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Developments in geocentric astronomy

Astronomy in India

Indian astronomy has a rich history, right up to modern times.
1

The Vedic
religion, from which modern Hinduism has developed, is one of the earliest
religions recorded in written form (the language being Sanskrit) and the Vedic
literature contains many references to the heavens and their divine qualities. The
earliest astronomical text – the Vedāṅga Jyotis. a – dates back to around 1200 BC.
It is clear from the use of numerical periods determined by the Babylonians that
the two civilizations were in contact and, from the use of epicyclic mechanisms,
that at some time between Hipparchus and Ptolemy aspects of Greek astronomy
were transmitted to India, though the precise mechanism is uncertain. That this
happened before Ptolemy can be deduced from the fact that the lunar theories of
the Hindus show no evidence of Ptolemy’s modifications to Hipparchus’ theory.

Two different approaches are evident in early Hindu astronomy. First, there
were arithmetical methods similar to those developed by the Babylonians and,
second, there were the trigonometric methods based on Greek geometrical con-
structions. Examples of the former type can be found in the Pañca Siddhāntikā,
written in about AD 550 by the Indian philosopher, astronomer and mathemati-
cian Varāha Mihira. Just as in Babylonian astronomy, these Hindu models could
be used to compute longitudes at discrete times and underlying the techniques
were zigzag functions, but the actual formulation was quite distinctive. In order
to illustrate these Indian arithmetic models we will consider the motion of the
Moon.

2

1
A detailed account of the history of mathematical astronomy in India from its beginnings
through to the sixteenth century is given in Pingree (1975) and Balachandra Rao (2000)
provides a comprehensive summary of the algorithms that were actually used to determine the
positions of the Sun, Moon, and planets.

2
For further details, including theories for Jupiter and Saturn, see Abraham (1982).
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86 Developments in geocentric astronomy

The anomalistic month (the average time it takes for the Moon to return to
the same speed) was taken to be 248 padas (a pada being one-ninth of a day).
This value is extremely accurate (see Table 1.1, p. 7) and was also used by
Babylonian astronomers. This month was divided into two equal parts, with
the Moon’s speed increasing during the first half and decreasing during the
second. For the first half, the longitude of the Moon after each pada was given
(in degrees) by the quadratic formula

λ(p) = p

(
1 + 1094 + 5(p − 1)

3780

)
, p = 0, 1, . . . 124,

and then for the second half of the anomalistic month by

λ(124 + q) = λ(124) + q

(
1 + 2414 − 5(q − 1)

3780

)
, q = 0, 1, . . . 124.

Since there are 9 padas in 1 day, the daily motion of the Moon in the first half
of the month is given by

D(p) = λ(p + 9) − λ(p) = 117

10
+ p

42
,

an increasing linear function of p, and so the difference between successive
daily motions is constant (D(p + 9) − D(p) = 3/14). A similar calculation for
the second half of the month shows that the daily motion is then a decreasing
linear function of q (though there are minor complications around the end and
the middle of the month) and so the effect of the model is to produce a zigzag
function for the variation in the daily motion of the Moon. The maximum and
minimum daily motions according to this theory are 14◦ 39′ 9′′ and 11◦ 42′,
respectively.

Early Indian astronomy based on Greek geometrical models is best known
through the Sūrya Siddhānta, one of several similar works of unknown author-
ship written around the fourth century. The basic mechanism of Hindu plane-
tary astronomy in works such as this was an epicycle on an eccentric deferent,
which is consistent with the idea that the knowledge came from Greece between
the time of Hipparchus – who had no geometrical planetary theory – and of
Ptolemy – who used epicycles on eccentric deferents together with the equant
construction.

3
However, we also find an imaginative modification that seems

to have been an indigenous invention. In Āryabhat.a’s Āryabhat. ı̄ya (written in
about 500), the author makes the eccentricity of the deferent and the radius of

3
A thorough discussion of the transmission of Greek planetary models to India can be found in
Pingree (1971). The parameters that actually were used in these geometrical models were
probably of Babylonian origin (see, for example, Abhyankar (2000)).
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Islamic astronomy 87

the epicycle vary periodically between two (not greatly different) values. Hindu
latitude theories were very basic, indicating that the complex latitude theories
of the Almagest did not develop over a long period prior to Ptolemy.

The biggest influence of the Indian civilization on the evolution of Western
mathematical astronomy, however, came not from the arithmetical or geomet-
rical models that were employed, but from the development of new mathe-
matical tools. When using the Greek chord function in astronomical calcula-
tions, astronomers often had to deal with half-chords of double angles. Indian
mathematicians realized that it would be simpler to tabulate the half-chords
themselves; these are our modern sines (though, of course, they still referred
to lengths rather than ratios). The Āryabhat. ı̄ya contains a description of the
construction of a sine table for the angles 0 to 90◦ in steps of 3◦ 45′, and
Brahmagupta (seventh century) devised fairly accurate methods of interpola-
tion based on what we would now call ‘second-order differences’.

4
Of perhaps

even greater long-term significance was the emergence of the decimal place-
value number system for integers, including the use of a symbol for zero. The
origins of this system are unclear, but it was in use in India in the eighth century.

