inflationary models which included so many forms that, taken together, they could
hardly be falsified observationally. Whatever the validity of such criticism, the inflation
paradigm continued to prosper and to remain the preferred theory of the very early
universe. Who could resist an idea which was, as Guth claimed, ‘too good to be wrong’?

5.2 Observational surprises

The remarkable progress that occurred in cosmology in the late twentieth century owed as
much to observations as it did to theory, if not more. The cosmic microwave background
was the main empirical argument for the Big Bang theory, and work to obtain a more
detailed picture of the radiation continued in the decades after its discovery in 1965.
Observations showed that the background radiation was very uniform across the sky, in
agreement with theory; but it must not be too uniform, for if there were no deviations from
uniformity it seemed impossible to explain how the structures in the universe had been
formed. Several experiments had looked for irregularities, or deviations from isotropy, but
by the mid 1980s none had been found. In 1988 a team of astronomers from Nagoya
University, Japan, and the University of California at Berkeley measured with a rocket-
borne microwave detector the background radiation at three wavelengths. To everyone’s
surprise, they reported evidence for a major distortion of the background radiation relative
to the black-body form. For two of the wavelengths they measured an excess flux, corre-
sponding to a temperature significantly higher than the accepted 2.7 K, a result which was
clearly inconsistent with the well-established Big Bang theory.

This controversial result was not confirmed by other experiments, and it was flatly con-
tradicted by the superior data obtained from the COBE satellite experiment. The COBE, or
Cosmic Background Explorer, project had been initiated as early as 1972, and the instru-
ment-packed satellite was eventually launched into orbit 900 km above the Earth in the
autumn of 1989. The first results from the satellite’s FIRAS instrument, a specially
designed spectrophotometer cooled to a temperature of 1.5 K, were announced in early
1990 by John Mather, and they showed that the background radiation fitted a black-body
curve of temperature 2.735 £ 0.06 K most precisely. Only weeks after COBE had been
launched, a rocket experiment reported a background temperature of 2.736 = 0.017 K, in
excellent agreement with that found by Mather and his FIRAS team. With these results, the
Nagoya—Berkeley distortion was history, thought to be caused by some instrumental error.
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Fig. 5.1 The first COBE spectrum of the cosmic microwave background. The boxes are the measured data
with their errors. From J. C. Mather et al., ‘A preliminary measurement of the cosmic microwave back-
ground spectrum by the Cosmic Background Explorer (COBE) satellite’, Astrophysical Journal 354 (1990),
L37-L40. Reproduced by permission of the American Astronomical Society. Credit to NASA Goddard
Space Flight Center and the COBE Science Team.

Later COBE measurements gave an even more perfect fit, corresponding to a temperature
which in 1994 was revised to 2.726 = 0.010 K. (The precise temperature is not important
by itself, though, as it slowly diminishes with the expansion of space.)

The COBE satellite also carried with it an instrument designed to detect variations in the
microwave background by measuring simultaneously the radiation from two different
directions in space; this instrument was known as the DMR (Differential Microwave
Radiometer). After more than a year of operation, the DMR detector found what was hoped
for, small variations which indicated density fluctuations in the early universe, some
300 000 years after the Big Bang.!> What was measured was actually a temperature vari-
ation as small as AT/T = 5 X 1073, but this could be translated into a density variation of
the same magnitude, approximately what was needed to provide the seeds from which
galaxies had evolved. Some areas of the sky were slightly more dense and other areas
slightly less dense than the average, the earliest indications of what would evolve into
galactic clusters and void regions of space. This was good news, and it was also good news
that the spectrum—the variation of the temperature difference with the angle of separation
between the two directions—agreed nicely with predictions based upon the inflationary
theory. Consequently, the COBE-DMR data were hailed not only as a success of the Big
Bang theory but also of inflation cosmology. When George Smoot, the spokesman for this
part of the experiment, presented the results in a TV-transmitted press conference in April
1992, he interpreted them as ‘direct evidence of the birth of the universe’. As if this was not
enough, he added that looking at the data was ‘like seeing God’.!
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The idea of constructing an orbiting astronomical observatory goes back to the early
1960s and was eventually, after many years of frustration and controversy, realized in April
1990 when the Hubble Space Telescope was launched into space on board the space shuttle
Discovery. NASA’s two-billion-dollar project was the most expensive pure-science project
ever, astronomers’ answer to the particle physicists’ accelerator facilities.!” ESA, the
European Space Agency, contributed about 15% of the expenditure. After problems caused
by misconstruction of one of the telescope’s mirrors had been solved (by astronauts repla-
cing some of the instruments), observations of very distant celestial objects started in 1993.
The method was essentially the same as Hubble had used in the 1930s, but the Space
Telescope could measure cepheids in galaxies much farther away than the Andromeda
Galaxy, the most distant object that can be seen with the naked eye. The first results of 1994
were discomforting as they resulted in a Hubble constant of H, = 73 km/s/Mpc, which was
taken to indicate an embarrassingly young universe. If a flat, matter-filled universe was
assumed, the age of the universe came out as 8 billion years, about half the age estimated
for certain clusters of galaxies.

Even with the excellent view provided by the Space Telescope, cepheids could not be
seen at truly cosmological distances. The idea of using the much brighter—but also much
rarer and ephemeral—supernovae as standard candles was first proposed by Baade and
Zwicky in 1938, and half a century later, work was in progress to apply the method to
measure the cosmic expansion. Tammann and his student Bruno Leibundgut had shown in
1990 that supernovae of a certain kind known as type Ia were extremely uniform, which
made them ideally suited to the search for a more authoritative value of the Hubble
constant.

It was primarily the competitive work of two international supernova research teams that
led in the late 1990s to the surprising conclusion of an accelerating, yet critically dense
universe.'® The Supernova Cosmology Project (SCP) was formed in 1988 with the
American physicist Saul Perlmutter as its leader, and the rival High-z Supernova Research
Team (HZT) was established six years later by the Australian astronomer Martin Schmidt
and others. The groups used ground-based telescopes and also, occasionally, the Hubble
Space Telescope to look for rapidly receding type Ia supernovae. The SCP team found its
first object in 1992 and in 1997 it reported data which indicated a universe with much more
matter (in all forms) than the conventional value (2., = 0.3 based on studies of galaxies and
clusters. For a flat universe ({2, + 2, = 1), they got (2., = 0.94, which did not leave much
room for matter—energy associated with the cosmological constant. Perlmutter and his
colleagues concluded that their results were inconsistent with a low-density, flat universe
dominated by the cosmological constant.

By the end of 1997, the HZT scientists were convinced that Perlmutter’s conclusion was
wrong. From coordinated ground-based and Space Telescope observations of distant super-
novae, they found a much smaller matter density and indications that the universe was
either open or flat. Consequently, the dark energy associated with the cosmological
constant had to play a significant role. At about this time the confusion began to disappear,
with consensus emerging that the universe was in a state of acceleration and had been so for
the last five billion years or so. What the two groups observed, to their surprise, was that the
distant supernovae were dimmer than expected from conventional theory, the difference
amounting to 20-25%. This might be due to local, more mundane effects, but it turned out
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Fig. 5.2 Hubble diagram (apparent magnitude versus redshift) for 42 high-redshift type Ia supernovae
measured by the Supernova Cosmology Project. Added to the plot are data from 18 low-redshift supernovae
found by another group. From S. Perlmutter ef al., ‘Measurements of {2 and A from 42 high-redshift super-
novae’, Astrophysical Journal 517 (1999), 565-586. Reproduced by permission of the American
Astronomical Society.

that these could be ruled out, which led the scientists to think that the faintness of the
supernovae was caused by the very fabric of the cosmos.

In an article of 1998, two of the HZT scientists concluded that the universe was A-domi-
nated and of an age of about 14.2 Gyr. Moreover, ‘The derived value of g, is —0.75 * 0.32,
implying that the expansion of the Universe is accelerating. It appears that the Universe
will expand eternally.’!” When the SCP researchers published new data in 1999, they
agreed essentially with the conclusion of HZT. During the next few years the new picture of
the universe stabilized, at least as far as observations were concerned. Further work on
high-z supernovae by the two teams confirmed that about 30% of the total energy density
was mass and 70% was vacuum energy related to A, the cosmological constant. The new
picture of the expansion of the universe, with a coasting point (rather than phase) marking
the transition between deceleration and acceleration, was not unlike the one that Lemaitre
had proposed back in 1931, but few of the new generation of cosmologists would have
known that.

