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INTRODUCTION

The term ‘cosmology’ derives from Greek, essentially meaning the rational or scientilic
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
¢laim 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 11 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
hecome 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
(o 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,
cnergy, 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
(his all-encompassing concept is sometimes known as ‘all’; compare the German Weltall.
(‘osmology 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 peography today. Indeed, when Ptolemy’s famous geographical work (Geographia) was
(irst 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
| lowever, 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 (it
formation and description, respectively) rather than the universe as a wholé, as may e
cexemplified by Petrus Apianus’ Cosmographia of 1524 and Henri Poincaré’s /ypothdses
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
cmployed 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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Fhe structure of the book s, by and large, chronologically organized. The earliest
Conmological views we know of, those of the Mesopotamian and Egyptian cultures, were
Conmoponies rather than raphies. They were mythical tales of how the world and the

Sl came into existence, (o be tollowed by the first humans. This is dealt with in Chapter
owhich proceeds to consider the Greek cosmos, first in its speculative—philosophical
Centon and next as developed imto a scientific model by Eudoxus, Aristotle, Hipparchus,
Fotemy, and others. The Anstotelan: Plolemaic picture of the world was, ina Christianized
coaon, adopted by the theologran philosophers of the Middle Ages, who turned it into a
il mot only of knowledge but also of faith, The stable medieval world picture was,
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ol the nebulace. At the same time, the Taws of thermody nanncs were used 1o discuss the
longs term development of the universe, its fate in the far future, and its possible origin inan
sk nown past. These discussions of a more speculative nature were not of great concern to
mers, who preferred to use their telescopes to obtain positive knowledge about
e inits 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 i the *Great Debate’ of 1920, were solved when it became possible
fo determmne the distances to some of the nebulae. It turned out that they were at vast
distanees, istand universes majestically floating around in the vast sea of space.

Lhe 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
I o closed universe. As we can see today, but which was far from obvious at the
e, Banstern s work marked a watershed in the history of cosmology, easily comparable to
the Copermican revolution, The main part of Chapters 3 and 4 deal with aspects of the

: wuences of Einstein’s cosmological field equations. The static nature of the
piverse haed o paradigmatie status in carly relativistic cosmology, to the extent that the first
theonen of an evolving universe were ignored. Only in 1930, when Hubble’s observations
wore combined with the theoretical insights of Friedmann and Lemaitre, did the expanding
piiverse become part of mainstream cosmology. We may be tempted to identify the
e pansion of the universe with relativistic cosmology, and also to think that it led automatically
i the notion of a finite-age universe, but history shows otherwise. Cosmologists could
Favowr auniverse with an origin in time without subscribing to general relativity; and those
in tavour of the relativistic theory of the expanding universe could deny that it had a
de e age.

I he emergence and development of the Big Bang theory of the universe, from the mid-
12105 1o 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
physies, the first version of hot Big Bang cosmology. The theory came to a halt, though, and
i 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-
pence of a strong rival theory of the universe in the form of the steady-state cosmology of
Itondi, Hoyle, and Gold. The controversy between this theory and relativistic evolutionary
(heories is a classical case in the history of cosmology, described in greater detail in my
i osmology 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
licld 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
thcoretical side, the inflationary scenario of the very carly universe led to a minor

catly wimverse cosmology e re nmpotbant s that the ctandard B Bang model of

the 19705 began to lose observations i ated tht the amverse was i a state
ol aceclerated expansion. It was believed for thearetical reasons that the encrgy-mass
density was eritical, but even when the large amounts of hypothetical dark matter were
faken 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
i lorm 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
Ilourished. In the final sections I offer a characterization of some of the more speculative
arcas 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. N
2. Hawking and Penrose 1996, p. 75.



FROM MYTHS TO THE COPERNICAN UNIVERSE

1.1 Ancient cosmological thought

Conmology, i the clementary sense of an interest in the natural world and the heavenly
prhenomena, predates science and can be traced back several thousand years before humans
lcarned 1o write and read. The cave dwellers knew how to communicate by means of pic-
fures, i we know from the fascinating artwork found in the Lascaux caves in France and
the Altanra caves in Spain, for example. Some of this cave art possibly had an astronom-
tal siprificance. 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
wprens had a sense of wonder about the universe more than 10 000 years ago.

F'vidence 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,
mont notably in Gireat 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
se, but today it is widely accepted that it partly served astronomical purposes, that it was a
hupe 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
I owkyer, who was convinced that the Egyptian pyramids had astronomical orientations and
aw no reason why that shouldn’t be the case with Stonehenge as well. In 1906 he argued his
case mna book titled Stonehenge and Other British Monuments Astronomically Considered,
but the book failed to convince the majority of astronomers and archaeologists. Lockyer may
dered the father of archaeoastronomy, but it was only in the 1960s that the field took
ol revived in particular by the British-American astronomer Gerald Hawkins, Appropriately,
ic 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.

IHawkins’s arguments in favour of British archacoastronomical 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
awstrophysicist and cosmologist, who entered the debate in 1966, and in 1977 gave a full pre-
ation of his ideas in his book On Stonchenge. During the last couple of decades,
archacoastronomy 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
literary times, had a keen interest in astronomical phenomena and constructed sophist-
icaled tools to study celestial motions. Unfortunately, archacoastronomy tells us little about
ihe cosmological views of Neolithic man, his conception of the structure of the universe, and
how it came into being.

Fhe ancient Fgyptans thought of the world as conmisting of thece parts The fhat Farth, it
ated e the miuddle, was divided by the Nile and survonnded by o preat ocean; above the
Farth, where the atmosphere ended, the sky was held m its position by four supports, some
limes represented by poles or mountains. Beneath the Earth was the underworld, called
Puat, 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
ihey imagined that the world had not always existed in the form in which they knew it.
I'heirs was a created world, the creation being described in cosmogonies, of which there
cxisted 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; [ 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 Mempbhis (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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Ifig. 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.
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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
ligyptian myths, what came 10 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 2 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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Fnally, it is worth pointing out that the world picture of the Jewish people, as recon-
nicted from various passages in the Bible, was cssentially the same as that of the
pryplians and the Babylonians. According to the Italian astronomer Giovanni Schiaparelli,
her 1 1903 published a book on the subject,’ it can be summarized in a drawing such as
al piven in Fig. 1.3. The flat, disc-shaped Earth is surrounded by a sea; beneath the
aith (here are wells and fountains connected with the upper part of the Earth as well as
il the preat deep, called Tehom. The Earth rests on pillars, and above it is the sky or
il Walers are to be found not only on the Earth or beneath it, but also above the
taiment. After all, on the second day of creation, God commanded, ‘ “Let there be a
s 1o divide the water and to keep it in two separate places”™ —and it was done. So God
wile o dome, and it separated the water under it from the water above it. He named the
gine “Sky” T (Genesis 1:6-7). 1t is from this heavenly water that the rain, formed by water
Vil clouds. comes. The Jews® equivalent to the Egyptian Duat, the underworld and
boede of the dead, was called Sheol. The only difference is that Sheol includes a deep cave
e houses a kind of hell for those who have lived a particularly immoral life. On the
iher hand. the writers of the Bible did not think in diagrams or pictures, and one should
of iy 1o make a definite world view out of the Old Testament. That is just not what the
nble s about
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Fpyptian and Babylontn astronomy and cosmology influenced to some extent Greek
thought and thereby became linked to the European tradition, out of which scientific cosmo-
lopy 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,
cach of them exceedingly complicated, often fantastic, and rarely exhibiting much consist-
cney. 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
iakes it impossible to describe them in brief.* Suffice it to mention a theme from the Rig-
}ida. 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
(hat 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
Iiing, was covered with the void, that One arose through the power of heat.’”

Farly 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
heen 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.
(e 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 Bc conceived of the Earth as an inverted bowl
lying within a similar but larger bowl, representing the heavens. The two bowls shared the
.ime axis, around which the celestial bodies revolved. At the bases of the bowls, the space
hetween them was filled with water. Remarkably, this model was supplied with precise
Jlimensions (for instance, the distance between the two concentric domes—or between the
I‘arth and the heavens—was about 43 000 km).

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

T'liey 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
frecly 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 0.

|.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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represented by achage battle between the pood and evil forees of nature. The catastrophe did
not necessanly 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
12000 divine years, each of a duration of 360 solar years, thus totalling 4.32 million years.
I'wo thousand such cosmic cycles made up one day of Brahma, called a kalpa. The life of
Itrahma, 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.

('yclical 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
ibout 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.” !

I.1.3  lonian natural philosophy

I listorians sometime speak of the period between 600 Bc and 450 Bc as ‘the first scientific
icvolution’. 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
iatural 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
infto a harmonious whole. It followed that they endeavoured to explain natural phenomena
s 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
(lis 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-

cia. Perhaps he thought too hard, for Aristotle reports that once while Thales was studying | V'
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.’12 N
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A Midestan tollower of Thades, Anasiander, postulated an eternal and spatidly anlum
ted prmcrple or mediom an mdetintte something called apeiron, out of which the presemt
wotld order prew by a process of sepatation. He wanted to explam how the diversity of the
world had emerged ot of the undifferentiated and indeterminate apeiron; charactenstically
for the new spint of enquiry, he refrained from mvoking the intervention of the pods.
Anaximander’s explanation may appear obscure and unconvineing, 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,
andagam he avoided mixing his cosmology with mythology. He assumed that the shape of
the Farth was eylindrical (‘like a stone column’), with the height of the cylinder being one-
thrd of its breadth. Humans and other inhabitants of the Earth would occupy one of the
planc surfaces. As to the size of the Sun and its distance from the Earth, ‘Anaximander says
that the Sun s equal to the Earth, and the circle . . . on which it is carried is 27 times the

iz of the Barth.” He further held that the Earth is at the centre of the universe, and gave a
Find ol symmetry argument to the effect that the Earth therefore had to be immobile (for
why should i central body move in one direction rather than any other?). It is not clear il
Vicinander, i saying that ‘the Sun is equal to the Earth’, also implied that the two celes
il budies had the same physical composition. But Anaxagoras, a later philosopher in the
o tahition, did believe as much, since he claimed that the Sun, far from being divine,
Wi it ahot stone. He likewise surmised that the Moon was Earth-like, with mountains,
plaine and ravines. Because of his heretical view, he was prosecuted and exiled from
Vthews, where he Tived. Anaxagoras adopted the flat Earth, but his explanation of why the
It stays aloft in the middle of the universe (rather than falling down) differed from that
of Anavimander. According to Anaxagoras, the Earth was supported by air, which he
descnbed as an ocean upon which the Earth rested.

Among the Presocratic philosophers should also be mentioned Empedocles, born around
190 e who was the first to suggest that all matter consisted of four basic and unchanging
clements, namely carth, water, air, and fire. Because Aristotle adopted his view, it came (o
wive 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 ofT the air and next
the tie He declares that the Moon was formed separately out of the air that was cut ofl by
the e " As to the Sun, he seems to have believed that it was either a vast aggregation ol
re. Empedocles realized that the Moon was not a luminous body, but
it retlected the light from the Sun, and also that a solar eclipse occurred when the Moon
toad between the Earth and the Sun. Like other natural philosophers, he came up with an
caplanation for the immobility of the Earth. According to Aristotle, Empedocles explained
the stable, crrentar motion of the stars and planets by their great velocity. ‘For when the cup
| Blled wath water | s whirled ina cirele, the water, whose natural movement is downward,
docs not fall down, even though it s often undermcath the bronze.” Empedocles seems (o
dieved that the swill rotation of the heavens prevented the Farth from moving
s, matermdly consmting of the dowr cloments, was poverned by two

fore o areflection o

have

Fmpedocles’ coxm
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tacnec ab cither of the two cosmie forees, the umverse alternated ina eyclical pattern, '

Fe when Fove domimated, the elements were mixed up into a uniform mass; and at the
Hine of Stde’s complete dominance, they were fully separated from one another and
¢ spheres. Only in between the two extremes was the universe hos-
to Il penerating processes, as we experience them. The changes between dom-
e by bove and Strife proceeded eternally, corresponding to continual creations and
It tioae of the world. However, the two forces were not simply creative and destructive,
el conditions of life demanded a certain balance between them. The cycles were sym-
it s that the events in one phase were repeated in the opposite phase, but in reverse
e aaden ( process from birth to death will be followed by one from death to birth). The
' eycles would be very long, but Empedocles did not specify their length.
i the Presocratic period, the emphasis was upon explaining what was known,
fercan there was little interest in extending the empirical basis by means of new observa-
o Maweover, the explanations that the Presocratic philosophers came up with were
fde malopnes ofa purely qualitative nature. Indeed, from a later perspective the explana-
o ol Anaamander, Anaxagoras, Empedocles, and their kindred spirits appear primitive
el speculative. But what matters is not their answers, but their questions and the condi-
e they posaited for acceptable explanations.