Islamic astronomy

Ptolemy was one of the last great scientists of antiquity, and in the centuries
following his death Greek scientific activity declined in both quality and quan-
tity. When the Muslims conquered the lands surrounding the Mediterranean
in the seventh century, they would have found the records of 1000 years of
Greek intellectual thought, but they would not have encountered much ongoing
scientific inquiry.

After a couple of centuries of rapid expansion, the Islamic civilization set-
tled down and scholarship began to flourish. From the eighth to the fourteenth
centuries, most of the advances in astronomy were achieved by scholars in the
Middle East, North Africa, and Moorish Spain. This work crossed religious and
ethnic boundaries, with contributions from, among others, Arabs, Iranians, and
Turks, and from Muslims, Jews, and Christians. Islamic scholarship explored
all branches of knowledge and built on not only the traditions of Greek science
and philosophy, but also those of Persia, India, central Asia, and to some ex-
tent, China. The unifying feature of this endeavour was the Arabic language,
which was very flexible so that it was possible for translators to create the

4
Described in Katz (1998), pp. 212–15, for example.
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88 Developments in geocentric astronomy

necessary technical vocabulary. Greek works were translated into Arabic from
the late eighth century onwards, including those of Galen, Aristotle, Euclid,
Archimedes, and Apollonius. The Almagest was translated several times, an
excellent translation being made by Ish. aq ibn H. unain – the son of one of the
first leaders of the Academy set up in Baghdad called the ‘House of Wisdom’ –
and this was edited later by Thābit ibn Qurra in the latter half of the ninth cen-
tury. Ptolemy’s Planetary Hypotheses, Tetrabiblos, and substantial parts of the
Handy Tables were also translated.

5

The Islamic civilization contributed a great amount of theory, computation
and instrumentation to astronomy, but it did not provide many observations
for later use because, by and large, Islamic astronomers followed Ptolemy’s
procedures for obtaining planetary parameters from a limited number of selected
observations. Many astronomers produced works, each known as a zı̄j, a word
used originally to mean ‘a set of astronomical tables’ (of which the Handy
Tables was the prototypical example) but which was later used to refer to any
astronomical treatise. Many of these works survive to this day.

6

Perhaps the first zı̄j to appear in Arabic was based on the Siddhānta of Brah-
magupta, which was probably translated in the 770s. It is, however, doubtful
that the Arabs would have had the necessary expertise to make much use of the
tables until they had become familiar with Greek geometrical methods. Other
Sanskrit works such as the Āryabhat. ı̄ya of Āryabhat.a were translated around
this time and would have been the authority on astronomy until the Greek works
became available. From these texts the Arabs became aware of Hindu mathe-
matical advances in areas such as trigonometry and numeration.

Arabic mathematics came of age with the work of al-Khwārizmı̄, an early
member of the House of Wisdom. His great influence on the development of
mathematics comes from his H. isāb al-jabar wa-l-muqābala, written in about
825, which contains the beginnings of the subject now known as algebra,
al-jabar referring to the operation of taking a subtracted quantity from one
side of an equation to the other and al-muqābala referring to the operation of
subtracting the same quantity from both sides of an equation. Al-Khwārizmı̄ is
also responsible for introducing the Hindu decimal numeration system, includ-
ing a symbol for zero, to the Arabic speaking world. He described algorithms
(the word being derived from his name) for using these numbers to perform the
basic operations of arithmetic. Al-Khwārizmı̄ compiled a zı̄j containing tables
constructed largely from Ptolemy’s theories, though also incorporating aspects

5
The period of translation is described in detail in O’Leary (1948), Chapter XII (see also
Kunitzsch (1974), Toomer (1984), p. 2, for more information on translations of the Almagest).

6
They have been catalogued by Kennedy (1956b).
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Technical modifications to Ptolemaic astronomy 89

of Indian and Persian astronomy. This work set the style for future Islamic as-
tronomy and was influential in Europe in the Middle Ages after it was translated
into Latin in the twelfth century by Adelard of Bath.

The Almagest was very difficult to get to grips with, and a number of new
manuals of theoretical astronomy appeared, one of the most influential of which
was by al-Farghānı̄ (known in Latin as Alfraganus), who was employed by the
caliph al-Ma’mūn, the ruler in Baghdad between 813 and 833. Al-Farghānı̄’s
work usually is known by the title Elements of Astronomy and was a com-
prehensive summary of Ptolemaic astronomy that was entirely descriptive and
non-mathematical. It became very popular as a textbook and was the primary
medium by which knowledge of Ptolemy’s work spread until the sixteenth cen-
tury. Al-Farghānı̄ recomputed the distances of the planets from the Earth based
on the parameters in the Almagest, exactly as Ptolemy had done in the Plan-
etary Hypotheses. He arrived at values similar to Ptolemy’s but, conveniently,
the philosophically unacceptable gap between Venus and the Sun had disap-
peared. It was Gerard of Cremona’s translation into Latin of al-Farghānı̄’s work
in the twelfth century that was the main source of knowledge about Ptolemaic
astronomy Dante used when writing his Divine Comedy, and John of Seville’s
translation a few decades earlier formed the basis of Johannes de Sacrobosco’s
On the Sphere, which went through more than 200 editions and was used at
universities throughout Europe until the early seventeenth century.

