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1. Greek and Medieval Science

Abstract

What kind of questions did the Greeks ask themselves about the physical universe? We can paraphrase Plato:
the stars move about the earth in circles, the perfect paths, and they move with uniform motion as befits
divine and eternal beings. But five of these stars are planets (Greek for wanderers) which appear to have
irregular motion, first moving forward, then actually stopping, and then moving backward for awhile. Since
the heavens are incorruptible, the planets too must really be moving in uniform motion in circular paths. How
then can we account for the apparently irregular motions? What uniform motions must be hypothesized to
account for the observable wanderings? [excerpt]
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VIII. THE DEVELOPMENT OF MODERN SCIENCE

Man seems not to make constant progress in all the fields
in which he toils. Some eras are marked by great surges of
increased mastery in a particular field and are followed by
times of continued effort with but little additional skill.
Men working in other fields begin to absorb the new knowledge
and to readjust their veiws to accommodate it. The period of
accommodation may be explosive, as we shall see.

The reasons for the seemingly erratic advances are surely

complex. Men live in soc1et1es, and men's interests are colored
by the needs and interests of society. The kind of soc1ety in
which a man Iives influences the kind of questions he asks him-
self. As an example, the sixteenth and seventeenth centuries
were times in which a new approach to science came to fruition
and finally became an important part of Western culture. The
study of nature was not dead from the time of the Greeks until
the Renaissance, but it was disorganized and burdened with
principles which we would no longer call scientific. 1In the
Middle Ages, the principal advances were made in the crafts,

as exemplified by the great cathedrals that were built. Man
learned both to mine and use the metals with new expertness.

He improved his ability to identify and cure disease. 1In spite
of all this, we say that the interval from the Alexandrian
Greeks to the late Renaissance was a period of feeble scien-
tific progress. Why do we believe this? By what criteria do
we conclude that science had a rebirth in the sixteenth century?

Before we can understand what happened in the scientific
world of the sixteenth century, we must know what of the old
was cast aside, what was rediscovered, and what was newly dis-
covered. We cannot hope to review all the aspects of the
scientific revolution. We shall take only a single thread,
choosing to trace Wmﬁﬁmhnersg
and particularly the place of the earth in that universe. This
s‘tory begins with the Greeks, as do most of the stories of
Western man.

1. Greek and Medieval Science

What kind of questions did the Greeks ask themselves about
the physical universe? We can paraphrase Plato: the stars move
/ ,j,abqgt“the earth in 01rcles, the pergect paths, and they move /
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with uniform motion as kefits divine and eternal beings. But
five of these stars are plapets (Greek for wandeiers) which
ppear to have irregular moti Ffirst moving f rd, then
. fefactually qtonnlng“ and then mov1ng backward for awhlleg Since
/Uﬂﬁif the heavens are incorruptible, the plansts too must really be
moving with uniform motion in circular paths. How then can we
account for the apparently irregular motions? What uniform
motions must e hypothesized to account for the observable 7
. s 2, 080 T
wanderings? /%/ﬁﬁvgfdﬁ 7

We note here a typically Platonic approach to a problem j
about the physical universe. Plato set certain metaphysical
conditions on the answer to a physical guestion. Earlier the
Ionians had attempted to explain the motions of the heavenly
bodies without invoking any divimne being. They made little
headway in convincing their contemporaries of the correctness
of their approach. In fact they seem to have scandalized the
citizenry by their omission of the theological view that the
stars were divine. The Pythagoreans wove theology and a mys-
tical reverence for numbers into the study of astronomy, and
only then did the maia stream of Greek thinkers take any seri-

ous interest in the subject. Plato followed the Pythagoreans

in stating that uniform circular motion was divinely ordered

thus was Qurelv the motion of the divine heaveply bodles
Thls view is implicit in the guestion that was posed.