L Pvthagoreans and atomists

Sl Pythagoras is a somewhat shadowy figure who left nothing in writing to posterity,
wphical school he founded in southern Italy was influential throughout
ittty ' he carly Pythagoreans formed a secret religious fraternity and they continued
i camphasise religious and mystical aspects of their philosophy rather than scientific
vt Henetheless, their thoughts came to exert a strong influence on early Greek science.
e present context, we only need to draw attention to their original idea of associating
b waith malderial substances, an idea which pointed the way to a mathematization of
wil cosmology. It is not very clear what the Pythagoreans meant by relating
vt things (but then, presumably, it was not meant to be clear). Some of them
doarently clanmed that things are numbers, which clearly is an implausible claim; others
s B meant, less implausibly, that material objects resemble numbers and that physical
i nn can be explained by numbers.

e Py thaporceans were aware of the five regular polyhedra, also known as the Platonic
et clanmed that the element earth was made from the cube, fire from the tetra-
fiedi e from the octahedron, and water from the icosahedron; the fifth of the regular
bl the dadecahedron, they associated with the whole of the cosmos, which they
Febevedbwa spherical and limited in extent. They were among the first to adopt a spherical
Fath o conceptual innovation which dates from around 430 Bc. Even more remarkably,

S ob the Pythagorean thinkers removed the Earth from its privileged position in the
contee ubthe universe. According to Philolaus, one of Pythagoras® successors in Italy, the
« wasoceupied by a fire—*the guard of Zeus’—around which rotated the planets
ek thie st 1as to be noted that Philolaus’ cosmos was not heliocentric, as he did not iden-
i1 the contral fie with the Sun, which he took to revolve around the centre. Furthermore,
b postulated a dark “counter-Earth” which moved opposite to the real Earth and with the

e peniad of revolution. The Earth described a circle around the central fire, which was,

ce bl




however, mvisible (o us because hunians only lived on the side of the Eaeth thint was timed
away lrom the centre of revolution. Another Pythagorean, Ecphantus (who miy o hay nol
have been a real person), was said to have maintained that the Earth performed a datly 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.’'s All the same, some

000 years later Copernicus would refer to Philolaus’ pyrocentric world model for support
ol the wdea that the Farth is a circularly moving planet.

\econding o Anstotle, the atomistic school of natural philosophy was founded by
Fewcippis a phalosopher possibly from Miletus. However, atomism is usually associated
W Ehe Betten known Democntus from Abdera in Thrace, a contemporary of Socrates and
WAL e e patation of Beog a prohifie author | cucippus may have been a pupil of Zeno and
0 Democntus Both of the founders of atomistic natural philosophy are
Fahaslowy Figores, knoswn only through the works ol later authors.

Ehe Basie dden o ancaent atomsm was the postulate that all that truly exists in the world
Pt sl and ovaisible particles which move mcessantly in an unlimited void, a
e Ve Whaereas the atoms are being, the void is non-being. Although Democritean
Hoam v atien represented as a monistic theor Y, 1t operated with non-being as well as
Betge, amd the non I g voul was ascribed an ontological status somewhat similar to
s what lies behind Democritus’ paradoxical statement that
I'he atoms were uniform in substance and differed only in size and
wse there were an infinite number of shapes, there were an infinite number of
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 ol universes
[kosmoi] of different sizes. In some there is no Sun and Moon. In some the Sun and Moon

v b ey 1)

are Larger than ours and in others there are moie SOMme e growing, some are at their
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Iig. 1.4  Democritus’ atomisfic 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.
I'hey are destroyed when they collide with one another.’ !

As to the arrangement of the celestial bodies, Democritus placed the Koo: nearest .._=.
I'arth, then the Sun followed, and outside it the fixed stars: the planets were mma to ‘have differ-
cnt heights’. Leucippus believed that the Sun was farthest away. The two philosophers agrec: _.
hat the Earth was at the centre of our universe, while for the world at large there was not, of
vourse, any central place. Contrary to the Pythagoreans, Democritus did not accepta m_q._dc_._..:_
I"arth, but suggested that it had an oval shape with a length one and one-half :.Enm its width.

In the atomists’ conception of the universe, there was no room for .amm_muw purpose, of
divine agency. All that existed were material atoms moving a.:aoz._@._: a void. This does
not mean that the atomists denied the existence of the gods, but they did deny that ~._:. pody
liad anything to do with natural processes. Some four hundred years after Un:.zuc_._:__z. the
Itoman poet Titus Lucretius Carus wrote his famous text De rerum natura, in s”__m_,.__ 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
I ucretius’ description of the cosmos:

VI that exists, therefore, 1 affirm, is bounded in no direction; for, if it were bounded, it must have some

catrenity; but itappears that there cannot be an extremity of any thing, unless there be something beyond,
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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 objeet 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:

Ifthere 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 I 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,

there was no room Tor conmogony. The second pornt | waed o iention e that the meaning
o he universe for “cosmos” ) changed. 1 was st every thinng pliyacal i the world, but i
vtrononmcal practice the universe tended to be adentibied with the soven plancts encireling
the Farth, Although the Tixed stars belonged (o the universe (oo, there was little that
ronomers could do about them except to count and clagsaly them. (The first elassilica-
fion imte magnitudes was due to Hipparchus, who divided the stars into six classes with the
st luminous belonging to magnitude 1, and the least lumimous belonging to magnitude
) '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
¢ ontinue throughout the Middle Ages and the Renaissance.
is not to say that cosmology vanished from the scene of Greek science, only that it
war priven little priority and, when it was cultivated, appeared in different forms than previ-
minly. Among the more interesting cosmological theories in the period were those of
Viwstotle, Aristarchus, and Ptolemy. Most astronomers preferred to leave cosmology to the
phitlosophers, and here we do find an interest in the subject along lines similar to those of
ihe I'resocratics. The Stoics, for example, were much interested in cosmological questions,
fait did not combine them to any extent with astronomical knowledge. To mention but one
vipect 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
pihiere oscillating through cycles of expansion and contraction in the void surrounding it.
¢ hiyaippus, a leader of the Stoic school in Athens in the third century B, is said to have
biheved that ‘after the conflagration of the cosmos everything will again come to be in
ninicnieal order, until every specific quality too will return to its original state, just as it
v betore and came to be in that cosmos.”'®

I 'L Adristotle’s world picture

‘Uihongh Plato discussed astronomical issues in several of his writings, his attitude was ideal-
-0 the sense that he denied the epistemic value of observations. The cosmos could be
¢ ounpiehended mathematically, by pure thought, whereas empirical investigations would only
ol cue the truth; they would at most lead to a ‘likely story’ of the real world. In the Republic,
I tasted that astronomy should be pursued as if it was geometry. ‘We shall dispense with
tlw “tarry heavens, if we propose to obtain a real knowledge of astronomy,” he wrote.

vl the same, according to tradition Plato was the first to state what soon became the
I problem of astronomy and an approach to this science of huge importance. According
v amplicius” Commentary on Aristotle s De Caelo, a work written in the early part of the

il century AD, Plato suggested that the business of the astronomers was to reduce the
ipprent motions of the planets (including the Sun and the Moon) to uniform, circular
stions - to ‘save the phenomena’. It is now believed that the demand for uniformity and

i ulanity of celestial motions was a later innovation, which cannot be found in Plato and
i1 which he did not subscribe.'” The principle was to shape the paradigm that would dom-
fte astronomy and cosmology until the time of Kepler, over a period of two thousand

¢ Whatever Plato’s priority, it was a pupil of his who first answered the challenge, that
i who first proposed a single system which accounted for the observed motions of the
phanetan terms of circular orbits,

I adoxus of Cnidos had for a short penod stayed with Plato at his Academy in Athens,
sl Later in Life he constructed a system ol revolving concentie spheres which accounted
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tor many of the observed features of the heavens. ™ None of Pudosas wiitinge have s

vived, but the basic content of his world model 15 known from later witters Antotle and
Simplicius in particular.”’ Eudoxus considered cach of the heavenly bodien i pomt on the
surface of one of several interconnected spheres, which were all concentiie — 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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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
anbiquity:

It 1 the business of physical inquiry to consider the substance of the heaven and the stars, their force and
.uality, their coming into being and their destruction, nay, it is in a position even to prove the facts aboul
ir size, shape; and arrangement; astronomy, on the other hand, does not attempt to speak of anything of
: kind, but proves the arrangement of the heavenly bodies by considerations based on the view that the
i aven is a real k6o pos [kosmos], and further, it tells us of the shapes and sizes and distances of the Earth,
‘. and Moon, and of eclipses and conjunctions of the stars, as well as of the quality and extent of their
movements.?

I'his 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 1o
wcount for the workings of the heavens, Callipus of Cyzicus, a near-contemporary ol
\ristotle, 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
onceived their world models purely geometrically and the celestial spheres to be merely
ihcoretical entities.

I'he homocentric model adopted by Aristotle was a modification of the models of
I'ndoxus and Callipus, butat the same time it marked an important change in the research
propramme in that Aristotle introduced a physical perspective. His spheres were corporeal,
ol mathematical constructs, and his planets and stars were physical bodies attached to a

11es of interconnected rotating shells. This made him propose a mechanism to explain
Wi 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-
Juce some countermeasures in order to reproduce the observed motions. In his
\lo taphysics, he wrote: ‘If all the spheres combined are to give an account of the phenom-
“na, then for each planet there must be other spheres . . . which counteract and restore to
il 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
\ristotle’s physicalization of the cosmos, namely a drastic increase in complexity. No fewer
(lian 55 spheres were now needed, 22 of them introduced to restore the independence of the
~ven planetary systems.