7

Technical modifications to Ptolemaic astronomy

In Ptolemy’s theory, the motion of the Sun plays a fundamental role in deter-
mining the motion of all the other heavenly bodies, and so all of the calculations
in the Almagest are based on the parameter values Ptolemy used for his solar
theory. Ptolemy failed to improve on the values of Hipparchus and so used
23◦ 51′ 20′′ for the obliquity of the ecliptic, 365; 14, 48 days for the length of
the tropical year, 65◦ 30′ for the longitude of the solar apogee, and 1◦ per century
for the value of precession. Islamic astronomers had one great advantage over
their Greek predecessors: they could compare their observations with those of
others who had lived over 1000 years previously. Thus, they had a much better
chance of discovering small irregularities only discernible from observations
collected over a long period of time. Two of these irregularities discovered in the
ninth century were the variation in the obliquity of the ecliptic and the change

7
The size of the cosmos, as described by al-Farghānı̄, can be found in a number of medieval
works of popular literature (see van Helden (1985), pp. 37–9).
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90 Developments in geocentric astronomy

in the ecliptic longitude of the solar apogee, and the astronomers responsible
for the discoveries were al-Battānı̄ (known in Latin as Albategnius), and Thābit
ibn Qurra, two of the most influential of the early Islamic astronomers. Both
were quoted by a number of later Latin writers.

The interest of Islamic astronomers in the variability of the obliquity goes
back to the mid eighth century – which is quite surprising, since the change
(approximately 1/2′′ per year) was of no practical use. Al-Battānı̄ measured the
obliquity in his day as 23◦ 35′, which is in line with modern theory, and Thābit
used 23◦ 33′. If the value used by Ptolemy was accurate, and most astronomers
believed that it was, the obliquity clearly had decreased since the second century,
but the implied rate at which it had changed was exaggerated by the fact that
Ptolemy’s value was about 10′ too large.

In 831, Thābit ibn Qurra found the longitude of the solar apogee to be 82◦ 45′

and recognized that the change in apogee could be attributed to precession.
Since the increase in longitude of the stars since Ptolemy’s time as a result
of precession was similar to the change in longitude of the solar apogee, he
believed that the solar apogee, like that of all the planets, remains fixed with
respect to the stars, and Thābit thus used the sidereal year rather than the tropical
year as the basic period of his solar theory.

8
Similar conclusions were reached

by al-Battānı̄, who found 82◦ 17′ for the solar apogee. Both astronomers also
found new values for the eccentricity of the deferent of the Sun and constructed
new solar tables.

Due to the fact that different astronomers had computed different values
for precession, and in particular due to the inaccurate value used by Ptolemy,
Thābit believed that the precession of the equinoxes was not a linear function
of time as Ptolemy had supposed, but that it varied periodically. This led him to
propose his influential ‘trepidation’ theory, a consequence of which is that, not
only is the rate of precession variable, but the obliquity of the ecliptic is also a
periodic function of time.

9

Thābit’s theory is illustrated schematically in Figure 4.1. The celestial equa-
tor is ARB, A and B being diametrically opposite points, and the fixed mean
ecliptic is AQ B, Q being midway between A and B. The mean ecliptic makes
an angle ε = 23◦ 33′ with the equator (it is exaggerated greatly in the figure).

8
The solar apogee actually is not fixed with respect to the stars but possesses a very slow steady
motion. This was discovered in the eleventh century (see p. 97).

9
His theory is described in his treatise entitled On the Motion of the Eighth Sphere, that has been
translated into English with a commentary by Neugebauer (1962) and is discussed in Goldstein
(1964). Thābit was not the first to suggest that the rate of precession was variable, theories
incorporating non-constant precession were known to, for example, Theon of Alexandria
(fourth century) and Proclus (fifth century) and were incorporated into early Indian astronomy
(Pingree 1972).
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Technical modifications to Ptolemaic astronomy 91

Fig. 4.1. Thābit ibn Qurra’s theory of trepidation.

Two small circles, each with a radius of 4◦ 18′ 43′′, are centred at the points A
and B and a point C is chosen on the circumference of the circle centred at
A, with the diametrically opposed point D on the other small circle. The great
circle C Q D is the movable ecliptic and, as C rotates around A, the ecliptic
plane oscillates, Q and Q′ being fixed points. The points at which the movable
ecliptic crosses the equator are the equinoxes, and the position of the equinox,
the mean position of which is A, varies between E and E ′. Similarly, the obliq-
uity has its mean value when the equinox is at A and has its maximum value ε′

when the equinox is at E ′. The stars have fixed longitudes with respect to the
movable ecliptic.

10

The theory of trepidation was used extensively by later Islamic and medieval
astronomers, but it was not to everybody’s liking. Al-Battānı̄ devoted a special
chapter of his zı̄j to refuting it, instead arguing for the traditional linear theory
of precession at 1◦ in 66 years, or 54.5′′ per year. Al-Battānı̄’s zı̄j is regarded by
some as one of the most important works on astronomy between Ptolemy and
Copernicus, and was translated into Latin by Robert of Chester in the twelfth
century. The first part is modelled closely on the Almagest, the second part on

10
Implementing such a scheme in astronomical tables was no easy task and it appears that most
astronomers, Thābit included, used procedures which only approximated the true geometrical
picture (see North (1967)).
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92 Developments in geocentric astronomy

the Handy Tables. As was fairly typical in Islamic astronomy, the solar theory
of Ptolemy was refined considerably, but the lunar and planetary theories were
left untouched. Al-Battānı̄ improved on Ptolemy’s value for the obliquity of the
ecliptic, the solar mean motion (and, hence, the precession of the equinoxes),
the eccentricity of the Sun, and the longitude of its apogee. He also introduced
developments in trigonometrical techniques by replacing Greek chords with the
sines (imported from India) and introducing cosines.