So far as we know, Plato did not attempt to answer his
own gquestion, but Aristotle did construct a theory within the
restriction imposed by Plato. Arlgtotle s theory was geocen-—
tric earth-cante“ed) with the earth moticnless.at the center
oi_;he universe and all heavenly bodleq circling the earth.
The picture is as follows. The earth is placed at the center
of the celestial sphere which contains the fixed stars. This
sphere rotates about the =arth's north-south axis once each
day, accounting for the periodic appearance of the stars. The
sun, moon, and five planets require separate treatment. To
each is assigned a set of interacting spheres whose ordered
motions account for the appa*enf wanderings. These spheres,
one inside the other and each centered at the earth, rotate
about different axes to account for the fact that these seven
bodies do not rise and set at the same point on the earth's
horizon. Aristotle's theory is depicted by the diagrams in
Figure I.

The moon's sphere, the nearest to the earth, marks the
boundif?wggfﬁ§én tkachangeable,‘"‘perfect region of the anl-
verse and the unchangeable, perfect region. Within the moon's
sphere the imperfect matter consists of mixtures of four ele-
ments: earth, water, air, and fire. Every body contains some
of each of ,é elements, and that element which predominates
determines the physical properties of the body. For instance,
each element has its "natural” position, fire and air above,
earth and water below. Thus, the steam rising from a pot of
boiling water is due to the introduction of the element fire
whose natar 3 OSlthg is up. When the steam cools;&izifflre
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(a) Aristotle's view of the positions of the earth, moon, sun,
five planets, and the fixed stars. ,

(a) Aristotle's scheme for planetary motion. Planet P is
fixed on sphere A centered at the earth E. Sphere A rotates
uniformly about the axis (a) through E and fixed rigidly to
sphere B. S8phere B rotates uniformly about an axis (b) which

is fixed rigidly to sphere C, etc.
| FIG., I, ARISTOTLE'S THEORY

.
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leaves. The steam condenses to water and again falls to its
natural position. As the quantity of an element present in a
body determines the swiftnéss with which the body returns to

{fé natural position, the heavier solid bodies fall more rapidly.
In fact, the nearer to their natural positions bodies get the
faster they move, rather like a traveler who moves more and more
rapidly as he gets closer to home. i%@&a%¢' ﬁ,/w&a(x

A brief aside is called for here. That Aristotle's phys-
ics does not coincide with our own today is no cause for be-
littling Aristotle. Aristotle's physics-.was-built largely on
qualitative principles Wthh afforded little place to the ideas
of measurement and quantity. Aristotle was a_ clas51f1er rather
than a measurer. As we shall see, our present prlmary “criterion ﬁ
for a scientific theory is that it accurately describe the phe=_

nomenon under study and predict quantitatively what will follow fz::%
from a given set of conditions., Aristotle on the other hand g

wanted each principle to fit consistently into the entire hier-
archy of his philosophical system which encompassed far more
than we would include under the heading of science. The valid-
ity of a principle in the broad realms in which it was meant to
apply was for Aristotle much more important than the detailed
predictions which followed from the principle in the narrow
region of the physical sciences.

In the fourth century B. C. Alexander the Great conguered
Greece and the Near East and proceeded to Hellenize the subject 7
peoples. He built the city of Alexandria in Egypt, and that ... =
city became the center of Greek intellectual life under the o/~
leadership of Alexander's successors. A museum and a library ﬁf.uufd“
were built, and these served as the focus for an assemblage of
scholars which likely has never been rivaled. While the Alex-
andrian scientists made remarkable theoretical advances, they
were not above considering practical problems. .Mechanical de-
vices such as pulleys, tackles, pumps, and gears were in common
ygg‘ Steam power was used to move floats in religious proces-
sions. Even slot machines were in vogue to operate organs,
temple doors, and to dispense holy water.

Alexandrian scientists gave enormous impetus to astronomy

and its allied studies. They calculated the radius of the
earth and the distance from the earth to the moon. Advances of
this nature were possible only because geomg and tri

.V ed, the latter largely by Hipparchus (lived
about 150 B. C. ) ‘who made many of the astronomical measurements
himself and who employed latitude and longitude to find points on
the earth's surface. The contributions to map making and navigation
stemming from this work can hardly be overestimated.