Aristotle’s great innovation was to provide a physical model of the actual heavens in
\sreement not only with the postulate of uniform circular motion but also with the general
jnmciples of his natural philosophy. This connection was a leading theme in his famous
(1ealise on the heavens, known by its Latin title De caelo. Perhaps the most important fea
(e in Aristotle’s cosmos was that it was a two-region universe, as he drew-a sharp distinc:
(1o between the sublunar and the superlunar world. The first region, covering the Earth and
(I air up to the Moon, was composed of bodies made up of the four Empedoclean
¢lements with their natural motions, which were rectilinear, either towards the centre of the
I arth (carth and water) or away from it (air and fire). Beyond the Moon, the celestial bodics
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moved maturadly i cternal, uniform cin e motions, withoat e g suhypect 1o the terresd
tal B of physics. The stars, plancts, and celestial spheres were componed of an entirely
difterent kind of matter, an ethercal, divine substance or (1fth clement, quimta cssentig i
Latin. Unlike the matter of the sublunar world, the heavenly ether was pure and i orpl
ible. Whether in the sublunar or superlunar region, a void could not possibly exist, amd
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 Clicero, wrote a treatine
entitled Against the Fifth Substance, in which he challenged two of Aristotles b
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 cu
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 ident iy 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 clevated
status belonged to the sphere of the fixed stars, from where motion was transmitted (o the
interior parts of the world. That which contains is more precious than that which 15 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, Nol
only was the stellar sphere of a nobler nature than the corruptible Earth, it was also the o
gin of universal time and closer to the unmoving prime mover (corresponding, 1o Go),

Based as it was on Eudoxus’ homocentric model, Aristotle’s system shared most of ity
weaknesses, the most serious of which was its inability to account for the vari;
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 diy
tances from the Earth change. However, it followed from the premises of the homocentis
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 (0 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 fong,

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 (o anend? 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 1wo Hitting, perfectly. Moreover, Plato

ons
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soany tate, Anistotle disagreed with his former teacher and vehemently denied that the
(e was ereated and also that it was spatially infinite. On the contrary, he argued that
e wmverse as a whole was ungenerated as well as indestructible, in short eternal. A spa-
Ll mbmite world was impossible, for by its very nature the world revolved in a circle,
sl Anstotle argued that such motion was impossible for an infinite body as it would lead
fambimite veloceity. This conclusion would not hold true in a universe consisting of a
material cosmos surrounded by an infinite void; but such a picture (which was
slupted by some Stoic philosophers) ran counter to Aristotle’s notion of space as volume
Pl wath matter. According to Aristotelian natural philosophy, a large empty space was
uledaat by definition. What was enclosed by the outermost sphere included everything. In
Hhpentiion to some carlier philosophers, Aristotle maintained that the universe was unique,
clovnal and all-inclusive:

Wiy e rdea
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e ol i its entirety is made up of the whole sum of available matter . . . and we may conclude that
e net now aplurality of worlds, nor has there been, nor could there be, This world is one, solitary and
widete Itas elear in addition that there is neither place nor void nor time beyond the heaven; for (a) in all
s e s apossibility of the presence of body, (b) void is defined as that which, although at present nol
At body, can contain it, () time is the number of motion, and without natural body there cannot be

fo the central body, the Earth, Aristotle argued that it was spherical and immobile,
fetther of which claims was controversial. Although the celestial spheres would move
stally, Aristotle introduced in his Physics an ‘unmoved mover’, a spiritual something at
i atermost part of the universe which he conceived as the ultimate source of all celestial

wivement. However, he did not develop the topic, nor did he provide any explanation of

f the transmission of movement took place. In his De caelo, Aristotle referred bricfly
vl semewhat eryptically to the question of the Earth’s axial rotation ‘as is stated in the
Focns s passage has been discussed endlessly, from Plutarch in antiquity, through
Hivmms Aquinas in the Middle Ages, to scholars in the twentieth century. Did Plato really
¢ arotating Earth? It is pretty certain that he did not, for other reasons, because such
v vction would have been wholly inconsistent with his astronomical system. Plato shared
e tandard view of the Earth sitting motionless in the centre of the universe.
‘idotle’s assumptions about a finite and eternal cosmos, and his denial of a vacuum,
dore not penerally accepted in ancient Greece and Rome. For example, they were
ppened by the Stoies and Epicureans, who not only returned to Presocratic ideas of
e evolution but also operated with versions of an infinite universe. As we have
i bucretius” exposition of cosmology in De rerum natura was most un-Aristotelian




Phe St school, which anctuded Cheysippus and Tater Poseidoning priomnent
members developed a cosmology where the element {1 Wi cnkenhinl il wan seen as
the source ol the other three clements. They agreed with Aristotle that there could be no
vord within the matertal world, but not that an extra-cosmic vourd was impossble. On the
contrary, they supposed that *beyond the cosmos there stretches an infinite, non physical
world™ Store philosophers pictured the universe as slowly pulsating, performing cycles
ol condensation and rarefaction. An extra-cosmic void would not cause matter to dis-
sipate mto the voud, as Aristotelians argued, for ‘the material world preserves itself by an
tmense foree, alternately contracting and expanding into the void following its physical
time consumed by fire, at another beginning again the creation of
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Ihe problem of the ctermity of the world (or the Earth) remained a matter of dispute,
capecnlly among: Store phalosophers, who objected to Aristotle’s thesis with empirical
mgments based on the observed surface of the Earth. They reasoned that erosion is a uni-
dhrcctiomal process and bt had been al work for an infinite time, all mountains and valleys
wemded by mosy e been planed down: they clearly are not, and hence the Earth must have
Crted b overa lmted span of b Tihes arpument against the eternity of the world was
developed by ihe Stone phalosopher Zeno of Citium - around 300 Bc and reported by
Ehvenpinstons e Fellog
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Pl the fast e we meet a theme that would come to occupy a prominent position in
commolaprcal thinkang more than two thousand vears later: there exist in nature unidirec-
tomal processes whether given by erosion, radioactivity or entropy increase—that speak
aprnst an ctemal world (see Section 2.4). Faced with the Stoics’ argument, proponents of
\rtaotelian physies postulated that corruptive geological processes were counteracted by
pencative processes, but they were unable to provide a satisfactory account, based on
Vovatotle s matter theory, of how these compensating processes operated.

V2 dvstarchus and the dimensions of the universe

I T always been an important task of astronomers and cosmologists to determine dis-
fances i the umverse, from the surface of the Earth to objects as far away as possible. It is
alsoone of the most difficult tasks.”” How big was the universe of the ancient Greeks?
Hoboddy knew, for there were no ways in which the distances to the stars and the planets
texcept the Sun and the Moon) could be measured. In fact, not even the order of the planets
couldbeunambipuously determined, except that the sphere of the fixed stars was obviously
(he facthest away from the Earth, and the Moon was the closest. Yet the Greeks were not
(otally ata doss and they did make some progress in determining cosmic distances, if only
i the ncighbourhood of the Earth,™

Mexandi and Syene (now Aswan) in southern Fprypt e located roughly on the same
mendin I the third century B, Eratosthenes, directonr of (he famous library in

Mesandia, estimated the distance between the twe cities 16 be 5000 stades. Assuming

that the Soun was suthiciently distant that st vy s could be treated asif they were parallel, he
concluded Trom a simple measurement that the coacamterence of the Earth was close to
50 000 stades, We do not know the value of the stade he used, but it one stade equals 157.7 m,
15 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
tosthenes the order of magnitude of the size of the Earth was known and generally
aceepted. .

Aristarchus of Samos, Eratosthenes’ senior by some 40 years, was an accomplished
wiathematician and astronomer. In his only extant writing, On the Sizes and Distances of
ihe 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
| the Sun at the moment when the Moon was observed to be exactly half illuminated
;. 1.6). He found the value 87° and, from lunar-eclipse observations, which he used to
iletermine the sizes of the Sun and Moon, he found that the Moon’s apparent diameter was 2°,
lere, in the words of Aristarchus, is what he concluded:

| I'he distance of the Sun from the Earth is greater than eighteen times, but less than twenty times, the dis-
‘- of the Moon [from the Earth].

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

e diameter of the Sun has to the diameter of the Earth a ratio greater than that which 19 has to 3, but
I+ than that which 43 has to 6.2 .

\nistarchus’ 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
«lever and correct, but his results wrong; or, as a historian has expressed it, it was ‘a geo-
imetric success but a scientific failure’.3

As a result of his wrong data, Aristarchus obtained values that were much too small,
cpecially 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
Inier 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

0l 9.5).

Fig. 1.6 Aristarchus® method for determining the
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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Vivstare hus 1s today best known for having proposed a heliocentric system, for which
fennon he s sometims referred to as ‘the Copernicus of Antiquity’. Although Copernicus
bnew about Anstarchus” world system, he did not refer to it in De revolutionibus.
Appaently the Pohish reformer of astronomy did not think highly of his Greek predecessor,
whone wdeas did not influence him to any extent.** Aristarchus’ original text no longer
cotntn, bt Arclnmiedes pave a brief account of it in a fascinating work known as The
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Flons yomt e v that “nmverse 15 the name given by most astronomers to the sphere whose centre is the
comtie ol thie ot and whose radiog s equal to the straight line between the centre of the Sun and the cen-
e ol e Banthe Thes e the common account, as you have heard from astronomers. But Aristarchus of
isting of some hypotheses, in which the premisses lead to the result that the
1 that now so called. His hypotheses are that the fixed stars and the Sun
wih revolves around the Sun in the circumference of a circle, the Sun lying in
situated about the same centre as the Sun, is so
gl it the carcle m which he supposes the Earth to revolve bears such a proportion to the distance of the
focedd stars s the centre of the sphere bears to its surface. '
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Litanchus " retorm 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 @ volume about thirty times as large as its satellite. If the Sun was some 300
tines larger than the Earth in volume, as he had found, it was natural to think of the Sun as
e contral body istead of the Earth.,

Vichomedes” interest in the matter was mathematical, not astronomical. That his work
Wi notan attempt o 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 Sunto be 30 times as large as the Moon, where Aristarchus had a value of 18-20; and
for the crrcumierence of the Earth he used the value 3 million stades, which he knew was
e too Large. What appealed to Archimedes was the enormous size that must be
ascnbed to Anstarchus” universe in order to account for the absence of an observed stellar
patallax

Wit it possible to express a number greater than the number of sand grains needed to fill
up the cntiee heliocentric universe? In order to solve this problem-—clearly of mathematical
mterest only — Arclimedes developed a number system which allowed him to express

pumbers of pipgantic magnitude. Hhis result was that “a sphere of the size attnbuted by
tarchus 1o the sphere of the fixed stars would contain a number of grains of sand less

10,000,000 units of the eighth order of numbers’. The number referred to by
vichimedes can be written in modem notation as 10°%, the first ‘very large number’ that
ippears in the history of science. Much later, such dimensionless numbers would become
unportant in cosmology. There is a similarity, if more in spirit than in substance, between
\rchimedes’ 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
upported the idea was Seleucus, who lived about 150 Bc. It was hard to see the advantages
ol 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
i 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
wine eighteen centuries later. In addition, it may have added to the theory’s lack of accept-
ihihity that it was accused of being impious ‘for putting in motion the hearth of the uni-
¢’. This we know from Plutarch’s On the Face in the Orb of the Moon, where there is a
ivlerence to charges raised against Aristarchus by Cleanthes, a Stoic philosopher. Yet, he
says that Aristarchus was a mathematician, not a physicist (or philosopher), and for
(s 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
listory of scientific cosmology.

We may get an impression of the cosmological views of the early Roman empire from
I"iny the Elder’s voluminous compilation Historia naturalis, a work consisting of 37
hooks” and which exerted a great influence on late antiquity and the Middle Ages.”
\.fronomy, presented in a qualitative way in Book II, was but a small part of the erudite
ltoman’s work, but it may have been representative of what non-astronomers knew and
(hought 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-
e 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-
caded as ‘mere madness’, a phrase he also used for attempts to investigate what lies out-
e the world. The general features of Pliny’s universe were in agreement with Hellenistic
cusmology in so far that he adopted a spherical, Earth-centred world with the fixed stars at
it 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
vyual hours of day and night. On the other hand, the Sun was not merely one planets among
oihers, for,

I ihe midst of these [planets] moves the Sun, whose magnitude and power are the greatest and who is the
riler not only of the seasons of the lands, but even of the stars themselves and of the heaven. . . .[The Sun
| the soul, and more precisely the mind, of the whole world, the supreme ruling principle and divinity of
wature. He . . . lends his light to the rest of the stars also; he is glorious and pre-eminent, all-seeing and even
Ul hearing,.
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Phiny further accepted the doctime of the four elements, avvanped i sochoaoway that the
clement fire was nearest the stars, followed by air, whieh was thonghit 1o v thioughont
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.