The values of (2,, and (2, could only be obtained by combining the supernova results with
data on the anisotropy in the cosmic microwave background that were more precise than
those provided by COBE. It was mainly for this purpose that the BOOMERANG project
performed experiments with balloon-borne detectors in the Antarctic area (there was also
another project of this kind, called MAXIMA, operating in the United States). These experi-
ments resulted in 1999 in excellent data which showed a density of (2,,,; = 1.00 £ 0.04. In
2001, a new satellite with instruments designed to measure variations in the background
radiation was put into operation. The Wilkinson Microwave Anisotropy Probe (WMAP),
named in honour of David Wilkinson, provided very precise data which, together with
other evidence, resulted in an age of the universe of 13.4 = 0.2 Gyr. As to the distribution
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Fig. 5.3 Hubble diagram from the SNLS collaboration. The data, released in November 2005, gave strong
support to a flat A cosmology. From P. Astier et al., ‘The Supernova Legacy Survey: Measurement of (2,
(2, and w from the first year data set’, Astronomy and Astrophysics (to be published in 2006). Reproduced
by permission of the Editor.

of energy, the result was 2,, = 0.27 and £2, = 0.73. So far, this result has been fairly stable.
It has received confirmation from several experiments, including a new Supernova Legacy
Survey (SNLS), which presented its first measurements in the autumn of 2005. For a flat
universe dominated by dark energy and cold dark matter, the SNLS scientists reported
0, = 0.263 = 0.042 and a state of the dark energy that indicated that it was due to the
cosmological constant.

With the new, accelerating universe there followed a new and mysterious form of energy
(with relative density (2,), which many scientists identified with the vacuum energy
associated with the cosmological constant.?’ As early as 1919, in an attempt to connect
gravitation with electromagnetism, Einstein had suggested that the constant might play a
role in atomic theory. In a later paper, of 1927, he considered a classical model of electric-
ally charged particles with a negative pressure in the interior. This pressure he related to the
cosmological constant. At that time, shortly after the introduction of quantum mechanics, a
few physicists vaguely conceived that there might be some connection between the cosmo-
logical constant and the new quantum theory of atomic structure. On 3 February 1927,
Weyl wrote to Einstein, ‘all the properties I had so far attributed to matter by means of
A are now to be taken over by quantum mechanics.’?!

The first to point out that Einstein’s constant of 1917 could be understood as a vacuum
energy density was Lemaitre in a paper of 1934, where he wrote: ‘Everything happens as
though the energy in vacuo would be different from zero. . . . We must associate a pressure
p = —pc? to the energy density of vacuum. This is essentially the meaning of the
cosmological constant A which corresponds to a negative density of vacuum p, according
to py = AcH4wG ~ 107% gr/ecm?®’? Lemaitre’s consideration was not followed up, but
similar ideas played a role in the version of steady-state cosmology McCrea developed in
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the 1950s. It was only when Zel’dovich connected the vacuum energy with ideas of
quantum mechanics in 1968 that the energy interpretation of the cosmological constant
became well known. And with Guth’s inflation cosmology, it almost became fashionable,
because the brief inflation phase can be ascribed to the repulsive effect of a cosmological
constant.

According to quantum mechanics, the cosmological term does not belong to the left side
of the general-relativistic field equations, the space—time part, but to the right side, together
with other forms of energy (see p. 132). Although formally Einstein’s cosmological constant
and the vacuum energy constant are indistinguishable, conceptually they are entirely differ-
ent. The suggestion that the major part of the critical density might consist of quantum
vacuum energy was first made by Lawrence Krauss and Michael Turner in a paper titled
‘The Cosmological Constant is Back’ of 1995, that is, before observations had given
support to an accelerating universe driven by dark energy. Krauss and Turner based their
suggestion on the age of the universe, in particular, and argued that the best model would be
one where the cosmological constant made up 60—70% of the critical density.?

The experiments of the 1990s convincingly demonstrated that there existed a ‘dark
energy’ in addition to dark matter, and that the density of dark energy was about twice that
of matter, mostly consisting of cold dark matter (CDM). Many cosmologists were
persuaded by the ‘ACDM paradigm’, the belief that the universe consisted essentially of
A-energy and cold dark matter. Some of the experiments in the early years of the twenty-
first century, including WMAP and SNLS, were able to distinguish between different
forms of dark energy, and they generally favoured A -energy or something acting like it. The
WMAP measurements of 2003 did much to increase confidence in the ACDM model,
which turned out to fit excellently with the data. The generally cautious Peebles concluded
that the measurements provided ‘strong evidence that the ACDM model is a good approxi-
mation to reality’.?*

But not all physicists were comfortable with the intangible cosmological-constant, and
there was no shortage of alternative explanations for the dark energy. One such alternative,
which existed in several versions, carried the name ‘quintessence’, a fitting reference to
Aristotle’s semi-metaphysical, celestial element. Like vacuum energy, quintessence has
negative pressure and acts antigravitationally at very large scales, but its pressure is less
negative and can change with place and time. Another possibility, known as ‘phantom
energy’, corresponds to an antigravity force increasing to infinity within a finite span of
time. In this scenario, everything from atoms to galaxies will eventually be torn apart in a
final ‘big rip’.

Among the reasons for scepticism was that the cosmological-constant model seemed to
require a few implausible coincidences. For example, since the end of inflation the mass
density has decreased drastically, whereas the vacuum energy density has remained
constant, and yet we happen to live in a world where the two energy densities are approx-
imately the same. Why? Further, it was known from astronomical observations that
Einstein’s cosmological constant cannot be larger than 1073 ¢cm, a bound which was
translated into a vacuum energy density not greater than 1072 g/cm>. By contrast, the
quantity as calculated by the quantum physicists was at least 104 times greater! No wonder
that Guth wrote, in his 1981 paper on the inflationary model, ‘The reason A is so small is of
course one of the deep mysteries of physics.’
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Whether or not the accelerated expansion of the universe was caused by a cosmological
constant, as Eddington and Lemaitre believed in the 1930s, the new picture of a runaway
universe caught the attention not only of the scientists, but also of the mass media and the
general public. By the end of 1998, the matter-dominated, flat universe of the Einstein—de
Sitter kind was buried and the accelerating universe was hailed as a fact, if still a controver-
sial one. The historical significance of the 1998 ‘revolution’ was emphasized by a public
programme on the ‘Nature of the Universe Debate: Cosmology Solved?’ held at the
Smithsonian National Museum of Natural History. Here, James Peebles and Michael
Turner debated the new world picture in the same format and in the same auditorium as
where Shapley and Curtis had had their ‘Great Debate’ nearly eighty years earlier. The
whole session was arranged to create parallels to the historic 1920 event.?’

The change in the world picture even inspired the literary world, as in the case of the
American author John Updike, who in 2004 wrote a short story titled ‘The Accelerating
Expansion of the Universe’. Updike’s story included a precise account of the new universe:

But the fact, discovered by two independent teams of researchers, seemed to be that not only did deep space
show no relenting in the speed of the farthest galaxies but instead a detectable acceleration, so that an
eventual dispersion of everything into absolute cold and darkness could be confidently predicted. We are
riding a pointless explosion to nowhere.

Like John Donne four hundred years earlier, Updike expressed concern about the implica-
tions of the revolution in the world picture: ‘The accelerating expansion of the universe

Aala (X1070)
(=)

0.5 1 2 3

Redshift

F ig. 5.4 Data points for the variation of the fine-structure constant with the redshift of quasars, based on mea-
surements around 2000. The solid line depicts the best fit according to some theoretical a(z) models.
Reproduced from Magueijo 2003, p. 2056, with the consent of the author and Institute of Physics Publishing.
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imposed an ingnominious, cruelly diluted finitude on the enclosing vastness. The eternal
hypothetical structures—God, Paradise, the moral law within—now had utterly no base to
stand on. All would melt away.’?

The general feeling of optimism and excitement in the cosmological community received
one more boost when it was announced in 2001 that analysis of absorption lines from quasars
suggested that the fine-structure constant (« = 2me*hc) varied with time. The variation cor-
responded to a change of (Aa/Af)/a = 5 X 107 !¢ per year, a tiny but measurable effect. If the
result had been confirmed, it would have meant that at least one of the fundamental constants
e (the elementary charge), 2 (Planck’s constant), and ¢ (the velocity of light) varied with time,
which presumably would have important cosmological consequences. The announcement
caused great excitement, and theoretical cosmologists immediately constructed cosmological
models that accommodated a varying fine-structure constant. However, enthusiasm cooled
when the much-publicized observations were contradicted by new, still more precise absorp-
tion data. According to a press release from the European Southern Observatory of May
2004, ‘New quasar studies keep fundamental constant constant.’?’