The astronomy that was developed by the Alexandrians came
to the West through Arab translations of the Almagest of Claudlus

ﬂ“/?%w%w/ ﬂd{m&aﬁlﬁé&?ﬂ”””@fﬂé“%szu< iﬁuﬁﬁéﬂnmﬂakz aad/
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Ptolemy (c. 90-168). We do not know exactly how much of this
work is Ptolemy's and how much is a compilation of work already
done by others. We do know that Hipparchus contributed signif-
icantly. The Ptolemaic picture is a modification of Aristetle's,
retaining the feature of uniform circular motion. The earth is
still thought to be at the center of the universe and stationary.
The innovation rests in what is called epicyclic motion. This
is illustrated in Figure II (a). Let E be the position of the
earth, and let the point A move around its circle (the defer-
ent) with a uniform speed. The point P represents the position
of a planet which moves on a second circle which always centers
at A. The latter circle is called an epicycle. The sizes of
the circles and the rates at which their circumferences are de-
scribed may be entirely independent of each other.

This ingenious scheme allows the explanation of two dis-
turbing phenomena of the heavens. Eirsi&, the planets seem to
go through the retrograde motion we.have. already discussed.
Second, at some " times the heavenly bodies appear closer to the
earth than at other times. The retrograde motion can be de-
scribed neatly by means of epicycl@s as shown in Figure II (b),
and the eccentricity of a path by the same means is shown in
Figure II (c). Actually Ptolemy needed a more complex scheme
than this to give an accurate description of the observed mo-
tions, so he put epicycles on epicycles. As later modified,
the P ic_scheme needed about eighty ClT‘(‘1 es—to—account for
the motions of the sun, moon, and five Known planets In ad—"
ﬁf%?ﬁﬁ"Pfolemy violated one of the original conditions as stated
by Plato, namely that the earth was the center of the universe.
In order to get better agreement with the observed motions, he _
constructed some of his deferents so that they were not con-
cg\;rlc w1th the earth,

Ptolemy's system accounted for the motions as well as they
could be measured with the instruments of the time. His work
became the basis for navigation. And to a large extent it still
is, since for navigational purposes we are primarily interested
in the apparent motions of the planets and stars.

We can see that the system of epicycles rapidly becomes
complex, as more epicycles are added, and it is difficult to
picture clearly what kind of motion might result from the simul-
taneous application of several epicyclic motions. But mathemat-
ical complexity did not bother the Greeks. In fact they reveled
in it and admired the man who could grasp the mathematical sub-
tleties of such a theory.

Here then was the ultimate answer to Plato's question. The
Ptolemaic theory represents the highest point of Greek astronomy
It could have been constructed only by a people who coupled a
mastery, of the mathematical disciplines with a creative imagina-
tion. (Ptolemy's theory also represents the conviction that the
physical universe is rational rather than caprlcious, and that
being rational 1t is understandable to man. Thl§_¥lem¢ﬂPOSSlhly

Aﬂ/uzﬁ",w ‘,/,f;g/ Loptllcr v T ativalil; dadt. (ama ) pAIVEE LRy o gl
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7

(a) EPICYCLIC MOTION

(b) RETROGRADE MOTION IN
EPICYCLIC MOTION

() P @ | (c) ECCENTRICITY OF PATH
! | IN EPICYCLIC MOTION
W\ y

5\

FIG, II. PTOLEMY'S THEORY
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more than anything else, is the Western heritage from Greek
scientific thought-

Alexandrlan Greek culture and its creative science declined.
The fire begun by Julius Caesar to destroy the Egyptian fleet
spread to the city and burned part of the great library. There
followed a series of similar catastrophies in which most of the
collection was lost. It had been gathered over a period of
centuries and is estimated to have contained from 500,000 to
700,000 manuscripts. An attempt was made to replace the de-
stroyed works, but the loss was irreparable. Later Alexandria
became a center of Christian thought; and when the Roman Emperor
Theodosius the Great permitted the destruction of heathen tem-
prles, a mob of Christian fanatics destroyed much of what was
left of the library in 391. There is some question whether the
Moslems finished razing the library when they conguered the city
in 641, but there is no question that by that time the great
work of the Greek scientists at Alexandria had lost 1ts influ-
ence on Western thought.