Lu

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 Bc. 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
cucle, parabola, ellipse, and hyperbola. As an astronomer, Apollonius investigated the
motion ofa planet revolving around a point displaced from the fixed Earth. This eccentric
model v equivalent (o a model in which the planct moves uniformly in a small circle (the
cprcveler whose center revolves i larper cirele (the deferent) with the Earth at its centre.
Vol twa cucular motions could reproduce the observations of apparently
al phenomena

Tl commbynat

nonecrrcular and non unilor cele
1wt onastronomy have not survived, but his idea was developed by
- who was the fust o supply it with numeneal parameters based on observa-
tons. With Hhipparchus, the adea was turmed into a geometrical model of epicycles and def-
crents that mitiated a new chapter i 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.’*®

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 almagestum. In his intro-
duction to the Almagest, Ptolemy praised mathematical astronomy as the only science that

conld provide unshakeable knowledge and, at the some tine . wie morally uphiltimg: From
(he constancy, order, symmetry and calm which are ansocited with the divine, il makes ity
tollowers lovers of this divine beauty, accustomimg them and 1 tormmg their natures, as 1l
were, to-a similar spiritual state.”™ This theme would Later play an important role in the
¢ hiristian world, both in the Middle Ages and during the scientific revolution, but Plolemy
dud not claborate. 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 planctary
theory was based on a sophisticated use of eccentrics, epicycles, and deferents that allowc
lwm to explain, for example, retrograde motions and the limited elongations of Mercury
wnd Venus (which never deviate from the Sun by more than 23° and 44°, respectively). In
I"olemy’s theory, the centre of the epicycle did not move uniformly with respect to either
(he larth or the centre of the deferent, but with respect to a point located at the opposite
Ale of the centre and at an equal distance from it. This point is called the equant. With the
e ol the equant, Ptolemy was able to compute planetary positions accurately. On the othes
hand, it was a technical device that violated the philosophical doctrine of uniform motion
1l for this reason it later became controversial, first among [slamic astronomers and latct
in the medieval West. Ptolemy’s world system differed technically from Aristotle’s, yet if
I had much in common with it. Thus, in the beginning of the Almagest, Ptolemy stated
(e physical premises of his theory in terms that Aristotle would have fully agreed with:

I heaven is spherical in shape, and moves as a sphere; the Earth too is sensibly spherical in shape,
then taken as a whole; in position it lies in the middle of the heavens very much like its centre; in size

wel distance it has the ratio of a point to the sphere of the fixed stars; and it has no motion from place to
0

Mot only did the Earth not move from place to place, it also did not rotate around its axis.
I'tolemy was aware that the possibility had been discussed by ‘certain people’—he most
likcly thought of Heracleides of Pontus—but he dismissed it as ‘ridiculous’ and ‘unnatu ral’
I ause it was contrary to experience. Although he recognized that an axial rotation might
i count for the celestial motions, he argued that it led to consequences incompatible with
vhrcrvations, such as clouds being left behind in a westward direction. Ptolemy’s argu-
iments against a daily rotation would later be reconsidered by philosophers in the Middlc
\:es and the Renaissance.

I'he Almagest marked the culmination of Greek astronomy, Jjust as Euclid’s Elements
tarked the culmination of geometry. However, it was essentially a mathematical theory ol
{he planets revolving around the Earth, and for this reason the Almagest is of no particuli
roumological significance. As far as cosmology is concerned, another and later of
Iolemy’s works is of far greater interest, the Planetary Hypotheses. ! .

Ilolemy’s physical cosmology was based on Aristotelian natural philosophy, including
(he doctrines of the five elements and their natural motions. He believed that the ether con

tsted of tiny spherical particles and that this was a physical argument in support of the
phericity and circular motion of the celestial bodies. Ptolemy agreed that there could be no
voud in the universe, which became the foundation of his cosmological theory as described



m Planctary Hypotheses. He found the arrangement of nested planebary sphcres he i wd
at to be “most plausible, for it is not concervable that there be tn pnduie @ i, o any
meaningless and useless things™.** The basic principle of Ptolemy s theary win o arnange
the shells of the celestial bodies one within another, with the thickness of cach ahiell being,
determined by the eccentricity of the planet’s deferent circle and the radius of its cpieycle.
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 (1 fetherington
1993). Reproduced by permission of Routledge/Taylor & Francis Group, LLC.

Dl meanimge that the greatest distance of one planet was ¢ gl fen the feast ditance ol the
planet outsade it
I'he peneral idea of incorporating epieyeles and deferents mto the Anstotehan model of
nested spheres was anticipated by Theon of Smyrna, a philosopher who lived in the carly
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 1o
wnderstand the heavens in physical terms. His epicycles and deferents were not mere math
cimatical tools, but had a real existence.
I'he space between the Earth and the Moon was filled with air and fire, and in the

{Imasest Ptolemy determined the Moon’s distance from the Earth to vary between 33 and
(1 liarth radii. The variation was much too great to fit with observations, which he must
luve known. However, it was not possible to determine the order of the other plancts by
means of astronomical data, and Ptolemy therefore had to rely on physical arguments of a
_orewhat arbitrary nature. Whatever the soundness of these arguments, he concluded in
i Planetary Hypotheses that following the Moon’s sphere there came, in this order, the
phieres of Mercury, Venus, the Sun, Mars, Jupiter, and Saturn. The sphere of the fixed stars
. omipleted the system. Since the greatest distance of the Moon was 64 Earth radii, this mus
Al be the least distance of Mercury. By means of the theory of epicycles and deferents, ax
Aeveloped in the Almagest, he found that the ratio of the least to the greatest distance lor
Mercury was 34:88, which implied that Mercury’s “greatest distance was 04
(14/34) = 166 earth radii. The construction of the thicknesses of the remaining planctary
liells followed the same procedure and resulted ina cosmological distance scale (Table ),
which Ptolemy summarized as follows:

I “hort, taking the radius of the spherical surface of the Earth and the water as the unit, the radius of the

phie rical surface which surrounds the air and the fire is 33, the radius of the lunar sphere is 64, the radius of
M cury’s sphere is 166, the radius of Venus’ sphere is 1,079, the radius of the solar sphere is 1,260, the
1 of Mars’ sphere is 8,820, the radius of Jupiter’s sphere 1s 14,187, and the radius of Saturn’s sphere is

I 1+ 1o be noted that there is a gap of 81 Earth radii between the maximum distance of Venus
sl the minimum distance of the Sun. The gap was embarrassing, as it could not consist ol

\ond space. Ptolemy argued that it might be reduced by increasing the distance to the Moon
lij:hly, 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 11 504

Saturn 14 187 19 865 17 026
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Having found the cosmie distances expressed in Earth radii, Ptolemy conyeriod them to
stades: “The boundary that separates the sphere of Saturn from the sphere of the fix
lies at a distance of 5 myriad myriad and 6,946 myriad stades and a third of & 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 Almagest, 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 i the minth century a work that surveyed Ptolemy’s cosmology and was
partly based on the Planctary Hypotheses. Thibit 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-
slted i a solar eccentricity much larger than allowed by observations—
but Thabit chose to ipnore these. The important thing was to fill the gap and thus avoid an
cmbareassing cosmic void.

'S

soguenees

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 specd i ciucles or spheres:
whereas the terrestrial region was corruptible and e up of the four clements, the
heavens constituted a changeless world made of a Lt elesment wnbwow s on Loty and,
finally, the spheres surrounded one another contiguonsdy. e uding all vl o conpty space.
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The thirteenth and fourteenth centuries witnessed hvely discnsstons of commaological
wr than the one actually ex

psues, many of them focusing on possible universe:
Could God have created a different universe, say onc that violated the docinnes of
\ristotelian physics? Could he have created many universes? Because God was ommipo

fent, his creative power was limited only by what is logically impossible. T'his kind ol
wholastic exercise, led to debates of great ingenuity and several remarkable ideas, bul
when it came to the real universe imagination was much more restrained and only very few
tcholars dared to question the standard cosmology.

One of the most notable features of the high Middle Ages was that the temporal dimen
aon, which had been largely ignored in Greek cosmology, was brought back mto focus
I'he Christian universe was created by God, which was generally taken to mean that the un
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
prrspective 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 pen
1ally conceded that a reliable figure could be derived from Biblical chronology. ™ As carly
a4 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
Ihuring most of the medieval era it was accepted that the world had come into existence by
i supernatural act about 6000 years ago, a belief that would persist until well into the eipl

conth century. o

| v Athens or Jerusalem?

What little was known about the universe in the early Middle Ages included the wdea that o
was created in foto in a supernatural act rather than shaped out of some pre-existing state ol
:r. It was a true creatio ex nihilo. Given that this is a fundamental doctiine of
sianity, and in view of the overwhelming impact of Christian thought on coxmolopy
izh a large part of history, it is not irrelevant to repeat that creatio ¢x nihilo 15 nowhere
o «plicitly stated in the Bible, neither in the Old nor in the New Testament. 1t 15 a doctine
ol 1o be found in the earliest form of Christianity, when the form of creation was rarcly a
smilicr of discussion. Only in the second half of the second century can the doctrine be
lound in its strict sense, as an ontological and theological statement that express ¢ Con

iimpence of the creation and the omnipotence and absolute freedom of God. "

i Augustine went a step further by arguing that cosmic creation did not only mean that
vl caused the universe to exist, but also that creation was timeless and imphied a continal
¢ wwdence of the world. He may have been the first to state that, paradoxically, the ¢reated
nmnverse has always existed. When the doctrine of creation out of nothing was Lt lormn
lutedl, it quickly became accepted as almost self-evident. Church fathers of the thind cen
such as Tertullian, Hippolytes, and Origen, all found creatio ex.nihilo to be o
imental doctrine that must necessarily be true. When it was officially accepted by th
h Lateran Council in 1215, it had been widely adopted for a millennium

I'he carly Middle Ages—roughly the period from 400 to 800  witnessed o drasti
dechime in science, including astronomy and cosmology. The new spirttual power, the
¢ listian church, had no unified view of what little was still known about Cireck science,
bt for a time it expressed strong hostility towards any form ol natural philosophy which
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could not be derived from the Bible or otherwise be justified theologically. The astronoms-
ical knowledge of even the most learned of the church fathers was pittfully 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 *%

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?"¥

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-carthers, 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 casily find evidence for in the Holy Book, such as in Isaiah 40:22: “It is he who sits
above the cirele of the arth, and its inhabitants are like grasshoppers; who stretches out the
heavens Tike a curtain, and spreads them like a tent to dwell in.’ This was the opinion of
Drodorus, abishop of Tarsus in the fourth century. Most of the patristic writers were hostile
to Hellemstic cosmology but did not attempt to replace it with a detailed cosmological
system based on the Bible.

Such a system was what Cosmias Indicopleustes, a widely travelled Byzantine or Egyptian
merchant of the sixth century, provided in his Christian Topography. Cosmas argued against

verse. The Sun moves round the large conical mountain. The

box with the moun
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the spherical shape of the Earth, summarily ropected the epreyelie theory, and also declared it
1w universe. Such views were “absun

dities contrary (o nature, in opposition to scripture’. The Earth, an incredibly heavy body,
st surely be at the bottom of the universe, he argued. It will come as no surprise that
belicved 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.