5.3 Anthropic and other speculations

Ideas of multiple universes (sometimes called ‘multiverse’) have a long history in specu-
lative cosmology and exist in many forms, some contemplating temporally and others
spatially separate universes.?® For example, the latter concept of simultaneously existing
sub-universes was entertained by Anaximenes in ancient Greece, and, much later, it was
discussed by Boltzmann in the 1890s. In the early 1960s the idea was developed by Jaroslav
Pachner and R. Giovanelli, among others. With inflation theory, it seemed to some cosmo-
logists that such speculations might be turned into scientifically respectable hypotheses,
indeed that they followed from the inflationary scenario. Shortly after Guth introduced his
theory of the inflationary scenario in 1981 it was developed into hypotheses of multiple
universes by J. Richard Gott, Katsuhiko Sato, Andrei Linde, and others, and within a few
years many-worlds cosmology was established as a small but thriving cottage industry. In
his survey of the new inflation theory at the Nuffield Workshop in 1982, Linde noted
(tongue in cheek?) that ‘it is not quite clear how one can describe creation of the universe from
nothing’, and went on to speculate that there might be no initial creation to worry about.?’
Perhaps the inflationary universe was born as a ‘child universe’ spatially disconnected from a
‘mother universe’, which was again the offspring of a ‘grandmother universe’, etc.

Linde would soon develop these ideas into what he called the chaotic inflation theory, a
kind of theory which differed drastically from what just a few years earlier had been the
standard Big Bang model of the universe. Whereas the 1982 Linde—Albrecht—Steinhardt
theory still assumed an initial singularity and a hot early phase after the Planck time, Linde
now envisaged a multitude of mini-universes, none of which was ‘first’. These mini-universes
produce numerous others (‘baby universes’), and although some of them will eventually
collapse, the process of universe generation will proceed endlessly. The essence of what he
called ‘a kind of Darwinian approach to cosmology’ was that there was no single beginning
of the universe as a whole and no end either. It seemed more likely, he argued,

that the universe is an eternally existing, self-producing entity, that it is divided into many mini-universes
much larger than our observable portion, and that the laws of low-energy physics and even the dimensionality
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of space—time may be different in each of these mini-universes. This modification of our picture of the
universe and of our place in it is one of the most important consequences of the inflationary scenario.*

According to Linde, we live in a four-dimensional, low-energy universe because this is the
only kind of universe we can live in. The chaotic inflation model, as developed by Linde
and others through the 1990s, described a stationary universe where the notion of the Big
Bang lost its meaning and was removed to an indefinite past. As Linde and others noted, it
had some similarity to the long-discarded steady-state model and even more to the quasi-
steady-state cosmology advocated by Hoyle, Narlikar, and Burbidge.

The chaotic inflation theory was only one among several cosmological scenarios of a
somewhat speculative and sometimes bizzare nature that were discussed at the end of the
twentieth century. Some of these theories derived from attempted unifications of quantum
mechanics and general relativity theory, and included cosmological ideas based on super-
string theory and related many-dimensional space—time theories. Generally speaking, this
area of research seems to be a mathematician’s delight where connections to the world of
empirical physics are either missing or thought to be unimportant.

Many of the early-universe scenarios were developments of the inflation theory, but
there were also attempts to construct alternative cosmologies that avoided inflation. One
such theory, based upon the hypothesis that the speed of light has changed with time, was
first proposed by John Moffat in 1993 but only received attention after it was developed
independently by Jodo Magueijo and Andreas Albrecht in 1999. Whereas the earlier
speculations of the 1930s had assumed a slow variation in the speed of light, the new VSL
(varying-speed-of-light) cosmology predicted a drastic decrease in the speed of light at a
time close to the Planck time. According to one version of VSL theory, in the very early
universe light moved with a speed of, for example, 10°® km/s and then the speed suddenly
fell to its present value of merely 300 000 km/s. By assuming such a gigantic speed of
light in the early universe, the horizon problem could be explained without the inflation
hypothesis, and VSL theory also accounted for some of the other cosmological problems
that inflation explained.

The 1999 Magueijo—Albrecht theory was deliberately constructed as an alternative to
inflation, but later versions turned VSL cosmology into a much broader and more general
type of theory.?! The change in the velocity of light means that the theory violates the fun-
damental principle behind Einstein’s relativity theory, and it also follows from VSL theory
that energy conservation is violated in the very early universe. Advocates of VSL theory
believe that these drastic changes in physics can be justified. VSL cosmology leads to a
number of predictions that distinguish it observationally from other theories of the early
universe, but empirical evidence in favour of the theory has so far been largely missing. It is
particularly problematical that it has not proved possible to provide a theory of structure
formation based on the assumption of a varying speed of light.

Some of the cosmological scenarios discussed in the late twentieth century related to the
old question of life in the universe and its fate in the far future. In a general sense, interest in
life elsewhere in the universe was stimulated by the discovery of planets outside the solar
system, called exoplanets, in the 1990s. The first such discovery, of a Jupiter-sized planet
orbiting around the star 51 Pegasi, was announced in 1995 by two Swiss astronomers,
Michel Mayor and Didier Queloz, and ten years later more than 170 exoplanets were
known. Although exoplanets are of no direct cosmological significance, the possibility of
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life-sustaining conditions far away from the Earth plays some role in cosmologists’
discussions. This is not a new phenomenon. For example, it was an important motive
behind the stationary models proposed in the interwar period that they allowed life
processes to go on indefinitely and everywhere in the universe. This could also be a reason
to prefer the steady-state model over the Big Bang model, as was in the case for the young
Dennis Sciama.?

While the possibility of life elsewhere in the universe has been used as an argument in
favour of steady-state models, it has also been argued that a class of otherwise possible
steady-state models can be ruled out if it turns out that there are no life-forms in the Milky
Way other than what we know on Earth. It has even been suggested that life may be essen-
tial to the universe, in the sense that only life can prevent the universe from destroying
itself.>* Without life, no universe! These kinds of speculation exist in a variety of forms,
many of them related to the popular idea of baby or bubble universes coming from the
inflationary scenario. Linde concluded in 1994 that it was an appealing feature of his
chaotic inflation model that it predicted endless life: ‘One can draw some optimism from
knowing that even if our civilization dies, there will be other places in the universe where
life will emerge again and again, in all its possible forms.”3* Optimism?

Lee Smolin and others have gone a step further. According to Smolin, the entire universe
may be considered a living entity which evolves in a strict Darwinian sense. In a paper of
1992, Smolin proposed a new approach to the problem of the ‘unnatural values’ of the
dimensionless constants of fundamental physics.’> As an alternative to anthropic pseudo-
explanation (as he considered it), he suggested that the constants evolved in a series of
collapses and expansions of universes controlled by the production of black holes. Relying
on ideas of quantum gravity, he developed a speculative ‘mechanism for natural selection
in cosmology’, which he argued was of a nature similar to biological evolution, including
the element of randomness and the element of natural selection. As biological metaphors
and reasoning have inspired some cosmologists, so have theological metaphors and reasoning.
At a conference in the Vatican Observatory in 1991, George Ellis argued that even the
omnipotent God could not have created an infinite universe filled with matter and life-
forms. If our universe is God’s, as Ellis believed, it must be finite in size.®

The intense discussion about the very early universe that followed the invention of the
inflation model was to some extent paralleled by an interest in the other extreme of the
timescale, the state of the universe in the very far future. Such scenarios had been discussed
since the mid nineteenth century in connection with the heat death, and from about 1980
they were reconsidered from the perspective of Big Bang cosmology.’” The new wave of
‘physical eschatology’ started in the 1970s, when papers on the long-term future of the
universe were published by John Barrow, Frank Tipler, Jamal Islam, Freeman Dyson, Paul
C. W. Davies, and others. Dyson, a distinguished theoretical physicist and one of the fathers
of modern quantum electrodynamics, wrote in 1979 an article in which he advocated that
the study of the end of the universe should be developed into a scientific discipline of the
same respectability as the study of the early universe.

The standard view was (and presumably still is) that ‘The more the universe seems
comprehensible, the more it also seems pointless,” as Weinberg wrote in his best-selling The
First Three Minutes. Or, in the words of Bertrand Russell, ‘The universe may have a
purpose, but nothing that we know suggests that, if so, this purpose has any similarity to
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ours.”*® Dyson, who wanted a universe with meaning and life, strongly disagreed. He
argued that it would be possible for life and intelligence to survive indefinitely in an open
universe and possibly also to maintain intergalactic communication in spite of the never-
ending expansion. ‘I have found a universe growing without limit in richness and complex-
ity, a universe of life surviving forever and making itself known to its neighbors across
unimaginable gulfs of space and time.’>® Of course, other scientists concluded differently.

It goes without saying that eschatological studies of Dyson’s kind rely on gross extra-
polations and involve a good deal of speculation. The point to notice is that they were
nonetheless taken seriously by many physicists and astronomers and continue to be so.
Shortly after the discovery of the accelerating universe, several papers appeared with titles
such as ‘Can the Universe Escape Eternal Acceleration?’ and ‘The Ultimate Fate of Life in
an Accelerating Universe’. Although most of the literature ignored references to theology,
there was no shortage of papers and books cultivating the links between religious and phys-
ical eschatology. A quarter of a century after Dyson’s pioneering paper, the eschatological
aspects of cosmology have turned into a small industry. This is interesting from a sociological
and psychological point of view, but it does not necessarily follow that physical eschatology
has therefore become a proper science.