The method used by Ptolemy for finding the distance of the Sun in terms
of the radius of the Earth was the basis of all future attempts for well over
1000 years. The earliest surviving redetermination of this distance is that of
al-Battānı̄, and his result for the mean Earth–Sun distance is 1108 Earth radii,
which compares with Ptolemy’s value of 1210.

11

The influence of al-Battānı̄’s work, which has probably been studied more
carefully than that of any other Islamic astronomer, can be seen from the fact
that Peurbach in the fifteenth century and Copernicus in the sixteenth quote him
often, particularly on matters of solar motion and precession. References to al-
Battānı̄ can be found also in the works of Tycho Brahe, Kepler and Galileo.

12

The close relation that still existed between astronomy and astrology is evident
from the fact that al-Battānı̄ also wrote a commentary on Ptolemy’s Tetrabiblos.

The work of Thābit ibn Qurra and al-Battānı̄ raised the level of awareness
among Islamic astronomers. In particular, they began to appreciate the inade-
quacies of the parameters used in the Almagest. This led to numerous attempts
to improve on Ptolemy’s values so as to produce more accurate tables, and also
to a much greater interest in the theoretical aspects of Ptolemy’s geometrical
schemes.

Developments in trigonometry

The last great representative of the House of Wisdom in Baghdad was the tenth-
century astronomer and mathematician Abū al-Wafā.

13
He made significant

11
See van Helden (1985), p. 32. Copernicus later based his own determination on parameters
adapted from al-Battānı̄ (see Swerdlow (1973)).

12
In his L’ histoire de l’astronomie du moyen âge (1819), Delambre devotes fifty-three pages to a
thorough analysis of al-Battānı̄’s zı̄j, but the best modern work is held widely to be the Latin
translation and commentary written by C. A. Nallino between 1899 and 1907.

13
Abū al-Wafā wrote a major astronomical work that was modelled on the Almagest but which
did not introduce anything essentially new to theoretical astronomy. He was, however, credited
by the nineteenth-century French scholar L. Sédillot, with discovering the so-called variation
of the Moon, though this view has subsequently been shown to be false and Tycho Brahe has
been reinstated as the true discoverer of this phenomenon.
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Developments in trigonometry 93

Fig. 4.2. The rule of four quantities.

achievements in the development of spherical trigonometry and the construction
of trigonometric tables that were more accurate than those of Ptolemy. One result
that facilitated calculations with right spherical triangles was what has become
known as the ‘rule of four quantities’, illustrated in Figure 4.2. If AC B and
AE D are right-angled spherical triangles with a common angle at A and right
angles at C and E , then

sin BC

sin AC
= sin DE

sin AE
.

A result of perhaps greater significance was the sine theorem for spherical
triangles, which states that in any spherical triangle ABC ,

sin a

sin A
= sin b

sin B
= sin c

sin C
.

This result (which interestingly predates the sine theorem for plane triangles)
simplified greatly the solution of many problems involving oblique spherical
triangles, because it removed the need for decomposing them into a number of
smaller right-angled ones.

The sine formula for spherical triangles was used to good effect by the famous
Islamic scholar al-Bı̄rūnı̄ with his solution to the qibla problem, this being to
determine the direction in which Mecca was closest from a given location on
the Earth, i.e. along a great circle. Thus in Figure 4.3, in which P represents
one’s own position, M is Mecca, and PN the north pole of the Earth, the required
angle is θ .

One of al-Bı̄rūnı̄’s solutions to this problem was as follows.
14

The latitude and
longitude of one’s own position (α, γ ) and of Mecca (β, δ) are assumed known.
We then have PN P = 90◦ − α, PN M = 90◦ − β and � P PN M = δ − γ . The
sine formula is not immediately applicable to the spherical triangle P PN M , but
al-Bı̄rūnı̄ devised a solution procedure that involved a sequence of triangles for
which the sine formula could be used. The technique is illustrated in Figure 4.4,
which is a view looking down on the Earth from directly above the position

14
See Katz (1998), p. 279 (see also Kennedy (1984) and references cited therein).
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94 Developments in geocentric astronomy

q

N

Fig. 4.3. The qibla. The observer is at P , M is Mecca, PN is the north pole.

q

N

Fig. 4.4. Al-Bı̄rūnı̄’s solution to the qibla problem.

P . Thus, AN I DSE is the horizon circle for which P is the pole. The horizon
circle for which M is the pole is AB HCG D. Two further great circles are
shown both passing through M . First, M FG is the horizon circle for which B
is the pole and, second, M PN H is the great circle passing through Mecca and
the north pole. The solution procedure involves three applications of the sine
formula and one application of the rule of four quantities.

We begin by applying the sine formula to the triangle PN F M , noting that
� M PN F = δ − γ , PN M = 90◦ − β and � M F PN = 90◦. Thus,

sin M F = sin(δ − γ ) cos β.
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Developments in trigonometry 95

Hence, arc M F is known, and then so is FG = 90◦ − M F . Since FG is part
of the horizon circle the pole of which is B, we know that � PN B H = � F BG =
FG. This then permits the application of the sine formula to the right-angled
triangle PN B H (in which PN H = β):

sin PN B = sin β

sin FG
.