1as included in his Christian topography a figure of the civilized world, which he
i tured as a vaulted box. Above was the vault of the sky, with the firmament between it
aiil the ground. “There is also the firmament which, in the middle, is bound Ema_:c“_. with
the {ist heaven, and which, on its upper side, has the waters according to divine scripture
it 11" 'The heavenly bodies did not revolve around the Earth, but were placed _uc_:,w the
firmament and moved by angels. The Sun and the Moon disappeared each day behind a
fuis mountain, which to Cosmas explained the difference between night and day. The stars
v not at immense distances, as the pagans held, but belonged to the aerial spaces
iy ther with the planets. For, ‘How is it that many of the fixed stars are equal and E:.. o
il planet we call Mars, to which a lower sphere has been assigned, and how do we in like
imanner 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 ,z_..,.___.:
phuliophy or fundamentalists of the same breed as Lactantius and Cosmas. In fact, the
i were exceptions when it came to the non-spherical shape of the Earth. By far the most
influcntial of the church fathers, St Augustine, was a learned man and much more
inderate in his views. Augustine sometimes warned against natural philosophy, but in 5o
fur w1 did not conflict with Scripture he was willing to take it seriously, if for no other
i wnon because it might in some cases help in Biblical exegesis. As far as astronomy was
o crned, he did not reject the spherical Earth, although he did not endorse it either. He
linil no doubt about the water above the firmament—after all, there was solid Scriptural
voidence for it. As to the Aristotelian idea of an element particular to the heavens, the
ther he rejected it. That Augustine was not simply antiscientific may also _.uo judged 1,_,::_
tihleo’s Letter to Grand Duchess Christina, where Galileo quoted Augustine extensively
i upport of the view concerning science and faith favoured by himself. One of the
Huetations reads:

sichiculous to behieve that the Earth was at the centire o

Uit ol to me [Augustine] whether heaven, like a sphere, surrounds the Earth on all sides as a miss
il il in the centre of the universe, or whether like a dish it merely covers and overcasts the
il Ilence, let it be said briefly, touching the form of the heaven, that our authors [of the Bible|
#40« the truth but the Holy Spirit did not desire that men should learn things that are useful to no one los

wth .
dheatiom

It was only in the seventh century that a new scientific literature began to appear, und

u then it relied heavily on earlier, mostly Roman authors. Writers suth as Martianuy
¢ apetla and Ambrosius Macrobius, who lived in the early fifth century, preserved the rudi
it of Gireek astronomy, such as the distinction between the planets and the :xw_._ stary,
wil the spherical, Earth-centred universe. But this was about all that was left from the
ylonous past. As two historians of science have expressed it, ‘Compared to the m:_,_w;_::.
i ol the Almagest, knowledge of astronomy among the Latins in the second half of the
fcCmllennium was primitive in the extreme.”!



|'he ideas of John Plaloponus, a pladosopher frome Alesandiis who bved e the saxth

prurys  were, however, tar from  pomntive. A Chostin sbongly  fluenced by
(M& - . . .

ch_.,_:f_:z_:, Philoponus criticized Aristotle’s nataral philosophiy and soug it 1o replace il
with a system in harmony with monotheism. Thus he attacked the taditional doctimes of the

eternity Of the world and the essential difference between the terrestil and heavenly parts
of the world. According to Philoponus, heaven and _z__.:__ were nade _:_ the same m,_c:_c._:,,w.
created by God but with no divine qualitics. The light from ___m stars did not differ from light
from terrestrial sources, a most un-Aristotelian iﬁw“ “There is much ﬁ___._n.ﬂc:nc among Ea
stars i Magnitude, colour, and brightness; and | think Em reason for this is to be found in
nothing else than the composition of the matter of ir:.“: the stars are nc.umﬂ:nﬁa” g
,ﬂnnam&m_ fires lit for human purposes also differ mnoon.u_nm to the m:.m_m be it oil or pitch,
reed, papYyTus, or different kinds of wood, either Eﬁ:@ orin a dry state, ;

ginct God had created the world out of nothing, it Ecmw have a m:,;n age, Q.Ed.mQ to
what Afistotle had taught. Philoponus did not rest content with basing his conclusion on the
5 :%o_._q of the Bible, but proved, to his own satisfaction, by means of reductio ad absur-
dum BrEUMeEnts, that an eternal universe would lead to absurdities. _uoa. example, the celes-
tial podies move with different periods, Saturn more m_oi_.u\ Em: .Eﬁ_.ﬁ and .d:n: more
slowly than the fixed stars. Now, if Saturn had revolved an infinity of times, .—:m:a._. would
have performed three times as many revolutions and the stars more than ._o 000 ..:nam an
infinite number of revolutions! This Philoponus &ozma was an _E%mmim notion, and
e hus necessarily the revolution of the heavenly bodies must have a beginning.’ .

gishop Isidore of Seville, who lived around 600, was the author of a large o.uown_%a&m
in twenty books, Libri etymologiarum, which included many _..mwna:nom to scientific sub-
jects: Contrary to most other authors, he drew a mrm_mc.a_m::nson between astronomy and
astrologY; rejecting prognostic astrology as superstition. In a smaller SGHTw De natura
reriMs Isidore compiled contemporary knowledge of the Earth and wnma,ﬁ:. His Earth was a
flat discs and outside the firmament he assumed a ,,amﬂn._.w heaven in accordance with
Q%mmmm. ‘The sphere of heaven is a certain form, spherical in shape,” he wrote:

Jts center is the Earth and it is shut in equally on all sides. They say that the sphere has neither beginning nor
since it is round like a circle its beginning and end cannot readily be seen. . . . Heaven has two gates,

d; o
M“ 4 and west, for the Sun issues from one and retires into the other. . . . The rising Sun follows a southerly
wm,% and after it comes to the west and has dipped into the ocean it passes by unknown ways beneath the

Fath 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 Q.cowwa a high
R%B:on throughout the Middle Ages, and he was also the m::ro_. om. a cosmological treat-
ist, sgain titled De natura rerum, which to a large degree wo__aa on Pliny. Contrary to some
of biS predecessors, Bede had no problem with the mv:ojnm_ Earth, and he stated that the
gun Was much larger than the Earth (he still stuck to the idea &. water above the heaven).
Bede Was neither a scientist nor an innovative thinker, but he did provide some continuity
{hyough @ difficult period. In a commentary on De natura rerum from the ninth century, the
anofyMous commentator made the interesting suggestion that Evaamm Mars, Jupiter, m:a
Gatur™ revolved around the Earth, Venus and Mercury were satellites to the Sun. This kind

ol pecehehocentone system was known i ancient Ciooce el owas often asenbed (o
Hernclerdes of Pontus, o pupl of Platos 1Ebears some sonibanity to the world system devised
b tycho Biahe methe Tate sixteenth century,
momy and cosmology in the Chnstian Weat were still at a low ebb, The
frreblem was not so much Seriptural fundamentalism, or the tension between Jerusalem o
Vihens, but rather that most of the products of Athens (and Alexandria) were unknown or
only known m highly diluted versions from secondary sources. Only when the master-
fuecen ol Greek philosophy and science became available in Latin versions could progress
At ancw,

[

| L Anistotelianism revived

Ihe tevival of learning in Western Europe relied crucially on translations of Greek scient-
il 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
‘i available to European natural philosophers. Some of the works were translated dircctly
I Cireek to Latin, but most were based on Arabic books and commentaries. Spain,
whoie Arabic and Islamic culture flourished, became the centre of the new translation
ivement. For example, this is where the best known of the translators, Gerard ol
tvomona, worked. The industrious Gerard produced translations from Arabic to Latin of
b lid's Filements and Aristotle’s treatises on natural philosophy, including De caclo; but
hi prcatest service to the revival of Greek science was probably his direct translation lrom
the tieck of Ptolemy’s Almagest, which he completed in 1175 (the first Arabic translation
Il appeared more than .three hundred years earlier). Although the main texts of Greck
itionomy and cosmology had been translated by the closing years of the twelfth century, if
fol another half-century until Aristotelian and Ptolemaic cosmology was generally known
sl made its impact on the teaching in the newly founded universities.

I ven before the results of the translation movement became apparent, scholars produced
lo«tv ol a cosmological orientation. These were influenced by Platonic and Neoplatonic
thoniehis, and of course also by Christian theology, whereas Aristotelian philosophy was ol
lited significance only. Scholars such as Thierry of Chartres, William of Conches, and

vl Lurd of Bath, who all were active in the first part of the twelfth century, advocated a nat-
sl approach to the study of nature. They conceived nature as an autonomous entily

hic h proceeded in accordance with its own laws or inherent order. God had of course cre

it the universe, but all of what happened after the creation was a result of natural causa
tion s view implied that it was the task of philosophers to find natural explanations :an
fo save recourse to divine intervention only if such explanations should utterly fail. ‘I'he
e ape in William of Conches’ Philosophia mundi was that the cosmos could be studied
cuntifically and that such a study of secondary causes would only affirm the glory of the
wile puted primary cause, God. .

Iernard Sylvester, who lived in the mid twelfth century, wrote a large treatise,
¢ wumopraphia, structured in two books, which included a good deal of natural philosophy
Iie st book (Macrocosmus) dealt with the creation of the world in a way that differcd
vivaderably from the account in Genesis. Bernard started ‘before the beginning’ with
vl a primeval and formless substance, the origin of which he did not explain and which



he may have thought of as unongmated. Out of the ot Hite, the eloiments were sl
and order was introduced in the universe ina process Closer e coeation thin (o creation
in the traditional Christian sense. In Bernard’s poctic creation account, which shared some
of the features of pre-Christian cosmogonics, matter was seen s an aclive Powes

<t 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:

T'hold that the first form of a body is . . . light (Jux), 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. 4

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

plancts recerved then Tight from the San, but a tew argoed that they were sell-lummons

hisihes

Whatever the opimions on these questions, it was agreed that the celestial spheres were
(hece 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
i way, gaps in the heavens and problems with celestial voids were avoided. The :..ﬁ.x_m_ also
e il possible to caleulate the dimensions of the cosmos, very much along the lines that
Iolemy had used in his Planetary Hypotheses. Campanus of Novara, who flourished around
I "0, may not have known about Ptolemy’s work but his calculations nonetheless led E a
nniverse strikingly similar to that of the Alexandrian mathematician (Table 1.3). According
i Campanus’ Theorica planetarum, the inner surface of the Moon’s sphere was about 108
« miles, and the outer surface about 209 thousand miles. At the farthest end of the
wverse, Saturn was located between 52 and 73 million miles away from the centre of the
Iarth. Since the sphere of the fixed stars was assigned no thickness, Campanus’ =E<m,_.mc
wir i huge sphere of radius 73 million miles, of the same magnitude as Ptolemy’s. Also like
Iolemy, Campanus believed he could calculate the sizes of the planets. o .

I'he picture of the medieval universe as outlined here, was basically n:m_:m:ﬁ and ol
e interest to the philosophers than to the astronomers. Astronomy was predominantly a
imathematical science aimed at calculating the positions of -planets and stars, and for this
juirpose cosmological problems such as the nature of the celestial substance were not of
pieal relevance. The attitude of many medieval astronomers, if by no means all, was instru-
menialistic. Was astronomy to provide a true representation of celestial Eﬁsoﬁm:m or
i iely mathematical models that saved the phenomena? There was no unified position on
thit point during the Middle Ages. Moses Maimonides, the Jewish—Spanish vrzﬂmo_urmq of
ihe late twelfth century, was in favour of an instrumentalist position. Concerning astro-

woiny, he wrote:

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

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

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

Least distance Greatest distance Thickness of mﬁ_._man Diameter of planei

Mliin 107 936 209 198 101 261 1 896
Bty 209 198 579 321 370122 . 230
i 579 321 3 892 867 3313546 2885
" 3 892 867 4 268 629 375762 35700
fkas 4268 629 32352075 28 083 446 7573
Baguites 32 352 075 52 544 702 20192 626 29642
iiin 52 544 702 20 843 044 29200

73 387 747




possible Tor abserved phenomena. Main fon' positian Wi ol pencidly accepted,

though, and most medieval natural philosophers demed that anteoney wae merely model
making. In spite of different attitudes, astronomers realized that they were deating with the
same universe as the cosmologists and natural philosophers. As David Lindbery, a leading
scholar of medieval science, has expressed it, ‘astronomy and cosmolopy 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. Tt 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 ¢ach part of this

Vig | ' The medieval Christian universe in a folk version, with the empyreum surrounding ten heavenly

pheres. Tlustration from Petrus Apianus’s Cosmographicum liber of 1533.

jhiere to conjoin with the divine empyreum. This ‘heaven of pure light” had no limits and
v ot located in space. Inthe later 7/ convivio, he described the empyreum as “the sover-
iin cdifice of the world, in which all the world is enclosed, and beyond which is naught;
winl 1t exists not in space, but received form only in the Primal Mind, which the Greeks call

Py w_r,..a_

I 1V Scholastic controversies

Iany theologians welcomed Aristotelianism if only it could be presented in a decent,
i hiviianized version; but they were also aware of its dangers and the incompatibility ol
\itodelian philosophy and certain Christian doctrines such as God’s creation of the world.
Vot 1270, the faculty of arts in Paris housed a group of radical thinkers who were will-
ing lo carry Aristotle’s rationalism and naturalism as far as possible, even to the point where
it conllicted with religious dogma. Siger of Brabant and Boethius of Dacia were the most
juonunent of the group. Inspired by Averroes, they argued that it is the task of the philo-
upher to investigate every question that can be disputed on rational grounds; the arguments
Jiuld be followed to their logical conclusion, without regard for the true faith. From the
chuchs 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 14 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 an y ol 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—swhich 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. Thal the world is eternal as to all species contained in it; and that time is eternal, as are motion, matter,
agrent, and recipient | .