Life in general, and the existence of humans in particular, came to play a surprising role
in cosmological thinking with the formulation of the anthropic principle in the 1970s. The
general idea of the anthropic principle is that the observed universe is conditioned by the
fact that there exist human observers. In any of its many versions, it claims that the present
epoch is privileged in the sense that it is the epoch in which carbon-based life originated:
life could not have originated in any other epoch, and this constrains the numerical values
of the natural constants and fundamental parameters of physical theory. The world is as it is
because we exist!

Although anthropic-like arguments can be found in the late nineteenth century, they first
appeared in the context of the expanding universe about 1960, when they were introduced
by Grigory Idlis in the Soviet Union and Robert Dicke in the United States. In a lecture of
1958 Dicke pointed out that the present epoch was not random, but was conditioned by the
fact that the biological conditions for the existence of humans must be satisfied. Three
years later, he published a brief paper in which he discussed several of the large dimension-
less numbers that Dirac had called attention to in his cosmological theory of 1937-38.
Whereas Dirac had inferred from the numerical coincidences that some of the constants of
nature varied with time, to Dicke the coincidences could be explained by ‘the existence of
physicists now and the assumption of the validity of Mach’s principle’. More specifically,
he argued that ‘with the assumption of an evolutionary universe, 7 [the age of the universe]
is not permitted to take one of an enormous range of values, but is somewhat limited by the
biological requirements to be met during the epoch of man’.* The British biologist Charles
Pantin pointed out in 1965 that the fortuitous properties of substances that are necessary for
life (such as carbon and water) could be explained if it was assumed that there was an
indefinite number of universes, and that ours happened to be the one in which the the right
conditions for life existed. Pantin spoke of ‘a solution analogous to the principle of Natural
Selection’, another early reference to cosmo-Darwinism.

It was Brandon Carter, a student of Sciama, who coined the name ‘anthropic principle’
and elevated it to such a status that cosmologists began to take it seriously. Carter had for
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several years been occupied with trying to understand the role of microphysical parameters
in cosmology, and in 1967 he wrote a manuscript on the subject which included a develop-
ment of Dicke’s line of reasoning. Although the manuscript was never published, its content
was known to the small community of cosmologists and referred to in a 1973 paper by
Hawking and Barry Collins with the title “Why is the Universe Isotropic?’ The two
Cambridge cosmologists found that ‘the most attractive answer’ to the question was that
‘the isotropy of the Universe and our existence are both results of the fact that the Universe
is expanding at just about the critical rate. Since we could not observe the Universe to be
different if we were not here, one can say, in a sense, that the isotropy of the Universe is a
consequence of our existence.’*!

When Carter published his ideas in 1974, he objected to what he found was an unwar-
ranted extension of the Copernican principle that we do not occupy a privileged place in the
universe. Although there is indeed no such privileged place, there is—contrary to the
perfect cosmological principle—a privileged time, namely the epoch of life. Carter distin-
guished between a weak and a strong form of the anthropic principle, where the former
states that ‘our location in the Universe is necessarily privileged to the extent of being
compatible with our existence as observers’. The strong anthropic principle goes further,
stating that ‘the Universe (and hence the fundamental parameters on which it depends)
must be such as to admit the creation of observers within it at some stage’.*?

Carter’s formulation of 1974 was further developed by Bernard Carr and Martin Rees,
who in 1979 published a review paper in Nature entitled ‘The Anthropic Principle and the
Structure of the Physical World’. With the works of Hawking and Collins, Carter, and Carr
and Rees, the anthropic principle became established as an important ingredient of cosmo-
logical thinking, and these works served to make it legitimate, if by no means uncontrover-
sial, to explain various aspects of the universe by appealing to the existence of human life.
The number of articles involving anthropic reasoning exploded and the number of versions
proliferated (in addition to Carter’s weak and strong principles, there soon appeared ‘final’,
‘participatory’ and ‘theological’ versions, to mention but a few).* The subject was
discussed not only by physicists and astronomers, but also by philosophers and theologians,
who found a welcome opportunity to contribute to modern cosmology, a field from which
they had long been banished.

In spite of its undeniable popularity, the epistemic nature of the anthropic principle is ques-
tionable. Is it merely a philosophical toy, or does it provide genuine explanations endowed
with predictive power? P. C. W. Davies and Frank Tipler argued in about 1980 that the
anthropic principle ruled out any cosmology with an infinite past, such as the Hoyle—Narlikar
steady-state theory, which to anthropically minded cosmologists proved that the principle
does have a kind of predictive power, if in this case only post hoc. Another often-quoted
example is Fred Hoyle’s 1953 prediction of a 7.7 MeV resonance level in the carbon-12
nucleus, a breakthrough in the understanding of stellar nucleosynthesis because it was neces-
sary for the production of heavier elements. Since carbon evidently exists, it must have been
produced in some way, which caused Hoyle to predict the resonance state necessary for the
production of carbon.** Shortly after Hoyle’s prediction, this was confirmed experimentally.
However, it is far from clear that this is a genuine example of anthropic reasoning, and at any
rate it does not relate to the existence of human life, only to carbon atoms. Although carbon is
essential to humans, it is equally essential to limestone, ferns, and cockroaches.
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5.4 The problem of creation

The Big Bang theory, as it emerged victoriously in the 1960s, assumed a hot, dense primor-
dial state of the universe, but it did not offer an explanation of how this state had come into
existence nor of what caused the bang. The only sort of explanation was that it was possibly
the outcome of a previous, collapsing universe, which was no real explanation, as it left
open the question of how this earlier universe was formed. The inflationary theory gave an
account of the universe as early as, say, 1073% after # = 0, and it explained how all the par-
ticles (about 10°°) of the observed universe were produced. In this limited sense it was a
creation theory, but it presupposed a small amount of matter to start inflation, and for this
reason inflation theory did not come up with an explanation of the ultimate creation of the
universe either. It starts shortly after the Planck time, but has nothing to say about earlier
times, not to mention the magical moment of # = 0.

Cosmologists had traditionally avoided the problem of creation, a concept which might
seem to be foreign to science and better suited to philosophical and theological discourses.
If the universe had come into existence, was created, this could not be explained by refer-
ence to an earlier state. Neither did it help to say that the universe had been created from
nothingness, or from an initial singularity, for neither of these concepts could be assigned
physical meaning. And of course one could not appeal to a supernatural act, which would
be to leave science altogether and enter theology. The somewhat timid attitude to the
creation problem that characterized cosmologists in the era up to the 1970s changed
markedly in the decades that followed.

Cosmologists in the modern period had different attitudes to the question of cosmic
creation, depending in part on their favoured models and in part on their spontaneous philo-
sophical preferences. According to some models, such as the Hoyle—Narlikar steady-state
theory and Linde’s self-reproducing inflation theory, there was no problem, since the
universe at large had no beginning. Other cosmologists picked up the Milne—Misner idea of
a redefinition of time to avoid the unpleasant Big Bang beginning. The no-beginning
solution was also a feature of cyclical models with phases of expansion and contraction
endlessly following one another. Such models, going back in a relativistic context to
Friedmann and Tolman, were, however, thought to be ruled out observationally, and in
addition they faced a number of theoretical problems. For example, no mechanism had
been found to reprocess the matter—energy of the previous universe into the new one.
Nonetheless, the general idea of a phoenix universe continued to fascinate a minority of
cosmologists, and it reappeared in the early years of the twenty-first century. Whereas the
classical cyclical models presupposed a closed universe, the new kind of phoenix universe
advocated by Steinhardt and Neil Turok operated with an infinite, flat space, in agreement
with observations.* In spite of the variety of no-beginning models, the standard view was
that the Big Bang was real and ultimately in need of some kind of explanation.

Edward Tryon, a physicist at the City University of New York, suggested in 1973 that the
universe had appeared from ‘nowhere’ without violating any conservation laws. According
to Heisenberg’s uncertainty relations, an energy fluctuation AE can occur only for a period
of At = h/AE and thus be sustained for a very long time only if the net energy is nearly zero.
By suggesting that the net energy of the universe was indeed zero, Tryon could produce a
long-lived universe from a quantum fluctuation. The zero net energy came about because
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the positive mass—energy of a piece of matter mc? would be cancelled by its contribution to
the negative gravitational energy:
2 GmM —

mc- — T = 0,
where M denotes the mass of the universe contained within the Hubble radius R = c/H.
Unknown to Tryon, the same idea had been entertained by Haas and Jordan in the 1930s.
As to the mechanism of the origin of the universe, Tryon thus proposed that the entire
universe (assumed to be closed) had originated spontaneously as a giant fluctuation in a
quantum vacuum; and as to why it occurred, he offered ‘the modest proposal that our
Universe is simply one of those things which happen from time to time’.*® It followed from
Tryon’s idea that the universe must be closed and also that there must be equal amounts of
matter and antimatter in the universe, which presumably were two reasons why it was not
received with enthusiasm. Another reason might have been that it failed to explain the
creation itself, as it merely pushed back the creation scenario to a hypothetical quantum
vacuum scenario which Tryon chose to call ‘nowhere’.