Thus, PN B is now determined, and since PN N = α, immediately we get B N =
α − PN B and B P = 90◦ − BN. Next, we use the rule of four quantities on the
triangles B PC and B FG, noting that B F = 90◦,

sin PC = sin P B. sin FG.

The quantities on the right-hand side are all known, so PC and then C I =
90◦ − PC can be determined. Finally, we use the sine formula on triangle
B AN . As A is the pole of E M PC I , we have � B AN = � C AI = C I , and so

sin AN

sin � AB N
= sin B N

sin C I
.

Now � AB N = � PN B H and the right-hand side is known, so AN can be de-
termined. The qibla can then be calculated since θ = NE = 90◦ + AN .

Al-Bı̄rūnı̄’s interests ranged over virtually all the branches of science known
in his time. He studied Aristotle closely at an early age and engaged in a fairly
acrimonious exchange of letters with the philosopher Ibn Sı̄nā (known in Latin
as Avicenna), arguably the most famous of all Islamic scientists. Al-Bı̄rūnı̄ sent
Ibn Sı̄nā a series of questions attacking Aristotelian natural philosophy, pointing
out that many of its tenets had scant justification. As just one example, al-Bı̄rūnı̄
wrote: ‘There is nothing wrong in imagining the forms of Heavens as ellip-
tic. Aristotle’s reason for making them spherical is hardly convincing.’

15
How

true!
Al-Bı̄rūnı̄ wrote eight major astronomical works, the most comprehensive

being his Canon, which was one of the most important astronomical encyclope-
dias, dealing with such subjects as cartography as well as theoretical astronomy.
His models for the heavenly bodies essentially were Ptolemaic, though many
of his parameters were derived independently. The Canon was not translated
into Latin, and al-Bı̄rūnı̄’s work remained unknown in the medieval West.

Another great Muslim astronomer from this period, whose works remained
largely unknown in Europe during the Renaissance, was Ibn Yūnus. He lived and
worked in Cairo and is reported to have been an eccentric figure who devoted

15
Said and Khan (1981).
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96 Developments in geocentric astronomy

his time to astronomy, astrology and poetry. He wrote a major astronomical
handbook (the Hakemite Tables) that, unlike those of many of his contempo-
raries, contained a large number of observations of eclipses and conjunctions.
This work was used widely in the Islamic world but only became known in the
West in the eighteenth century.

16
Ibn Yūnus also made significant contributions

to trigonometry and introduced the idea of prosthaphaeresis, which was used
by astronomers to shorten calculations before the invention of logarithms in the
seventeenth century. He realized that the recently discovered identity

2 cos x cos y = cos(x + y) + cos(x − y)

could be used in conjunction with trigonometric tables to simplify the pro-
cess of multiplication by converting it into one of addition and dividing by 2.
This method was one of the reasons why tables were often computed to over
twelve significant figures.

Islamic religious observances presented quite a few problems in mathemati-
cal astronomy, the qibla being just one example, and this was one of the factors
that encouraged the study of such problems. This influence is very evident in
Ibn Yūnus’s work. He produced a set of tables for time-keeping by the Sun
and regulating the astronomically defined times of Muslim prayer and, up until
the nineteenth century, virtually all Egyptian Muslim prayer tables were based
on his work.17 He also investigated the problem of determining just when the
lunar crescent became visible in the evening sky following a conjunction of
the Sun and Moon. This latter problem was of great importance because the
beginning of each month was determined by the sighting of the crescent, and it
is a complex problem involving, among other things, the relative positions of
the Sun, Moon and horizon.

18

Criticisms of Ptolemy

In terms of the physical structure of the Universe, it was the views of Aristotle
that dominated, though an attempt to unify the ideas of Aristotle with those
of Ptolemy, as espoused in his Planetary Hypotheses, was made by Ibn al-
Hait.h. am (known in Latin as Alhazen and famous primarily for his work on
optics) in On the Configuration of the World, a work that had a considerable
influence in Europe during the Renaissance. The fundamental principles that
he believed had to underlie any such unification were that there was no empty

16
Further details can be found in King (1974, 1975b). 17 See King (1973).

18
See, for example, Hogendjik (1988), King (1988).
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Criticisms of Ptolemy 97

space in the Universe, and celestial bodies move with uniform circular motion.
He thought there had to be a unique spherical body corresponding to each
motion that Ptolemy had introduced in the Almagest. In a later work, Doubts
Concerning Ptolemy, Ibn al-Hait.h. am noted that Ptolemy had set himself the
task of accounting for the phenomena using uniform circular motions and that,
since he had introduced the equant mechanism, he could not be considered to
have succeeded. He objected to Ptolemy’s lunar theory because it involved an
imaginary point opposite the centre of the deferent controlling the motion of the
lunar apogee, and this seemed physically impossible. Above all, Ibn al-Hait.h. am
argued, astronomy should deal with real bodies and not imaginary ones.