TH5."That it is not true that something could be made from nothing, and also not true that it was made in the
Pt creation

Ve unm

Lot us now consider some of the cosmological questions that were discussed in the
Middle Ages, wrespective of whether they were mentioned specifically in the condemna-
ons. First, it was generally agreed that the world was spatially finite. The possibility of an
nfinite 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 v o give existence (o
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things, 1o canse them, God does not take “mothing andd francdorm it amlto something, he
canses things to exist continually m the sense that 1 the created thing s left o sell i
would not exist, because it only has a betng from the cansahity 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
Il always existed, it would still depend on God for its very being; it would be created. As
( ‘hristian, Thomas believed that Aristotle was wrong and that the universe was of finite age;
1 1 philosopher, he was willing to concede that the universe was eternal. At any rate, the
(uestion could not be answered on the basis of reason alone. What mattered was that God
liul caused the universe to exist, and this involved no contradiction with either reason or
fmth. Another line of reasoning, adopted by Thomas and his contemporaries, was that
\r:lotle’s argument for the eternity of the world was not a formal proof EE. was therefore
not 1n need of formal rejection; it could be dismissed on the sole ground that it was contrary
i Lath.
I'ie possibility of other worlds was eagerly discussed during Em ZE&.@ Ages.”
(le had emphatically rejected the possibility, but almost all medieval philosophers
apiecd that God could have created other worlds, had he so wished. Yet they also agreed
ihat 1n fact God had chosen to create only one world. Article 34 of the condemnation of
| '/ / demanded that the faithful had to concede that God could create other worlds, but not
il wuch worlds actually existed. Nicole Oresme, a Parisian philosopher and mathemat-
i 1an, was one of several scholars who examined the question and tried to find weaknesses
in Arisiotle’s conclusion that only one world was possible. Oresme, who had translated
\iilolle’s De caelo into French, distinguished between three different ways in which the

plurality of worlds could be conceived:

{hw way is that one world would follow another in succession of time, as certain ancient thinkers

Another speculation can be offered which I should like to toy with as a mental exercise. This is the
\tion that at one and the same time one world is inside another so that inside and beneath the circum-
i vone of this world there was another world similar but smaller. . . . The third manner of speculating about
il pwbility of several worlds is that one world could be entirely outside the other in an imagined space,

v Auwnvagoras held.5

e o lengthy analysis of the three possibilities, Oresme concluded that Qoa. in his
wnnipotence could make more worlds. ‘But, of course, there has never been nor will there
I wuic than one corporeal world.” ) .

I'¢lated to both the question of the finitude of the universe and the question of other
voulids, there was the question of whether or not the corporeal world was surrounded by an
intite void space, an idea with roots in ancient Greece (see Section 1.2). By and large, the
fivomied answer was—once again—that God could have created such a space, but hat
iheve was no reason to believe that he did. Buridan’s conclusion represented the majority
Jiew “An infinite space existing supernaturally beyond the heavens or outside this world
o b not 1o be assumed . . . Nevertheless, it must be conceded that beyond this world Gol
conld create a corporeal space and any whatever corporeal substances it pleases Him to cre-
ate 1but we ought not to assume that this is so [just] because of this.”®

I e extracosmic void considered by the schoolmen was very different from the vacuum
i non-being proposed by the Greek atomists. [t was often conceived to be a spiritual



heaven, Gaods abode, and theretore somethmge which conled o b comined tooa tite

world: Among God’s many attributes were that be was ornmipetent bt candend . and il

ite (in some non-spatial sensce). It was sometimes suggested that an imbinte 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 argucd 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 |
say is void of any body and of everything other than God.”s” 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 wi llingness 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 1o assume ¢

vy ol saving the phenomena, whether it s really so or not 1n the end, he kept 1o the
aithodox Anistotelian view.

Bundan’s discussion was further developed by his younger contemporary, Nicole
Cwesme, in Le livee 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
1o tor 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
apposition to Aristotle, but less controversially, he denied that the heavens were moved by
imiclligences (or angels). God had initially placed motive powers into the celestial bodics in

ucha way that no further application of power, whether animate or inanimate, was needed.
(rcsme may have been the first to use the metaphor of a clockwork that was later so
fninous when he wrote that ‘the situation is much like that of a man making a clock and let-
fin2 11 run and continue its own motion by itself”.5
\ss far as the Earth’s diurnal motion was concerned, Oresme basically discussed the sume

(s as Buridan, but in more detail and with greater sympathy for the hypothesis. He dis
miiied the problem of the wind that should constantly blow from the east by noting that the
i would rotate along with the surface of the Earth. No experience, he emphasized, was
Wble 1o dismiss the hypothesis of an axially moved Earth. Like Buridan, he considered the
wlea of a rotating Earth to be supported by reasons of simplicity as it avoided celestial

(s “far beyond belief and estimation’. As another bonus, he mentioned that the hypo-
hetis would do away with the generally assumed ninth sphere, which moved only with the
ivenal motion:

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

tWesme referred to the passage in the Bible (Joshua 10:12—14) where God lengthened the
Iy by commanding the Sun to stand still, and noted that the same dramatic effect could
Ive been achieved much more easily by a temporary cessation of the Earth’s rotation.
‘nce God always acted in the most economic way, perhaps this was how he performed the
wicle.
1ol Oresme decided that there were convincing theological reasons not to accept the
iiating Earth. It was an interesting hypothesis, but not the way nature actually worked. In
10w of his impressive arguments in favour of a rotating Earth, Oresme’s conclusion in /.¢
lvre cdu ciel was an anticlimax;

Himwever, everyone maintains, and I think myself, that the heavens do move and and not the Earth: For Gol
luith cutablished the world which shall not be moved, in spite of contrary reasons because they are clearly
“lusive persuassions. . .. What | have said by way of diversion of intellectual exercise can in this
1 serve as a valuable means of refuting and checking those who would like to mmpugn our faith by

It was one thing to go against Aristotle, quite another to question the authority of the Bible.
Hicholas of Cusa, also known as Cusanus, was a German cardinal and philosopher who
wiote widely on a variety of subjects, including theology, mathematics, and natural philosophy.



He was Bascinated by the concept ol bty and o D0 dow i tomoramning of 10 b de veloped
ametaphysical system (the doctrne of “the comerdence ol oppostten 1 whic b he apphied to
cosmology, among other arcas. The result was a namber of bold ¢l thut e paited most
radically from Aristotelian cosmology. However, it should be pomted out that the
Renaissance philosopher Cusanus was essentially a Neoplatonist and Chnstian mystic, and
that none of his arguments referred to empirical observations or were otherwise scic tifically
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 cohacrence gone;

All just supply, and all Relation ., 7

s passagee rom John Donne s An Anatomie of the Workd, published m 16T expresses a
Fewilderment and lack of onentation that many men of calture telt was the result of the
donbts that natural philosophers raised against the tradiional world picture. Foremost
waong these doubts was the controversial idea that the Farth, hitherto regarded as the
dnmobile centre of the universe, was merely one planet among others, whirling around the
i al great speed. With the disappearance of the immutable heavens, the comforting sense
A order and unity had disappeared too. The revolution in astronomy seemed to confirm
il trailty and the decay of this whole World’. Donne’s better-known contemporary,
William Shakespeare, related to the same theme in Hamlet 11,2:

1 bt Thou the stars are fire
Vit that the Sun doth move
1 onbit teath to be a liar

it e ver doubt 1 love.

Ihe controversial part of Copernicus’ new world system, as many saw it, was not so
s that it removed the Earth from its central position in the universe, for that was not
wewcosarily a dignified position. After all, it was farthest away from the angels mE_. God's
4l heaven. Indeed, it was sometimes argued that the natural place for the Earth, in both
« phycal and a moral sense, was ‘the centre, which is the worst place, and at the greatesl
Jitance from those purer incorruptible bodies, the heavens’.” It was worse that the Earth
lil become reduced to a planet, which could be taken to imply that the other planets were
inlabited by living and rational creatures as well. If so, the door was open for a host of
il ilogrical problems. ‘

| V|1 heliocentric cosmology

{1 olaus Copernicus, born in 1473 at Torun in the north of what is now Poland, received his
v entary education at the Jagiellonian University of Cracow and subsequently went to
it4ly 1 study at Bologna and Padua. Although his primary field of study was canon law, he
(i fook an interest in medicine and astronomy. In 1503 he returned to Poland, where he
Aiiledl permanently in Frombork (or Frauenburg), a small town in an isolated mOaunn.c_.

s There he engaged seriously in astronomical studies, the prime result of ._:m mza_o.v,
I iy (he daring hypothesis of a Sun-centred universe. It is unknown when he arrived at this
il 4 but around 1512 he wrote a brief sketch of the new astronomical system, known as the
« .mmentariolus, which circulated in handwritten copies among a small number of mnr_ il

i ' Copernicus had only asingle disciple, Georg Rheticus, and it is in a work &.E? the
irratio prima of 1540 (a second edition appeared in 1541), that we find the first pub
fi:hiel account of the Copernican system. .

\iier many years of delay, Copernicus’ masterpiece De revolutionibus was mE._mE pub-
li-hiedl i 1543, the very year of his death. Whatever the reason for the delay, it is most
witlih Iy that it was caused by fear of how the Catholic church would react to the book. In
i ardinal Nicolaus von Schonberg had in 1536 urged Copernicus to _u_._v_mm: his manu-

cuipt - although at the time to no avail. Copernicus knew that his theory might vn. consid-
viodl 1 be theologically controversial, but in his preface to De g&:moa&ﬁ“ dedicated (o
f'ope Paul 111, he argued that it was not. Only ‘by shamelessly distorting the sense of some

jucagre 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 %m 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 revolutionthus Copernicus

oty dad not share Osiandes s apton Bl foe g whih it was not pencially known
Caly i 1609 did Kepler reveal that the aomy o ibrodie tion was in fact wiitten by
Crvnder. To behieve that Copermieus s pibed fothe mstramentalist position outlimed in
the ntroduction was “most absurd ', he wiols

Why did Copernicus (ind it necessary to turn Polemy on his head and develop an astro
worineal theory that ran counter to tradition and common sense? 1Cis often stated that the
Fiolemaic system had grown increasingly complex and that epicycles had to be added to
pieveles in order to match observations. This allegedly led to a crisis, which Copernicus
i ponded to with his new world system. However, the contrast between the simplicity of the
( e rnican system and the complexity of Ptolemy’s system of compounded circles is __c__,
iare There was no state of crisis at the time Copernicus started to develop his alternati ive.”