In the wake of inflation theory, Alexander Vilenkin proposed in 1982 that the universe
was created by a kind of tunnel effect, as known from quantum mechanics.*” The title of
Vilenkin’s paper, ‘Creation of Universes from Nothing’, must have surprised many readers
of Physics Letters, but it was only the beginning of a trend. Vilenkin’s model did not have a
Big Bang singularity and did not require any initial conditions. Although he claimed that
his theory explained how ‘the universe is spontaneously created from literally nothing’,
Vilenkin too presupposed a fuzzy quantum space—time background that the universe
tunneled from. The creation of a universe out of vacuum was also studied by Robert Brout,
Heinz Pagels, and others, who tried to find a mechanism that allowed for the generation of
an open universe.

A different approach was suggested in a 1983 paper by James Hartle and Hawking, who
took their point of departure as the Wheeler—DeWitt equation, a quantum-mechanical wave
equation supposed to describe the entire universe, which Bryce DeWitt had suggested in
1967 (Wheeler’s contribution was in 1968). Hartle and Hawking developed a wave function
of the universe and argued that it represented the amplitude of the universe coming into
existence from a finite quantum fuzz. There would be no problem of creation, because near
t = 0, in the quantum fuzz, the very notion of space and time would lose its meaning. By
being self-contained, the universe would be neither created nor destroyed. Although the
Hartle-Hawking model described a universe with a finite past, it had no initial singularity
or beginning, for there was no initial boundary at all. In his best-selling 4 Brief History of
Time, Hawking popularized the ‘no boundary’ idea:

The quantum theory of gravity has opened up a new possibility, in which there would be no boundary
to space—time and so there would be no need to specify the behaviour at the boundary. . . . One could
say: ‘The boundary condition of the universe is that it has no boundary.” The universe would be completely
self-contained and not affected by anything outside itself. It would neither be created nor destroyed.
It would just BE.

Hawking claimed further, famously and controversially, that his no-boundary picture of the
universe had profound theological implications, as it made God superfluous: ‘So long as
the universe had a beginning, we could suppose it had a creator. But if the universe is really



242 CONCEPTIONS OF COSMOS

completely self-contained, having no boundary or edge, it would have neither beginning
nor end: it would simply be. What place, then, for a creator?’4®

The Hartle-Hawking theory was much discussed, not because its scenario was thought to
be realistic but because of its conceptual and mathematical novelty. It was followed by a num-
ber of other proposals based on quantum gravity, the kind of theory which aims at unifying
general relativity and quantum mechanics and assumedly governs the earliest state of the Big
Bang universe around or before the Planck time. Among the many theories of this kind, string
theory (in one of its many versions) is the best known, and the one most developed since it
was introduced as a theory of strong interactions about 1970. String theory operates with tiny
many-dimensional objects (strings or branes) of a size close to the Planck length of 10733 m,
and string theorists believe that all particles and fields can be understood in terms of these
hypothetical objects. It will come as no surprise that the ambitious and mathematically
complex string theory has also been used as a foundation for cosmological theories.

Some of the cosmological scenarios proposed by string theorists have in common with
the Hartle-Hawking model that they avoid the troublesome cosmic beginning. Quantum
strings have a non-zero size and cannot collapse to an infinitesimal point, which provides a
way to eliminate the initial singularity, although not in a very satisfactory way. If the uni-
verse started in a non-reducible string object, where did the string come from? According to
Gabriele Veneziano, an Italian physicist who pioneered the string theory in the late 1960s, it
makes sense to ask what happened before the Big Bang. In what is known as the pre-Big
Bang scenario, there existed an accelerating universe before the Big Bang, out of which our
initially decelerating universe emerged in a violent transition. Veneziano explains that ‘the
pre-big bang universe was almost a perfect mirror image of the post-bang one. If the
universe is eternal into the future, its contents thinning to a meager gruel, it is also eternal
into the past. Infinitely long ago it was nearly empty, filled only with a tenous, widely
dispersed, chaotic gas of radiation and matter.”*® It may appear unlikely that the string
scenario can ever establish contact with empirical physics, but advocates of the pre-Big
Bang theory think that it does have physical consequences and that these may be measur-
able as small temperature variations in the cosmic microwave background.

Let me end by quoting two leading American particle cosmologists, Edward Kolb and
Michael Turner, who in 1990 published a monograph on the early universe:

Whatever future cosmologists write about cosmology in the decades following the discovery of the CMBR
[cosmic microwave background radiation], we can be certain that they will not criticize contemporary cos-
mologists for failure to take their theoretical ideas—and sometimes wild speculations—seriously enough.
Perhaps future cosmologists will laugh at our naivité. But, if they do, we can hope they will admire our
courage and boldness in attacking problems once thought to be beyond the reach of human comprehension.>

This evaluation is as valid today as it was in 1990. Indeed, in their preface to the 1993
paperback edition, Kolb and Turner noted that ‘We would be most surprised if the future
did not include a revolutionary idea or unexpected discovery.’ They were closer to the mark
than they could have imagined.

5.5 Cosmology in perspective

Cosmology is the science of the universe and thus is based on a concept—the universe,
world, or cosmos—that is immensely greater and more abstract than what can be directly
perceived. During the course of history the very meaning of the universe has changed, and
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sometimes radically so, which is a major reason for the somewhat irregular development of
cosmological thought. The Babylonian and Greek concepts of the universe have very little
in common with that of modern cosmologists, so it is no wonder if the long-term history
may appear to lack continuity. Yet, in spite of all the changes, the modern world picture
does have a connection to the thoughts about the universe that emerged some 2500 years
ago. It is the outcome of a long and complex historical process with roots going back to the
era of the Presocratic philosophers, if not before. Aristotle noted that cosmology was
derived from humans’ elementary quest to know as much as possible about the observed
universe. In his Metaphysics, he wrote:

It is owing to their wonder that men both now begin and at first began to philosophize; they wondered
originally at the obvious difficulties, then advanced little by little and stated difficulties about the greater
matters, e.g., about the phenomena of the Moon and those of the Sun and the stars, and about the origin of
the universe.’!

The sense of wonder that Aristotle spoke about is an invariant in the history of cosmology,
rooted as it is in elementary curiosity. When modern physicists wonder about the nature of
dark energy or why there are so many more photons than baryons in the universe, they are
engaging in a quest of the same character as when Eudoxus wondered about Mars’s retro-
grade motions in its journey over the heavens. Although the answers to the questions have
changed greatly, there has been a measure of permanence in the kind of questions people
have wanted to know the answers to. Is the world finite or infinite? Does life exist elsewhere
in the universe? Has the world always existed, or did it have an origin? Is it static, or in a state
of evolution? Does the universe have a purpose? Grandiose questions like these were asked
more than two thousand years ago, and they can be followed through history since then,
including the modern era. We know the answers to some of the questions, but not to all. And
there are questions that may be important, but may well be scientifically meaningless.

For long periods of time the universe was not just an object of study, it was conceived as
being meaningful and being associated with the existence of humans and their place in the
cosmos. To understand the universe necessarily involved understanding its meaning and
purpose, concepts that could not be separated from a religious context. The references to
gods, spirits, and intelligences as active agents in the dynamic cosmos continued well into
the sixteenth century. Newton explained the heavenly phenomena in terms of his law of
gravity, but at the same time he needed God—*very well skilled in Mechanicks and
Geometry’—to account for the stability of the universe. A century later, astronomers might
still refer to the creator, but he was not called upon to explain phenomena in the heavens.
When Napoleon Bonaparte had perused Laplace’s Exposition du systéme du monde he
supposedly commented to its author that while Newton spoke of God in Principia, he did
not find God mentioned in the Exposition. Laplace is to have responded, ‘Citizen First
Consul, I have no need for that hypothesis.’>> Nor do modern cosmologists have need of
that hypothesis; yet, as we have observed, flirtation with religious aspects is not uncommon
in present cosmological theory. The vast majority of cosmologists, however, pursue their
science with no reference to religious questions, quite in the manner of Laplace.