Ibn al-Hait.h. am’s work identified clearly those aspects of Ptolemaic astron-
omy that were considered unsatisfactory and indicated what would be required
in any new formulation of theoretical astronomy. The first people who tried to
reform astronomy along these lines emerged from a group of Islamic scholars
from Andalusia, southern Spain, who in the twelfth century carefully studied
and developed Aristotle’s philosophy. The founder of the Spanish Aristotelian
School was Ibn Bājja (known in Latin as Avempace), but his most famous advo-
cate was Ibn Rushd (Averroës), who wrote numerous commentaries on Aristotle
and became known simply as ‘The Commentator’. Ibn Rushd’s criticisms of
Ptolemy were more extreme than those of his predecessors:

To assert the existence of an eccentric sphere or an epicyclic sphere is contrary to
nature . . . The astronomy of our time offers no truth, but only agrees with the
calculations and not what exists.

19

Ibn Rushd and his followers produced a pantheistic philosophy which spread
widely and was condemned as heresy by the Church.

Two other Spanish astronomers who were critical of Ptolemy, though not
because of any adherence to Aristotelian principles, were Al-Zarqālı̄ (Latinized
as Azarquiel) and Jabı̄r ibn Aflah. (Geber

20
). Al-Zarqālı̄, one of a small but

important group of astronomers that grew up in Toledo in the second half of the
eleventh century, is credited with being the first astronomer to recognize the slow
steady motion of the Sun’s apogee with respect to the fixed stars. He estimated
this at 1◦ in 279 years, or 12.9′′ per year, which is close to the modern value
of 11.6′′.

21
The very fact that there were observable phenomena that were not

modelled by Ptolemy cast doubt on the whole of Ptolemaic theory. Al-Zarqālı̄
is also often cited as the author of the collection of astronomical tables drawn

19
Quoted from Gingerich (1992), p. 54.

20
Not to be confused with the alchemist Jabı̄r ibn Hayyān (eighth century) who was also known
as Geber in the West.

21
Toomer (1969). Given the data he had to go on, the accuracy of the result was rather fortuitous.
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98 Developments in geocentric astronomy

up in Toledo, though it is more likely that he wrote some but by no means all
of them. The tables were based on the treatises of many previous astronomers,
including al-Khwārizmı̄ and al-Battānı̄, and they utilized Thābit ibn Qurra’s
theory of trepidation. The original Arabic version of the tables is lost, but two
Latin translations survive, and they were very successful in the Latin world
until superseded by the Alfonsine Tables in the late thirteenth century.

22

Jabı̄r ibn Aflah. ’s influence on future mathematical astronomy comes from
his work Corrections of the Almagest, which was translated into Latin in 1175
by Gerard of Cremona, and from his work on trigonometry. As far as the latter
is concerned, he simplified Ptolemy’s treatment of spherical trigonometry by
replacing Menelaus’ theorem with simpler theorems on right spherical triangles.
Jabı̄r was not the first to do this – Abū al-Wafā had made similar (and better)
simplifications two centuries previously – but Abū al-Wafā’s work was not
translated subsequently into Latin. Jabı̄r criticized Ptolemy on a number of
counts. He was concerned with the lack of mathematical rigour in some of
Ptolemy’s arguments; in particular, he felt that the assumption that the centre of
the deferent in the models of the superior planets was exactly half-way between
the centre of the Earth and the equant point, required proof. He also criticized
Ptolemy’s ordering of the planets. Concerning Mercury and Venus he wrote:

Since, therefore, no parallax worth bothering about (according to Ptolemy) is to be
found in either of them, and the sun does have a sensible parallax worth bothering
about, how can they be below the sun?

23

The view that Mercury and Venus were further away than the Sun had many
adherents during the Middle Ages.

The most extensive attempt to reform theoretical astronomy by a member
of the Spanish Aristotelian School was that of al-Bit.rūjı̄ (Alpetragius) who
flourished in the twelfth century and constructed a new planetary system in line
with Aristotelian principles, that he hoped would displace the philosophically
unsatisfactory Ptolemaic system. He was aware of the accuracy of Ptolemy’s
mathematical constructions and recognized that a philosophically acceptable
system must also be able accurately to model the phenomena. Underlying the
Aristotelian cosmos was the idea of concentric spheres centred on the Earth,
and al-Bit.rūjı̄’s reform involved replacing Ptolemy’s planar geometric models
with models on the surface of a sphere. By this process, eccentric circles and
epicycles were removed from the theory, both of these mechanisms violating
the Aristotelian principle of a single centre of rotation – the centre of the Earth.

22
Details of the Toledan tables can be found in Toomer (1968).

23
Quoted from Lorch (1975).
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Criticisms of Ptolemy 99

The fundamental idea in the new system was that each planet was supposed
to be attached to a sphere, the motion of which was governed by the motion
of its pole (a point with an angular distance from the planet of 90◦) and as
a consequence the planets in the new scheme remained equidistant from the
Earth.