( upernicus was indeed dissatisfied with the Ptolemaic system, but not because of its num-
lir and arrangement of circles or because it failed observationally. His main objection was
it the centres of its epicycles did not move with uniform speed on the deferents, but with
iopect to the fictitious equant. In the opening lines of the Commentariolus, Copernicus
Cinpliasized that such a system ‘seemed neither sufficiently absolute nor sufficiently pleasing
i1 (e mind’. He found it to be a betrayal of the fundamental doctrine that uniform circular
wotion was the only allowed form for motion in the heavens and indicated that it was his
A e to remedy this defect that led him to the new theory. Copernicus had also become

sneoved that the astronomers had not been able to discover ‘the form of the world and the cer-
141 commensurability of its parts’, a reference to the order and distance of the planets, which
liul o theoretical justification withing the existing astronomy. As a third reason, he wanted to
. 1ablish a world system which, methodologically and aesthetically, was simpler than the tra-
Aional one, a system which rested only on a few hypotheses. Geocentric astronomers were
{0 ol 1o make use of ‘an almost infinite multitude of spheres’, whereas Copernicus would
(aiher follow the wisdom of nature, which, as it takes very great care not to have produced
wiy thing 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
it roflected the revival in the Renaissance of Pythagorean and Neoplatonist thought.
(1w in a lyrical passage in De revolutionibus, Copernicus conceived the Sun—"this lamp
o1 the very beautiful temple’—to be the most noble of the celestial bodies and for this rea
.1 the one which naturally should occupy a central position. And Rheticus stressed how
~ondderful it was that with Copernicus’ innovation, the number of planets was reduced from
(o1 1o six. As he pointed out in Narratio prima, six was a sacred number: “For the numbei

i+ 1+ honored beyond all others in the sacred prophecies of God and by the Pythagorcans
sl the other philosophers. What is more agreeable to God's handiwork than this first and
st perfect work should be summed up in this first and most perfect number?””

( upernicus’ system was able to explain in a simple way the retrograde motions of the
plancts and, equally simply, the limited elongations of Mercury and Venus. These phenom:
<1 i not need any special hypotheses, but followed directly from the basic assumption of
i Farth’s annual revolution around the Sun. In several ways Copernicus’ world system
i mbled that of Ptolemy, only with the Earth and the Sun being interchanged; the celestial

(heres were still largely concentric, and Copernicus even had to introduce epicycles in the
(1e of Ptolemy. But when we turn to the structure and dimensions of the Copernican uni
e we realize how different it was, after all, from the one traditionally accepted.



o Coper d with the modern mean distancens Al

values an astronomical unis

Least Girealest Mean
Mercury 0.26 045 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 498 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 di stances 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 Tirst note that Copernicus’ planctary universe, as given by the distance to Saturn, is

smaller by atactor of nearly two than what Ptolemy had found in his Planetary Hypotheses.
Next, and more interestingly, the planctary 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-
mum distance of Jupiter, which is 4.98 AU. In other words, Copernicus’ planetary model
did not satisty the principle of plenitude which was S0 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 1, 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.

1.4.2  Brcho'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

I N AeTects A Tew gecepied the REROCEEe Systemm, Bl iost o1 those who st

o D veveduttonnibus held aomore eclectic atitude: they ased what they could use, espe

cully the mathematics of the planctary theory, but without subacnbing to the _:.__:...__.____.:,
theony as physically true. The influential Jesuit mathematicran .._:_j h_z__.::...::& ( _,=__.”_.:____.
v wrote between 1570 and 1611 a long series of commentaries on vmﬁ.:.::vn: s I
(thoera i which he eritically reviewed alternatives to the :.E__:.o:m._ Eo_o._.:m_n &.a:,"_:,. He
praied many aspects of Copernicus’ work, but 52.65 accepting its :n.__oﬁw:q_n csrq_...:_,
Iy O the contrary, he objected to Copernicanism ﬁ? an array o_ﬂ physical, mm:.o:o_s_.ﬁ al,
ind methodological arguments. Clavius’ Ptolemaic universe, including the empyreum, con-

iied ol Tl spheres. Although there were neither bodies H.On.aou,c: in the aiuw_.n“:u
eaven, this * happy seat and home of the angels and the blessed’ was no less real than _. __,
firmment and the planetary heavens. Clavius stated that beyond the empyreum there
iipht be a kind of infinite space, where God could create other worlds.

Wihereas Clavius defended the traditional world picture, :.x.“ UMEm_.. nobleman .Gc._..._
Il suggested an alternative to both of the existing cosmologies. . In 1572, nwn mm.u-f.,..:_
ulil yeho observed what appeared to be a new star in the oosmﬁm:m.aoc om. Cassiopeia, an
i his book De nova stella of the following year he argued that it was En.ooa a new, il
sphemeral, fixed star. This was of cosmological importance because the _:8_.@_.051.___
lwole radically with the age-old belief that the :mméwm. were perfect and unchanging.
v ong those who accepted Tycho’s interpretation. . .

_ _.: _ .meﬂwﬁwomo gave a moimmonw, lectures at the University of Oo_unﬂ&mn: in s.—:n:. he
itieduced the new world system of Copernicus—‘the second Ptolemy’, as he called _.___.__.
I1e liud much praise for the theory of the Polish astronomer and mﬁﬂna that he f.{o:_a. deal in
i+ lectures with the motion of the planets according to Copernicus and using his um_,m_-

tei, but, significantly, he would transfer them to an Earth at rest. Tycho had lost
idcnce in the Ptolemaic system, yet he was unable to accept that the Earth really moved
the Sun. After he (and others) had observed the great comet of 1577, he began

i, as his data indicated, the spheres could not be solid bodies; :.m:oa Em_.n.imm nothing
{0 o planetary orbits from intersecting, as in the case of Mars crossing the _o&: of the m..__ .:.
Iveho published his world system in 1588, as Chapter 8 of his treatise on the mq..._.__
ot De mundi aetherei. According to Tycho, the universe was mmoona:o, s._z._ the .f,__:_
i1l the Moon circling around the immobile Earth; or, perhaps cmﬂon it was mo?:m:ogz__‘_ﬁ
fin all the other planets revolved around the Sun (Fig. 1.11). This was clearly a noEm_E_:_z_
I tween the Ptolemaic and the Copernican system, physically closer to the former, 2—_.0:.."_7
mathematically it was closer to the latter. Since the ,@n_..cEHn ,mwmﬂo:._ was mnoEoﬁﬁ__“w
vipuivalent to Copernicus’ system, it could match all its predictions except Ew mvvmﬂﬁ:“, v.
i cvistent stellar parallax. The dimensions of Tycho’s world up to Saturn did not dif _,._.
s from those of Copernicus’. He took the distance of the Sun from the mu.w.nr to be
it 20 times the Moon’s distance, for which he adopted the value 60 Earth zmu:. For the
distance to the farthest planet, Saturn, he ended up with : ,000 .mmﬁs radii. _s‘ m_.c,.....,_.
contiast to Copernicus, he put the sphere of the ?ﬁa. stars immediately above Saturn's
phere, at an average distance of about 14 000 Earth radii.



Fig. 1.11 The Tychonic world system. as reproduced in Tycho Brahe's De mundi aetherei of 1588. Whercas
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 instru ments, 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 Farth radii away This cnotmous void space he
simply was unable to accept; it was not only incredible. bt also inpossible. This uneasiness
about the empty space between Saturn and the fived sarn as common at a time when it

v penerally assumed that the unrverse had a purpose. it i had been created for the
benetit ol man. Inhis Dialogo of 1632, Galileo lets Sunphicio, the protagonist of the
fraddiional world view, argue against Copernicus as follows

o when we see this beautiful order among the planets, they being arranged around the carth at distances
commensnrate with their producing upon it their effects for our benefit, to what end would there then be
iicrposed between the highest of their orbits (namely, Saturn’s) and the stellar sphere, a vast space without
an thg i it super(luous, and vain. For the use and convenience of whom?#?

I aler penerations of scientists would smile at such teleological rhetoric, but at the time
b Tyeho 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
lefween 1" and 3" This again implied that if the stars were located as far away as required
I the Copernican system, they would have impossibly large diameters, several hundred
fie s that of the Sun. Tycho found this to be plainly absurd, and hence a strong argument
ipainl Copernicus’ mistake, but Copernicans such as Rothmann were not convinced. They
fypically found refuge in an old theological argument, namely that the vastness ol
* opermicus” universe reflected the vastness of God’s creative power. In response to Tycho,
Wothmann wrote:

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

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

Hi «uestion of celestial matter is not properly a decision of astronomers. The astronomer labours to invesi-
iy st o accurate observations, not what heaven is and from what cause its splendid bodies exist, but
tuthies copecially how all these bodies move. The question of celestial matter is left to the theologians and
(i it among whom now there is still not a satisfactory explanation.®s

‘v (he other hand, the Renaissance holist Tycho was also convinced that astronomy had «
nathematical, astrophysical, or cosmological side, and that this could not be separated
livm the studies of terrestrial matter and its changes. A devotee and practitioner of
Isacclsian chemistry, he believed that, in a sense, astronomy was the chemistry of the
fwavens and chemistry a kind of terrestrial astronomy. By studying the heavens, the natural
jhiloiopher would get a superior knowledge of processes on the Earth, and he would
likvwiie become a better astronomer if he was well versed in chemistry and alchemy
(e 1.12).

‘though Tycho followed Aristotle in distinguishing between the sublunar and superlu-
mat sepons of the world, he did not admit the distinction to be absolute. He was more
wd 1o believe that the air gradually became thinner towards the Moon and was then
comnccted to Aristotle’s ethercal 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 batween 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’ 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

dowhat was called Mosane phiyvaacs, he pretared the oy erse as comssting of three heavens
e almosphere, the space contammy, the heavenly Bodies, and God's elemmal heaven
Contoary o Tyeho, Aslaksen accepted that the Farth conld perform a dinly rotation

o the penod Trom around 1620 to 1660, Tychos hybid cosmology received much
iention and was to some extent also accepted, especially among Jesuits and other

i athohic scholars, who, for theological reasons, could not openly endorse the Copernican
iheony For example, the eminent French natural philosopher Pierre Gassendi was a
{ upermcan at heart, but he was also a Catholic priest and, publicly, he defended Tycho's

tem (and he wrote a biography of Tycho Brahe, the first full biography of a scientist

1) Whereas Gassendi used the Tychonian system to further the cause ol
¢ vpericanism, the Jesuit astronomer Giovanni Riccioli believed that Tycho’s world
il was superior to that of Copernicus (Fig. 1.13). Riccioli’s favoured model differed in
il lotails from Tycho’s by having Jupiter and Saturn (together with the Sun) circling the
I il the other three planets revolving around the Sun. During a large part of the

«uleenth century, such ‘semi-Tychonic’ systems were popular and widely discussed.™
b i important book of 1651, Almagestum novum, Riccioli dealt in penetrating detail
: question of the mobility of the Earth. Following the scholastic tradition, he
pie e nied arguments for and against, but of course concluded that the Earth was immobile
¢ haracteristically, in this conclusion theological arguments counted as heavily as did
nis based on scientific evidence. :

v ]

 butin 1616 it was formally banned and after the infamous process against Galilco
i 1644 it was impossible for scientists in Catholic Europe to support it. Copernicanism

i« oniroversial in the Protestant world as well, if not to the same extent or with the same
sniequences. Martin Luther allegedly branded Copernicus as a fool who would turn the
e science of astronomy upside down, but the historical basis for this often-quoted
ient is next to worthless. Although Luther was not a pro-Copernican, neither was he
i anti-Copernican. For all we know, he may have been indifferent to or perhaps even
nt about the revolution in astronomy (Luther died in 1546, three years after the
wation of De revolutionibus).”

I\ \ Towards infinity

cus’ universe was spherical and no less finite than Ptolemy’s and Tycho’s. Yet it was
nsely larger, and for this reason alone invited a renewal of speculations concerniny:
wanie infinitude. The possibility of an infinite and infinitely populated universe, as
i ussed by a few early Copernicans, should be distinguished from the discussion of an
ile void space beyond the cosmos. This latter debate had roots in medieval philosophy

]

- unaffected by Copernicus’ new astronomy. The imaginary, infinite void space was
i ually conceived to be divine and dimensionless, and hence physically unreal. However, to
i1t von Guericke, the famous Magdeburg mayor and pioneer of vacuum technology, the
f¢ space beyond the material cosmos was real and three-dimensional. In his
colebrated treatise of 1672 on the Magdeburg experiments, Experimenta nova, he
il v ribed the infinite nothingness as an active and powerful entity, as what has been called

i ode to nothing” ™
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Fig. N 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 |
may be corrected’, Ptolemy utters.