5.5.1 Paradigms and traditions

Generally speaking, either a particular branch of science may evolve continuously and
cumulatively, or its development may be characterized by a series of revolutionary shifts
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involving changes in the very foundation of the science. In his influential The Structure of
Scientific Revolutions, Thomas Kuhn advocated a dynamical view of science where periods
of paradigm-governed ‘normal science’ end in a state of crisis, which may trigger a ‘revolu-
tion’ that leads to the old paradigm being replaced by a new one. According to Kuhn’s
original model of 1962, two rival paradigms may coexist only briefly, until one of them
eradicates the other. Since they describe nature in different, untranslatable languages, they
are incommensurable and there is no way to decide between them in purely rational terms.
Whatever the virtues of Kuhn’s attempt to reform the philosophy of science, it has long
been recognized that revolutionary breaks of the strong kind he spoke of hardly ever occur
in the real history of science. On the other hand, one can reasonably use the concepts of
paradigm and revolution in a weaker sense and look at the historical development in the
framework of those concepts. I believe that the history of cosmology yields some support
for the notion of paradigm-governed science and even of revolutionary breaks, if not in the
radical sense originally proposed by Kuhn.

We have in the ‘circle paradigm’ a remarkable example of a tenacious fundamental belief
that survived for nearly two millennia and which shows some of the characteristics of a
Kuhnian paradigm. According to this belief, going back to Plato and Eudoxus, the observed
motions of the celestial bodies must necessarily be understood in terms of uniform circular
movements. As Geminus pointed out, it was part of the definition of astronomy, and hence
indispensable. If astronomy was the art of reducing observations to circular motions, how
could Ptolemy’s theories of the planets possibly be seriously wrong?

It took Kepler’s genius to recognize that the belief was merely a working hypothesis, not
a necessity, and it took several decades until Kepler’s insight was accepted by the majority
of astronomers. The belief in celestial circles was part of a larger complex of paradigmatic
ideas, which included the idea that the universe was finite (and itself of spherical shape)
and divided into two very different regions, the world beneath the Moon and the heavenly
world above it. Also in later history, we meet examples of beliefs and traditions that were
rarely questioned and which formed the framework of cosmological thinking, and hence
had the character of paradigms. Until about 1910 it was generally believed that the stellar
universe was limited to the Milky Way, and until 1930 the static nature of the universe as a
whole was taken for granted. Current cosmology is founded on the theory of general
relativity and some kind of Big Bang scenario, elements that are beyond discussion and
conceived of as defining features of cosmological theory. Yet, although it may be tempting
to characterize these beliefs as ‘paradigmatical’, they are so in a different sense from what
Kuhn spoke of in his 1962 work.

As there have been periods in which astronomy and cosmology were governed by para-
digmatic dogmas, so there have been a series of changes in which the accepted view of the
cosmos broke down and was replaced by a new one. None of these breaks, dramatic as they
may have appeared to contemporary scientists, have been revolutions in the radical sense of
clashes between incommensurable world views. The much-discussed Copernican revolu-
tion was a long-term transitional process in which the heliocentric system was compared
rationally and systematically with the traditional geocentric system. The outcome of the
revolutionary process was a rejection of the traditional world view, but astronomers
involved in the process did not need to commit themselves wholeheartedly to one of the
rivals. As the existence of Tychonian and other hybrid systems demonstrates, it was
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perfectly possible to take a middle way, a least for a period. To a large degree, the
Copernican ‘revolution’ is a myth. There are events in the history of cosmology that come
closer to revolutionary breaks, such as the recognition in about 1930 that the universe is
expanding. Here we have a major change in the conception of the world that occurred
almost instantaneously.

Modern cosmologists are, like most scientists (not to mention science journalists), fond
of the revolution metaphor, which they use repeatedly and somewhat indiscriminately. They
routinely speak of ‘the ACDM paradigm’ and the current ‘revolution’ constituted by the
discovery of the accelerating universe supposedly filled with dark matter and energy. In the
spring of 1997, at a time when the perspective of the new world view was just being recog-
nized, one cosmologist wrote, ‘The field of cosmology is undergoing a revolution, driven
by dramatic observational progress and by novel theoretical scenarios imported from par-
ticle physics.’>* Dozens of similarly worded evaluations can be found in the literature. This
is most interesting, but it does not imply that what happened in the late 1990s was really a
‘revolution’ in the proper sense of the term.

The undeniable element of continuity in scientific development is to a large extent
caused by the almost permanent nature of good experimental and observational data. New
theories are expected to explain reliable observations as well as or better than the older
theory, a requirement which naturally limits how far the new theory can deviate empirically
from the older one. Copernicus’ heliocentric theory had to include an explanation of the
retrograde movements of the planets, just as the steady-state theory had to account for
Hubble’s redshift—distance law. And Copernicus had to explain the non-observation of the
stellar parallax, just as Ptolemy’s theory had explained it.

Yet, data are not purely observational, but are in part the product of theory and expecta-
tions, as is illustrated by several cases in the history of cosmology. The Hubble constant is
an observational quantity, if not purely so, but its relation to the age of the the universe is
not. The finite age of the universe is a theoretical construct which is only meaningful within
the framework of certain cosmological theories. Moreover, when is an observation relevant
to cosmology? This is far from obvious, as illustrated by the the darkness of the night sky, a
most ordinary phenomenon which Chésaux elevated to a cosmological problem in 1744,
later to be known as Olbers’ paradox. Similarly, the chemical composition of the universe
became cosmologically interesting only with Gamow’s nuclear-archaeological research
programme of the 1940s.

The history of cosmology is full of cases where observational claims have been accepted
too readily. For example, in the early part of the twentieth century, van Maanen’s apparently
authoritative measurements of proper motions in spiral nebulae provided strong support
against the island universe theory. His data were believed to be hard facts, but by 1930 they
were seen as spurious. The Stebbins—Whitford effect, believed to be authoritative and
grounded on solid data, evaporated in the 1950s. Likewise, when Ryle concluded in 1955
from radio astronomical measurements that the steady-state model was contradicted by
observations, the data were inadequate and the conclusion was coloured by Ryle’s dislike of
the steady state-theory. The theory was indeed wrong, but so were Ryle’s data.

Observations are of course crucial to cosmology, but if they are believed too confidently
they may hamper or prevent progress rather than further it. Again an example from twentieth-
century cosmology: Hubble’s value of the expansion parameter, wrong by a factor of seven
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or so, was accepted as unproblematically correct for more than two decades. The small
value of the Hubble time caused problems for cosmologies of the Big Bang type, which
might have been received more positively had astronomers not taken Hubble’s result to be
so authoritative. It was only after 1952, when Baade and others reconsidered the time scale,
that the age problem was brought into the light and it was realized that the ‘age paradox’
was no real paradox.

The intricate question of the relationship between observation and theory in cosmology
was examined masterfully and provocatively by Bondi in an article of 1955, whose general
message was that a discrepancy between theory and observation might just as well be
blamed on the observations as on the theory. With respect to so-called pure observations, he
wrote:

The purely factual part of the vast majority of observational papers is small. It is also important to realise
that these basic facts are frequently obtained at the very limit of the power of the instruments used, and
hence are of considerable uncertainty. To refer to observational results as ‘facts’ is an insult to the labours of
the observer, a mistaken attempt to discredit theorists, a disservice to astronomy in general and exhibits a
complete lack of critical sense. Indeed I would go so far as to say that this sort of irresponsible misuse of
terminology is the curse of modern astronomy.**

5.5.2  The status of cosmological models

The distinction between realism and instrumentalism (or related concepts such as
positivism and pragmatism) is a central topic in the philosophy of science, where it is
discussed particularly in connection with microphysics and quantum mechanics.
According to the realist, theories and models are about nature’s objects and mechanisms; if
they describe these correctly they are true, and if not, they are wrong. In short, science
endeavours to understand how nature really is. The instrumentalist, on the other hand,
considers a theory as a method or tool to reproduce observed regularities and to predict the
outcome of future observations and experiments. A theory can be useful in this regard, and
that is all we can hope for and are interested in. It is outside the possibilities of science to
determine the true nature of reality, a problem which is claimed to be metaphysical and not
physical.

The distinction can also relate to objects rather than theories. In this case, the realist
will claim that ‘the universe’ designates an entity that exists independently of all cosmo-
logical enquiry. On the other hand, the instrumentalist considers ‘the universe’ to be a
concept that can be ascribed a meaning only in a pragmatic sense, as it is a construct of
cosmological theory.® Although questions concerning realism and anti-realism have
been mostly discussed in microphysics—do quarks really exist?—they are of no less
relevance to the study of the universe and its constituents (do black holes really exist?). The
tension between the two opposite views can be followed through much of the history of
cosmology.