24

A ninth sphere was added to the standard Aristotelian model in order to
model the precession of the equinoxes. Al-Bit.rūjı̄ believed that the rate of pre-
cession (fixed by Ptolemy at 1◦ per century) was variable, but unlike Thābit ibn
Qurra’s theory of trepidation, precession in al-Bit.rūjı̄’s system was always in
the same direction it was just its rate that oscillated. The ninth sphere carried
the diurnal motion of the heavens, and the eighth sphere – the sphere of the
fixed stars – was attached to the ninth, but its poles (i.e. the poles of the ecliptic)
described two small circles around the poles of the ninth. As a consequence,
the paths of the fixed stars were not circular but curved, these curves being
interpreted traditionally as spirals; hence, al-Bit.rūjı̄’s theory is often referred
to as the ‘spiral-motion theory’. In fact, the theory was never worked out in
sufficient detail for anybody to be sure of its mechanisms, though it is clear that
it was a system based on concentric spheres centred on the Earth, al-Bit.rūjı̄’s
order for the planets being Moon, Mercury, Sun, Venus, Mars, Jupiter and,
finally, Saturn. This theory certainly was never able to predict quantitatively
the positions of heavenly bodies and, hence, it could not be used to construct
astronomical tables. As a result, it never become a serious rival to Ptolemaic
theory, but from al-Bit.rūjı̄’s time onwards, no serious astronomer could ignore
the philosophical objections to Ptolemaic astronomy. The fact that al-Bit.rūjı̄’s
theory was not very successful did not stop it attracting the attention of philoso-
phers and astronomers; it was translated into Latin in 1217 and spread through
Europe during the thirteenth and fourteenth centuries. It continued to be cited
throughout the fifteenth and sixteenth centuries, and notably by Copernicus.

Further opposition to Ptolemaic astronomy can be found in the writings
of the Jewish astronomer and philosopher Maimonides who lived in Egypt in
the twelfth century. Like al-Bit.rūjı̄, he objected to epicycles on philosophical
grounds, since the planet carried on the epicycle does not move toward, away
from, or around a centre. He also objected to eccentric orbits for the planets,
and pointed out that in the Almagest some of the planet’s deferents are centred
outside the orbit of the Moon. Indeed, the centre of Jupiter’s deferent is 525 Earth
radii from the Earth and, hence, lies between the spheres of Mercury and Venus,
something Maimonides considered quite improbable. Maimonides was also

24
Al-Bit.rūjı̄’s models were described in his treatise On the Principles of Astronomy, a translation
of which is given in Goldstein (1971).
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100 Developments in geocentric astronomy

unhappy with Aristotelian models for the region above the Moon, since they
failed to predict the observed motions but, rather than attempt to resolve these
difficulties, he took the view that an understanding of the heavens was not within
man’s grasp.

These difficulties do not concern the astronomer; for he does not profess to tell us
the existing properties of spheres, but to suggest, whether correctly or not, a theory
in which the motion of the planets is circular and uniform and yet in agreement
with observation . . . Man’s faculties are too deficient to comprehend even the
general proof the heavens contain for the existence of Him who sets them in
motion. It is in fact ignorance or a kind of madness to weary our minds with finding
out things which are beyond our reach, without the means of approaching them.

25

Although Maimonides was critical of Ptolemaic astronomy as a physical model
for the Universe, he was quite happy to use it as the basis for astronomical
calculations.

26

The great conflict between Ptolemaic astronomy and Aristotelian
cosmology – which continued right up until the sixteenth century – did not
exist when originally Ptolemy wrote the Almagest. Ptolemy wrote his master-
piece 500 years after Aristotle, and the whole issue of the physical interpretation
of his theory clearly was of secondary importance to him, and presumably to his
contemporaries. However, to those rediscovering these works, the time between
Aristotle and Ptolemy was not significant – they were both part of the ‘ancient
learning’ that was being resurrected – and taken together they appeared full of
contradictions. Eventually, these contradictions cast doubt on the whole edifice
of ancient astronomy.

The Marāgha School

Theoretical developments in astronomy were not restricted to the astronomers
of southern Spain. In the thirteenth century, another centre of theoretical activity
grew up in the eastern part of the Islamic world, the first major figure being
Nas.ı̄r al-Dı̄n al-T. ūsı̄ (better known in the West as Nasir Eddin). Nas.ı̄r al-Dı̄n was
an advisor to the Mogul conqueror Hülegü, a grandson of Genghis Khan and
(despite his other excesses) a patron of the sciences, and was a man of enormous
influence, both during his own lifetime and subsequently. He was committed

25
Quoted from Goldstein (1980).

26
Details of Maimonides’ mathematical astronomy, which is closely related to that of al-Battānı̄,
can be found in Neugebauer (1949) and for a discussion of his attitude toward astronomy (see
Kellner (1991)). For more on the history of Jewish mathematical astronomy, see Beller (1988).
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The Marāgha School 101

to the Greek ideal of the pursuit of knowledge and became the first to head the
Marāgha observatory built, beginning in 1259 in what is now northwestern Iran,
at Hülegü’s instigation. One of the primary functions of the observatory was to
determine new parameters for solar, lunar and planetary models so as to improve
the accuracy of astrological predictions. The observatory, which existed in one
form or another until at least 1316, became a large research institution with a
well-stocked library, a staff of at least ten, and a wide selection of expensive
observing instruments.

27

Nas.ı̄r al-Dı̄n made contributions in virtually all fields of Islamic scholarship
and wrote a great many manuscripts. In astronomy, his major contribution was
his Memoir on Astronomy, the final revisions of which were made shortly before
he died in 1274.

28
The Memoir on Astronomy was a narrative commentary on the

Almagest which attempted to give Ptolemy’s mathematical models a physical
meaning. It was hugely influential, both in the Islamic world (where it became
part of the school curriculum and was itself the subject of numerous commen-
taries) and farther afield. In general, the work does not contain geometrical
proofs (the reader is directed to the Almagest for these), the notable exception
being al-T. ūsı̄’s development of a geometrical device (now named after him)
designed to remove some of the philosophical objections to Ptolemaic theory.