While the Romans had every opportunity to carry on where
the-Greeks. - ; f in -seience t. In writing a
history of the great ideas in mathematics, physics, and astron-
omy no mention need be made of the Romans. They con51dered
themselves practical-men., and. in fact they were exXperl ngi
eers. They were interested in particular,
but not in abstractions or in theoretical science W1th its
general principles. As a counsequence they missed the Greek
spirit of science entirely, and failed to realize that theoret-
ical mathematics and science form the fountainhead of ideas
which permit the solutlon of even the most practical problems
In spite of this, ‘ -

%ngggiégéys who translated Greekwdocumentsh1ntowtheir own
anguages The Arabs also made-eentributions of their own,

principally in mathematics and medicine, which were eventually
to become part of Western thought. |

As the Roman Empire crumbled and finally fell, the Chris-
t took over most of the intellectual leadership of the West.
In the rush to Christianize the barbarians, they §gﬂ“namneedmto
stress the ideas of Greek thought Some_even trled to w1pe out
every remnant of misleading and confusing p: 1 4
This effort was crowned with great success. In place of using
the rational Greek astronomy and cosmology, they interpreted
the Scriptures literally for scientific purposes. The Scrip-
tTures were even used to refute the contentions of Greek astron-
omy, even the idea that the world was a sphere. Insisting that
the earth has a "face" and "four corners," some concluded that
it wasmilat They also pictured the earth to be at the bottom
of the "world" as a consequence of its great weight. They saw
the skies as a tent or as a cylindrically shaped vault.. They
convinced themselves that the tabernacle which Moses built in
the wilderness was designed after the pattern of the universe.
All this was put down in a complete cosmology by one Kosmos near

the mfdale of the s1xth century L
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It is likely that Xosmos was originally from Alexandrisa,
the very ground on which walked the giants of Greek science,
Kosmos became a monk, and though he never rose to high office
in the Church, his arguments were tacitly accepted. His work
won popular acclaim and an audience for centuries. He toc
believed that the tabernacle was a true model of the universe.
From the fact that the TA [ the tabernacle was a rectangl
twice as long as wide and was oriented in Bn €3ST-WeST direction,

1m
¢J;ggaug;gg§d that the earth too was a reg;&gg;e with its long
side twice the length of the short and with its long sides
lentea 1in the ea¢f~wmst direction. Outside the earth there

was water and then another eartH, the site of Paradise. Then
rose the four wallgs of the universe topped by a cylindrical
dome. One modern author 1lxeﬁs the whole thing to "a_traveling
trunk with a carVggmgid The entire universe was divided in
two. The stars, sun, and moon were carried in their courses by
the angels below th) dividing lire Akove, comparable to beyond
the veil of the t*bulnirl%u was heaven, the final home for the
saved. Kosmos ridiculed the idea that men could be hanging by
thelr feet izﬂm the bottom side of the earth.
S R R S—

S

The Eastern Church was more prone to these dogmatic notions
of the structure of the universe than was the Western, although
the leaders of the Western Charch never felt themselves called
upon to correct any “of these views, if in fact they thought them
to be in error. The collapse of the science of astromomy during
these years can be understood omnly in the light of the intel-
lectual climate of ear medieval Europe. The good Christian
of that era had little interest ip The patural sciences or even
iﬁ‘fﬁé‘gfﬁa?'of the Q1m IZst events of nature that _surrounded

him,  His deéper thagghta were fixed on heavenq “where he heoped
to spend all of eternity. He believed that God was principally
concerned with man, amnd he viewed the fruits of this world as
serving man's, and hemce God's, purposes, The purpose of the
sun was to warm man., Raln existed to slake man's thirst and to
insure good crops.