The Babylonians produced long tables with positions of the celestial bodies. Their atti-
tude to astronomy was instrumentalistic, as their theories, in the form of tables, were pure
computational tools. By extrapolation, they were able to predict celestial phenomena,
whereas they showed no interest in explaining why the phenomena occurred or why the
heavenly bodies moved as they did. Eudoxus provided a geometrical model for the motion
of the planets, but he did not claim that it offered an explanation or that the planets really
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moved on a series of concentric spheres. A much more realistic perspective was introduced
by Aristotle. Not satisfied by models that merely worked, he aimed at a physical theory of
the universe with explanatory power. The zenith of Greek mathematical astronomy, as
represented by Ptolemy’s Almagest, had a clear instrumentalist orientation, with its elab-
orate system of deferents, eccentrics, and epicycles. It reproduced the heavenly phenomena,
but it is hard to believe that Ptolemy really thought that the celestial bodies moved as
prescribed by his model. On the other hand, this traditional view must be modified by his
Planetary Hypotheses which, as we have seen, has a very different character. The model of
the Planetary Hypotheses, was not phenomenological, but a realistic attempt to understand
the structure of the universe in terms of Aristotelian physics. Ptolemy seems to have
thought of the model as a true representation of the heavens, whereas truth is a quality that
is foreign to the mind of the instrumentalist.

The same theme appeared during the Middle Ages and the Renaissance, when world
models were often seen as models only, with no claim of representing the structure of the
real universe. We have a statement of this position in Moses Maimonides’ Guide to the
Perplexed, dating from about 1200: ‘The object of that science [astronomy] is to suppose as
a hypothesis an arrangement that renders it possible for the motion of the star [planet] to be
uniform and circular with no acceleration or deceleration or change in it and to have the
inferences necessarily following from the assumption of that motion agree with what is
observed.”*® The task of the astronomers was ‘to save the phenomena’. This was also the
message of Osiander in his infamous foreword to Copernicus’ De revolutionibus, whereas
Copernicus was in fact a realist, not an instrumentalist. The battle between the two world
systems in the decades around 1600 was not limited to which of the systems provided the
most precise and economical description of the universe. If that was all there was to it,
Galileo would not have been put on trial in 1633.

To jump ahead in time, the theme re-emerged in early relativistic cosmology, where the
models of Einstein, de Sitter, and Friedmann must be counted in the instrumentalist tradi-
tion, whereas Lemaitre was careful to point out that his 1927 model was meant as an
account of how the real universe evolves over time. We have met another example of the
instrumentalist attitude in Hubble’s interpretation of the expansion of the universe: instead
of concluding that the universe does in fact expand, he preferred the safer ground of keep-
ing to the observationally based redshift—distance relation. Again, the controversy between
the Big Bang and the steady-state theories in the 1950s did not merely concern comparison
between data and theory. Gamow believed that the Big Bang had happened, that it was real,
Hoyle that it was not. Contrariwise, Milne’s understanding of cosmology was instrumental-
istic, as he believed that the origin of the universe was not an objective fact but a product of
the kind of theory used to describe the universe.

With the proliferation of Big-Bang-related models after 1965, the situation has become
more complex. On the one hand, cosmologists want to understand the real universe and
how it has evolved, not only to provide as-if stories. On the other hand, it is obvious that
many of the models of modern cosmology, especially those relating to the very early uni-
verse, do not claim to represent the real world. They are scenarios or sometimes just math-
ematical toy models. If they can account for observed features of the universe or make
predictions, so much the better, but correspondence with observations is not necessarily
given high priority. Stephen Hawking has in common with Osiander that he favours an
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anti-realistic perspective on cosmological theories: ‘I’m a positivist . . . [ don’t demand that
a theory correspond to reality because I don’t know what it is. Reality is not a quality you
can test with litmus paper.”®’

5.5.3 Is cosmology a science?

During most of its long history, cosmology has been a small backyard placed behind the
splendid mansions of astronomy and philosophy. Most scientists had better things to do
than engage in unfruitful speculations about the universe at large, speculations that were
considered harmless pastimes but occasionally attracted epistemically based criticism.
Cosmology is necessarily based on extrapolations and uniformity assumptions, for
example that the fundamental laws of physics are valid throughout the universe and
perhaps, even more problematically, for the universe as a whole. During the second half of
the nineteenth century, in connection with the discussions about the heat death, cosmology
came under fire from scientists who found such assumptions to be plainly unscientific. One
of them was Ernst Mach, and his critical attitude was followed by many others of a
positivist inclination. The German—American philosopher John Stallo charged in 1882 that
‘all cosmogonies which purport to be theories of the universe as an absolute whole, in the
light of physical and dynamical laws, are fundamentally absurd.’>® Yet this is precisely what
cosmologists aim at, to provide theories of the universe as an absolute whole.

The new cosmology, founded on Einstein’s general theory of relativity, did not at first
attract much attention, but with the discovery of the expanding universe it became much
more visible and subject to philosophical criticism. How could these cosmologists
construct models of the entire universe and discuss them with such confidence? Were they
engaged in science or in a mathematical game? The American physicist Percy W.
Bridgman, a Nobel laureate of 1946, was an early critic of the new cosmology. Bridgman
subscribed to operationalism, a version of the positivist philosophy of science, and from
this position he doubted if cosmology would ever become a true science. ‘To the untutored
critic it must appear a trifle rash to peer 10'® years back into the past or even greater
distances into the future on the basis of laws verified by not more than 300 years’ observa-
tion,” he wrote in 1932. The following year he attacked relativist cosmologists for their
‘metaphysical conviction’ that ‘the universe is run on exact mathematical principles,
and . .. it is possible for human beings by a fortunate tour de force to formulate these
principles.”>

Bridgman’s criticism came from an outsider, but it was repeated in a much stronger form
a few years later by Herbert Dingle, who was well acquainted with cosmological theory and
had himself contributed to the field (in 1933, he published one of the first studies of
anisotropic universes). Although Dingle’s attack of 1937 was particularly aimed at the
rationalistic cosmophysics of Milne, Dirac, and Eddington, it also included a broader
criticism of contemporary cosmology, which he tended to see as esoteric, arrogant, and
remote from sound scientific reasoning. What annoyed him most was cosmology’s uncrit-
ical reliance on mathematics and general principles of an a priori nature. ‘Instead of the
induction of principles from phenomena we are given a pseudo-science of invertebrate
cosmythology, he thundered.®® When Dingle resumed his attack on cosmology after the
Second World War, now aimed at the steady-state theory in particular, his voice had not
softened. He and other critics objected not only to the Bondi—Gold—Hoyle theory, but to
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relativistic evolution cosmology as well. In whatever version, contemporary cosmology
dealt with the dubious question of creation by means of complex and opaque mathematics,
which only confirmed the critics in their opinion that cosmology had degraded into a pseu-
doscientific state. Dingle’s 1953 characterization of the steady-state theory included also
Big Bang theory: ‘It has no other basis than the fancy of a few mathematicians who think
how nice it would be if the world were made that way.’

Although cosmologists in the 1950s paid little attention to the objections of Dingle and
his allies, they were not unconcerned with cosmology’s scientific status. Is cosmology a
science like physics and chemistry? What are the criteria of truth, and how do they differ
from those adopted by other sciences? How sound is the conceptual basis of cosmology?
Such questions were openly discussed, for instance in the previously mentioned 1954
debate between Bondi and Whitrow. Cosmology entered a much more mature phase after
1965, with the general recognition of the standard Big Bang theory, but some uneasiness
about the field’s scientific status remained. Not all astronomers and physicists welcomed
the entry of grand unified theory and quantum gravity in to early-universe cosmology, an
area where it could sometimes be difficult to distinguish between mathematics and physics.
‘Mathematicians revel in harmless sophisticated fantasies, and new-cosmologists buy them
as real estate, as one critic expressed it.®' As mentioned before, Tony Rothman and George
Ellis warned in 1987 that cosmology might be on its way to becoming ‘metaphysical’.

This kind of criticism or worry has continued up to the present, as illustrated by an article
of 2000 in the journal General Relativity and Gravitation. M. J. Disney, a British extra-
galactic observational astronomer, repeated many of the accusations of earlier critics, not
only in substance but also in rhetoric. His basic concern was the gulf between observation
and theory, a problem which has always haunted cosmology, and also the cosmologists’
unrestrained willingness to extrapolate known physics over huge ranges in space and time.
Cold dark matter, accepted by the majority of cosmologists, sounded to Disney ‘like a reli-
gious liturgy which its adherents chant like a mantra in the mindless hope that it will spring
into existence’. The comparison between cosmology and religion was not new, nor was it
accidental: ‘The most unhealthy aspect of cosmology is its unspoken parallel with religion.
Both deal with big but probably unanswerable questions. The rapt audience, the media
exposure, the big book-sale, tempt priests and rogues, as well as the gullible, like no other
subject in science.’$?

5.5.4 Technology and the universe

It may be hard to associate cosmology with something as mundane as engineering and
technology (it surely would have shocked Aristotle), yet there can be no doubt that instru-
ment technologies have been of no less importance in the progress of cosmology than
advances in theory have been. Until the seventeenth century, astronomers had to make do
with their naked eyes and relatively primitive instruments such as quadrants, sextants, and
armillary spheres. The use of these traditional techniques reached a climax with Tycho
Brahe’s instruments in his Uraniborg observatory. With the invention of the telescope in the
early seventeenth century, a new chapter in the history of astronomy had its beginning, if at
first of limited cosmological significance. But with larger and better telescopes, reaching
out to the faint nebulae, the situation changed. It was William Herschel’s superb 40-foot
reflector which led him to the cosmology he described in ‘The Construction of the
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Heavens’; and it was Lord Rosse’s giant telescope which in 1846 revealed the existence of
spiral nebulae, a discovery with unforeseen consequences.