Ve dhimcussion e the seventeenth contury of wn il iate o wa indebied to the
ool of e ancrent atormie theory of matter by satial padocophe rssach as Francs Bacon
i Uoeland and Prerre Gassendi m France. The renewed anterest e the atonnsm: of
Eiconocntus and has followers was primarily of relevance to chennstry, butalso included cos
wiolopeal aspeets. Ina book of 1675, the Enghshman dward Sherburne summarized what
f 100k 1o be the essence of atomistic cosmology (see Fig. 14): “The Ancient Philosophers,
Copecially those of Democritus and his School, and most of the Mathematicians of those
fww o asserted the Universe to be Infinite, and to be divided into two chief Portions;
dwreof the One they held to be the World, or rather Worlds, finite as to Bulk and
{ e nsion, bat infinite as to Number. The other Part or Portion, they extended beyond the
Waulids, which they fancied to be a Congeries of infinite Atoms. Out of which not only the
Woalil already made received their Sustenance, but new Ones also were produced.””!

\purt from the extra-cosmic, more or less theological void, was the world also infinite
il eespect to celestial bodies? Thomas Digges, an English mathematician and contempor-
iy ol Iycho, was among those who observed the new star of 1572. An early adherent ol
( upernicanism, he tried to prove the new theory by measuring the annual parallax of the
{1404l utars, but of course he failed. In 1576 Digges added to a book on meteorology written
i, hu father a chapter on cosmology, which included a free translation of the cosmological
(il (1ook 1) of Copernicus’ De revolutionibus. The novelty of ‘A Perfit Description of the
( ueletiall Orbes’ was that Digges did not collect the stars in a sphere, as Copernicus had
Ao but distributed them throughout an infinite universe (Fig. 1.14) Still, he wrote of the

i o being located in a fixed sphere or orb, albeit one ‘reachinge vp in Sphaericall alti-
iy without ende’. Moreover, his infinite starry heaven was ‘the gloriouse court of ye
sieal pod and “the habitable of the elect, and of the coelestiall angelles’. Digges’s universe
“w mlinite in this theological sense, but it is more uncertain whether it was also the first
\ilinile ¢opernican universe in a physical and astronomical sense.” Shakespeare may have
f 0 acquainted with Digges’s works and it has been argued that his world picture enters
il porically in several of the Bard’s plays.”

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

It 1~ 4 matter of some dispute whether Bruno was truly a Copernican. Certainly, his
widerstanding of the Copernican system was poor and at least on one occasion he

sty misunderstood it.*S He had neither an interest in nor suffient knowledge of
wuthemalies to appreciate De revolutionibus and frankly stated that ‘I care little for
i opernicus. The planetary system that he proposed in De immenso had little to do with
 opermicus’, as he put Venus and Mercury on the same epicycle, which, opposite to it,
il carried the epicycle carrying the Earth and the Moon. The proposal lacked any
dlecrvational evidence, a fact that did not bother Bruno the least. He had only disdain for
il atronomers’ 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 (o us,’%
Fach of the nfinite number of carths was inhabited. Without going into details, Bruno’s

Fip |15 william Gilbert's representation of the universe in his De mundo sublunari, published posthumously

m 1651,

e vision included many bold proposals of a kind Copernicus would not have
ilinntted. There is no doubt that he went much beyond Copernicus, but E.on he—contrary
it opernicus and Tycho—could afford the luxury of ignoring o_an?.m:o:w. The specu

litive and non-astronomical features in Bruno’s poetic vision are further illustrated by his
upprestion that there might be other earths revolving around our mE.r !

Iin the years around 1600, elements of Copernicanism appeared in many E.mmnm o,__z_._.._
wrtronomy. One example was provided by William Gilbert, Eo‘ English physician who 14
b Lnown for his pioneering work on lodestones and magnetism, De magnete of :é:.
fiftucnced by Bruno and being a Copernican of a sort, Gilbert mnn%.an_ the diurnal rotat _:___
vl the Parth, whereas he ignored the more important annual revolution. mosdé_.,.%o_.c,m_._ ¢
i+ a-ons to believe that he accepted the system of Copernicus (‘a man most anmans:.m of __.?
vy honour”) at the time he wrote his book on magnetism. He seems to have believed in



an mbimite world where the fixed stars were distabuted at all distaiees teom the Farth,
Rhetorically, he asked if the stars had ever been found to reside 1 a sing e aphicre

No man hath shown this ever; nor is there any doubt that even as the plancts are at vanous 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 spheric 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 oot in support

.__:T.._:..... ____/“._.:___.__.

Fip. [.16  The Paracelsian universe as magnificently depicted in Robert Fludd’s Utriusque cosmi of 1617, T'he
sublunary world of the four elements, governed by the alchemical goddess, is separated from the lower heay
cnly regions. Beyond the sphere of the fixed stars is the upper celestial world. The ape sitting on the ce
liarth symbolizes humans’ poor reflection of divinity.

ol the Copernican world picture, which he tirelessly defended throughout his life. i
ipyproach to celestial problems was decidedly physical and in this respect very different from
ihe 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 licld
In scems to have regarded with a mixture of scepticism and indifference. All the same, the
«uuational discoveries he made with the new optical tube in 1610 and reported in Sidercus
suncius did much to change the picture of the universe. When he turned his primitive tele
o toward the Milky Way he instantly solved a riddle that had occupied astronomers and
iitiral philosophers for two thousand years. The Milky May, he now realized, was ‘nothing
it o congeries of innumerable stars grouped together in clusters’, Galileo’s discovenies
caved preat excitement, and the news was tapidly disseminated throughout learned Furope




Intellectuals and artists excelled in praising the Italian master philosopher. as cxemplified 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 Galileos 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. [n the famous Dialogo, he denied the infinity
ol 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 infirite, 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 e and that Jesus Christ was born in 4 pc,

T s De stella nova of 1606, a0 work discussing w new st that had appeared i the skies
i ol the sphere of the fixed
s He was aware that Bruno and Gilbert had defended the ifinity of the universe, a
notton that filled him with a “secret, hidden horror” and which he was eager to refute. e
Il ewise denied Bruno’s version of the cosmological principle, the claim that the world
loaks the same to every cosmic observer, whatever star is chosen as the vantage point. His
wpuments in favour of a finite world in which the solar system occupies a privileged posi
fion were in part metaphysical, in part based on observations that he thought spoke against
v world filled with an infinite number of stars. The Milky Way and the fixed stars limit our
e, but is it not possible that beyond the limit there is an infinite space, either a void or i
e thinly populated with stars? Kepler discussed the question systematically and his

wwer was a firm no.
l.epler’s early rejection of infinity relied on philosophical reasoning and naked-cyc
witionomy. The picture of the starry heaven changed with Galileo’s telescopic discoverics,
yitihe change only confirmed Kepler in his conviction of a finite world. This he made clear
in issertatio cum nuncio sidereo of 1610, a hastily composed comment on and summary
wocount of Galileo's Sidereus nuncius. In the course of his argument against infinitism, he
i vamined Bruno’s idea of an infinite number of worlds, each of them differing from ours.
Il «laimed that in these other worlds the five regular polyhedra—the geometrical basis of
hii world model described in Mysterium cosmographicum of 1596—would not exist in the
i form as we know them. To Kepler, this was reason enough to conclude that ‘this world
vl o is the most excellént of them all, if there should be a plurality of worlds’.'%?
I.epler returned to the question in later works, in particular in the Epitome astronomiac
i vpernicanae published in three instalments between 1618 and 1621. As Galileo had
liwn, there are numerous stars that cannot be seen with the naked eye. This might be
fw v anse they were too far away from the Earth, or because they were too small to be scen.
I «pler unhesitatingly endorsed the second option, concluding that ‘the visible sky
i cverywhere 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
fivedd stars around it, in which enclosure we are.” He believed that an infinite number
i1 wtars could be ruled out logically, as the very notion was contradictory—*all number ol
ihing 15 actually finite for the very reason that it is a number’,'™ As to the possibility of i
It world immersed in an infinite space, he rejected it on conceptual grounds, using the
\iintoiclian argument that there cannot be space without bodies located in it.
In I'pitome, Kepler not only reconfirmed the finitude of the universe, he also calculatel
i1 120 ' The radius of the sphere of the fixed stars he took to be 60 million Earth radii o
I inlhion solar radii. From this it follows that the volume of space up to the stars was 6+ -
10" L preat as the volume of the Sun. Kepler argued that the volume of the entire stella
jili 1 was merely 8 X 10° times the volume of the Sun, thus ending up with a cosmos in
e b 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
I nplish miles! This implied that the stars were incredibly small bodies, an assertion Kepler
thonpht was supported by telescopic observations (which revealed stars as points, not as
fonind dises). He found this surprising picture of the stellar world to be satisfactory for at
et two reasons, For one thing, af refuted Tycho’s main objection to the Copernican

fwo years carhier, Kepler took up the question of the oxien



system; for another, it showed how radically different the S wis fronn the Teeed stars and
how much more impressive the central body was. Kepler was no less i s worshipper than
Copernicus. ‘Of all the bodies in the universe the most excellent 1 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 ol
vision,. . . called king of the planets for his motion, heart of the world for his power, its eye lor 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. 15

Kepler’s universe was indeed heliocentric.
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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.
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nature_things.html.
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THE NEWTONIAN ERA

i1 Newlon’s infinite universe

f g the seventeenth century, the road to Copernicanism often went through
i witeonism. The famous French philosopher, mathematician, and physicist René
{4 cartes developed an ambitious theory based on matter and motion that purportedly
¢« phuined all natural phenomena, including those in the heavens. The proud motto of later
{ witeian natural philosophers was ‘Give me matter and motion, and I will construct the
sisivee " Cartesian astronomy and cosmology became hugely popular, but at the end of the
«vonteenth century Descartes’s theory was challenged by Isaac Newton’s very different
ivini of natural philosophy. Although Newton’s physics celebrated its greatest triumphs
I tial mechanics, it was also applied to cosmology and provided, for the first time, the
i1 wath o measure of scientific authority based on the universal law of gravity. The
Fiewtomian universe, as it appeared in the early years of the eighteenth century, consisted of
wde of stars spread out over infinite space. While the law of gravitation governed
. cosmos, the true governor was God, who was never absent from the mind of

I 1 elestial vortices

dattig e 1629, Descartes was preparing a comprehensive work on his mechanical
“inolopy when he learned about the condemnation of Galileo’s Dialogo. In a state of

lio | he decided to withhold from publication Lé monde, a cosmological work firmly
fuinided upon Copernican principles. ‘I wouldn’t want to publish a discourse which had a
gl word that the Church disapproved of’, he piously confided to Marin Mersenne, his
fo wined tiiend who was not only a chief scientific intelligencer but also had sympathy for
i pecrncanism.! Nonetheless, Descartes did publish the main part of his cosmology (if
Sl anonymously) in his famous Discours de la méthode of 1637 and also in Principia
(iilosophiae, published in 1644, Le monde, ou traité de la lumiére appeared posthumously
It 1o He claimed that the relativity of motion made the Copernican theory acceptable
{11 an 0 lonmal point of view, whereas as a physically true theory ithad to be rejected.

I cartes’s physics was nothing but geometry and motion, and so was his cosmology. In
I phitosophiae he ambitiously sought to understand nature in purely mechanical
tiiie e arpued that space (or extension) and matter were identical, a doctrine that had
fapontant consequences. First, if space itself is meaningless without matter, there can be no
pemine vacuum. The world is necessarily a plenum. Second, since space cannot vary in
Aoty neither can matter. Yet we do not experience a completely uniform world, but a
woithd with differences between one part and another. The differences, as they appear as