By abkout the ninth century most of the learned men in the
West had returned to the astronomy of the Greeks, and accepted
the spherical shape of the earth. The Greek works themselves
were not yet known, but many of the Roman writings in circula-
tion carried fragments of Creek science. In the twelfth century
the Arab translations of Aristotle became available througir the
Moors, and these too were 1ncorporated into the astronomy of
the times. At the same time the éggblc number system with its
symbols for zero and the first nine integers was introduced, but
it was not to have common scientific use until the end of the
fourteenth century.

As we have seen, the Church finally adopted Aristotleﬁ' His
science and phlloqoghy began to be woven into the cloth of

Christian dogma. ThomaS Aguinas (c. 1225-1274) completed the
synthesis by asserting that there were two kinds of truths, the
supernatural and the natural. These he held were distinct,
supernatural truth being attained by revelation and natural
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truth by reason. By accepting both means, although holding
supernatural truth supreme, he was able to join the pagan
Aristotelian ideas with the Christian theology. Aristotle's
physics; through Thomas® interpretation, became the Christian
authority on questions dealing with nature.

Dissent to this trend existed at scattered points but was
drowned in the flood of esteem afforded Aristotie. Roger Bacon
(c. 1214-1294) made AQQég_ﬁcldgtlilc contribution,
recognized the potentia i thematics along with experi-
mentation.had for the study Qf Lﬁ$urﬁ He also recognized that
parts of the 0ld Testameni contradicted the best scientific
evidence then available, and he suggested a thorough scientific
investigation into these matters. As we have seen, his was a
voice in the night. He had little if any influence on the gen-
eral trend of scientific thought during his lifetime. We can
only guess the contriktutions he might have made had he lived in
a different atmospbere.

Probably the cosmology of Dapte (1265-1321) as it is de-
scribed in his great work Dlvine Comedy, i§*£§9r§§entat11§mgi

terpretatlons of the work of poets, there is good reason to
believe that Dante’'s description represents his literal notions
about the heavens and the place of the earth. A representation
of Dante’s conception of the universe is shown in Figure III.

We have reviewed the history of Western man's pictures and
theories of the universe up to the Renaissance. During the
Renaissance rumblings were heard against the authoritarian hold
that the Church had on the intellectual life of the West. But
the Church successfully maintained its position by restraining
free thinkers in one way or another. Leonardo da Vinci (1452-
1519) had scientific views that were well beyond hlS gége& but
he was wise enough (from his personal p01nt of view) to refrain
from making Hig” veliefs commounly Known. But thern”igwﬁ“”ﬁﬁes—'
tion that da Vinci and others like him succeeded in clearing
some path for those who were to carry the kanner of unfettered
scientific inquiry. sometimes reluctaatly, into open combat with
those who would suppress it in the name of authority.

While the rediscovery of classical thought brought scien-
tific information that was uew to Westérn man, more important it
helped make possible a new spirit of approach to scientific
problems Although the humanists contributed to a better under-
Standing of Greek science by preparing more accurate editions of
classical works, they too set up new authorities to be slavishly
followed. The scholastics dominated the scene, and they were
interested in constructing systems of knowledge that would be
all inclusive., They were not observers of nature for the most
part, but they were speculative thinkers who used the tool of
deduction with a high dqgree of agility. Thoy based their con-
jectures on Arlstotle, as interpreted for Christians, and ap-
pealed to such authority to prove their contentions. Experimental
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THE EMPYREAN
PARADISE
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FIG. III. DANTE'S VIEW OF THE UNIVERSE
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s01ence had few practltloners 801encgmhggamgmggggl , and a

L AT A

An example of the new freedom of the mind that grew out of
the Renaissance can be found in the bold attacks that were made
on the Aristotelian and Ptolemaic theories of the universe. We
shall illustrate the transition into modern science largely
through the works of four men: Copernicus, Gali er
aﬁa“Newton No claim i1s made for completeness, for these four

ependent on untold numbers of other scientists and philos-
ophers But by reviewing some of the labors of these men we
shall be able to see the change in the very questions man asked
himself about nature and the resistance met by the new questlons
and their answers.
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