Astronomical photometry—methods to measure the intensity of starlight—had its
beginning in the 1830s, and over the next half century, much-improved photometrical tech-
niques were introduced by Zollner in Germany and Edward C. Pickering in the United
States. Photoelectrical methods for astronomical use were pioneered around 1910 by the
American astronomer Joel Stebbins, who by means of a selenium cell could record the light
curve for the variable star Algol and measure differences in light intensity as small as
corresponding to 0.01 magnitudes. With the development of electronic circuits and
photomultipliers after the Second World War, sensitivity further increased.

The problem with the traditional photographic plates was that they responded to only
about one per cent of the incoming light energy, which implied that long exposure times
were necessary for faint sources. This problem was reduced in the early 1960s when an
electronic imaging device called the image tube was used to amplify the incoming light
(a similar technology was used in microscopy). While the image tube did not replace the
photographic plate, such a replacement happened when digital detectors were brought into
use from about 1970. With this technology, the light signals were transformed directly into
electrical pulses, which were stored in a computer. A breakthrough occurred in 1970, when
George E. Smith and Willard S. Boyle, two scientists at Bell Laboratories, announced their
invention of a new semiconductor-based apparatus that generated electrical signals when
exposed to light. The CCD (charge-coupled device) was not invented as a detector of feeble
light, but within a decade the first CCD detectors were in use for astronomical purposes. The
CCD quickly became an indispensable tool for astronomers and cosmologists, functioning
in ground- as well as space-based observatories.®

CCDs and related imaging technologies to a large extent replaced traditional photo-
graphy, which as an astronomical technique goes back to the 1840s. The first example of
astrophotography dates from 1840, when the American chemist John W. Draper produced a
daguerreotype of the Moon. The exposure time was twenty minutes. Astrophotography
was continually improved and became of particular importance when combined with the
spectroscope, another of the great instrument inventions of the nineteenth century.
Hubble’s famous discovery of the velocity—distance relation in 1929 relied crucially on
three kinds of technology, the telecope, the spectroscope, and photographic techniques.

The instrument revolution has been of direct cosmological significance especially since
the 1970s, although it is worth recalling that radio and microwave technology played a role
even earlier. As one commentator has noted, ‘It is a striking thought that 10 years of radio
astronomy have taught humanity more about the creation and organisation of the universe
than a thousand years of religion and philosophy.’®* The discovery of the cosmic microwave
background radiation, often hailed as the cosmological discovery of the century, was an
engineering achievement as much as a scientific achievement. Other techno-cosmological
stories could be told about satellite observations and astronomy outside the visible part of
the spectrum.% What matters is that ever since Galileo in the summer of 1609 directed his
telescope towards the sky, technological progress has been essential to cosmology, a
process which has greatly accelerated since the 1950s and is today of overwhelming
importance.
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. The more recent developments in the search for dark matter are complex and outside the scope of the present

work. They can be followed through review articles, Web sites, and popular books such as Seife 2004.

. It has also been suggested that the photon has a tiny mass, but although photons are abundant in the universe

they can be left out of consideration. Experiments prove that if photons have a mass, it is ridiculously small,
namely less than 107 '¢ eV.

. On Starobinsky’s model, see Smeenk 2003, pp. 80-85. Smeenk’s dissertation offers a philosophically

oriented discussion of inflation theory and other aspects of early-universe cosmology. See also Smeenk 2005.
On the horizon problem, see the careful review in Tipler, Clarke, and Ellis 1980. For its role in the steady-state
controversy, see Kragh 1996a, pp. 233-235.

Guth 1981, p. 348. Reproduced in Bernstein and Feinberg 1986, pp. 299-320. The initial temperature, given
as 10'7 GeV, corresponds to about 10°° K. On the invention of the inflation model and its further development,
see Guth 1997 and Smeenk 2005. Its impact on the cosmological community is described in a series of inter-
views in Lightman and Brawer 1990. Guth’s paper belonged to the realm of particle physics rather than
astronomy: among the 79 papers cited in his bibliography, two belonged to the astronomy literature and the
rest to the physics literature.

Before the Planck time, general relativity is not applicable and needs to be replaced by a theory of quantum
gravity that does not yet exist.

Rothman and Ellis 1987, p. 22. See also the extensive criticism in Earman and Mosterin 1999.

Smoot et al. 1992.

Lemonick 1993, pp. 285-296. According to Smoot, he meant the much-quoted phrase as a metaphor, not in
an apologetic sense.

The story of the Space Telescope is as much a story of money, politics, and bureaucracy as of science. For
these aspects and the Space Telescope as an example of big science, see Smith 1989.

Concise accounts are given in Filippenko 2003 and Perlmutter 2003. Several of the scientists involved have
written popular works on the projects and their role in them.

Filippenko and Riess 1998, p. 38.

For substantial reviews of the cosmological constant and its role in physics and cosmology, see Earman 2001
and Peebles and Ratra 2003.

Kerzberg 1989, p. 334.

Krauss and Turner 1995.

Peebles and Ratra 2003, p. 596.

See the special March 1998 issue of Publications of the Astronomical Society of the Pacific and also
http://antwrp.gsfc.nasa.gov/debate/debate98.html.

Harper's Magazine, October 2004, quoted here from an online version.

For a review and references, see Olive and Qian 2004.

Gale 1990 provides a review, covering both philosophical and scientific aspects.

Linde 1983, p. 246.

Linde 1987, p. 68.

Magueijo 2003.
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32. In an interview of 1978, Sciama said that his devotion to the steady-state theory was in part rooted in his
belief that it was ‘the only model in which it seems evident that life will continue somewhere’. See Kragh
19964, p. 254. Dirac similarly defended his G(f) cosmology by the argument that it ‘allows the possibility of
endless life” (Kragh 1990, p. 236).

33. See Barrow and Tipler 1986, pp. 602 and 674.

34. Linde 1994, p. 39.

35. Smolin 1992.

36. Ellis 1993, pp. 394-395. Compare Kragh 2004, p. 227. See also Ellis and Brundrit 1979, where it is argued
that a low-density, infinite, uniform universe leads to highly bizarre consequences, such as an infinite number
of genetically identical beings in the universe at any time.

37. Barrow and Tipler 1986, pp. 613-682. A useful bibliography is given in Cirkovié 2003b.

38. Russell 1957, p. 75.

39. Dyson 1979, p. 459.

40. Dicke 1961. Dirac replied that on Dicke’s assumption life would exist only for a limited period of time,
whereas his own cosmological hypothesis allowed life to continue indefinitely, which he considered a strong
argument in favour of the large-number hypothesis.

41. Collins and Hawking 1973, p. 334.

42. Carter 1974, pp. 293 and 295. The articles by Dicke and Carter are reprinted in Leslie 1990.

43. Barrow and Tipler 1986 is a rich and comprehensive source on the anthropic principle. For other literature
until 1991, see Balashov 1991.

44. Hoyle 1994, pp. 256-267.

45. On the Milne—Misner solution, see Lévy-Leblond 1990, and for cyclical models, Steinhardt and Turok 2002.

46. Tryon 1973, p. 397.

47. Vilenkin 1982.

48. Hawking 1988, pp. 143—144, 149; Hartle and Hawking 1983. Theologians and Christian cosmologists have
had no problems with finding a place for God within the Hartle—-Hawking cosmology. See, for instance,
Russell 1994.

49. Veneziano 2004, p. 55.

50. Kolb and Turner 1990, p. 498.

51. Quoted here from Copan and Craig 2004, p. 219.

52. The authenticity of the quotation is questionable. See Crowe 1990, p. 78.

53. Turok 1997, p. ix.

54. Bondi 1955, p. 158. See also Kragh 1996a, pp. 237-240.

55. Munitz 1986 argues that ‘The universe is what a cosmological model says it is’ (p. 62).

56. Quoted here from Crowe 1990, p. 74, who gives an account of the history of ‘save the phenomena’.

57. Hawking and Penrose 1996, p. 121.

58. Stallo 1882, p. 276.

59. See Kragh 2004, p. 155.

60. On Dingle’s criticism, see Kragh 1996a, pp. 69-71, 224-226.

61. Carey 1988, p. 332.

62. Disney 2000, pp. 1131 and 1133. See also the reply in Cirkovi¢ 2002, who pointed out the similarity between
Disney’s criticism and the earlier tradition of Dingle and others.

63. Smith and Tatarewicz 1985.

64. Davies 1977, p. 211.

65. See the review in Longair 2001.
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