Nas.ı̄r al-Dı̄n discovered that motion in a straight line could be produced by a
combination of two circular motions, and he invented what has become known
as the ‘T. ūsı̄ couple’ to achieve this.

Let us set forth . . . a lemma, which is as follows: if two coplanar circles, the
diameter of one of which is equal to half the diameter of the other, are taken to be
internally tangent at a point, and if a point is taken on the smaller circle – and let it
be the point of tangency – and if the two circles move with simple motions in
opposite directions in such a way that the motion of the smaller [circle] is twice that
of the larger so the smaller completes two rotations for each rotation of the larger,
then that point will be seen to move on the diameter of the large circle that initially
passes through the point of tangency, oscillating between its endpoints.

29

The circles across the top of Figure 4.5 illustrate one cycle of the motion with
the point C on the circumference of the smaller circle oscillating along the
diameter through the initial point of tangency. A proof that the motion resulting

27
The term ‘Marāgha School’ is used commonly to refer to all the astronomers who contributed
to the research programme begun at the observatory, regardless of whether the individual
actually worked there or not. For a general discussion of the astronomical achievements of this
School (see, for example, Saliba (1987a, 1991).

28
This work has been translated, with an extensive commentary, in Ragep (1993).

29
From Nas.ı̄r al-Dı̄n al-T. ūsı̄’s Memoir on Astronomy. Translation from Ragep (1993). Nas.ı̄r
al-Dı̄n also developed a version of the couple which was designed to produce oscillations
along circular arcs (see Saliba and Kennedy (1991)).
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102 Developments in geocentric astronomy

a
a
a

Fig. 4.5. The T. ūsı̄ couple.

from the two oscillations described above is, indeed, rectilinear can be given
with reference to the lower part of the figure. The radius OBA is considered to be
fixed to the larger circle, which rotates anticlockwise carrying the smaller circle
around with it. At the same time, the smaller circle, carrying the point C , rotates
clockwise at twice the rate of rotation of the larger circle. The motion starts when
A and C coincide (at D) and � DO A = α is zero. When the larger circle has
turned through α, the smaller one has turned through 2α and so � ABC = 2α. It
follows that � O BC = 180◦ − 2α and, hence, that � BC O = α. This shows that
C always lies on the diameter through D. The speed of the point on the smaller
circle which is instantaneously at A is proportional to |O A| − 2|O B|, which
is zero by construction. Hence, another way of visualizing the mechanism –
though not one that would have been acceptable philosophically to Nas.ı̄r al-
Dı̄n – is to think of the smaller circle as rotating around the inside of the larger
one.

The T. ūsı̄ couple is very simple geometrically, but in the context of its day
it had profound consequences, since it undermined the Aristotelian distinc-
tion between circular celestial motions and rectilinear terrestrial motion. Using
this device, the astronomers at the Marāgha Observatory were able to modify
Ptolemy’s geometrical models so as to remove the need for either an eccen-
tric deferent or an equant. The most sophisticated versions of these new models
were produced by Ibn al-Shāt.ir, who was employed as a muwaqqit (time keeper)
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The Marāgha School 103

at the Umayyad mosque in Damascus. The office of muwaqqit came into being
around the eleventh century, at a time when theoretical astronomy began to
be accepted widely in religious society, and provided a secure and respected
position for many Islamic astronomers.

Ibn al-Shāt.ir was the most distinguished Muslim astronomer of the fourteenth
century, but his work remained largely unknown in medieval Europe, only being
rediscovered in the 1950s.

30
He constructed new models for the Sun, Moon, and

planets which incorporated a number of ingenious modifications to Ptolemaic
theory. The reasons behind the changes were twofold. First, Ibn al-Shāt.ir wanted
to remove some of those aspects of Ptolemy’s astronomy that were unacceptable
philosophically, (e.g., the equant mechanism) though as we shall see, he had no
objection to using epicycles. Second (in the case of the Sun and Moon), there
were observed phenomena that Ptolemy had made no attempt to reproduce.

Ibn al-Shāt.ir’s modified solar theory is described in The Final Quest Con-
cerning the Rectification of Principles. The need to modify Ptolemy’s the-
ory came from two observed phenomena not reproduced in Ptolemy’s original
scheme. The first was the steady motion of the solar apogee, discovered by al-
Zarqālı̄, which Ibn al-Shāt.ir modelled by simply adding an additional sphere:

The repeated accurate observations have confirmed that the motion of the apogee is
faster than the motion of the eighth [sphere]. It was therefore necessary to add
another orb which would move the apogee with the observed motion.

31

The other phenomenon that concerned Ibn al-Shāt.ir was the change in the
apparent diameter of the Sun. According to Ptolemy, the diameter could be
regarded as a constant, and he gave the value 0; 31, 20◦ though, in his solar
theory, the ratio of maximum to minimum distance is about 0.92. From the
observations available to him, Ibn al-Shāt.ir came to the erroneous conclusion
that the diameter at apogee was 0; 29, 5◦ and at perigee it was 0; 36, 55◦, with
a mean value of 0; 32, 32◦. This implied that the ratio of maximum to minimum
apparent diameter and, hence, the ratio of the solar distance at apogee to that at
perigee, was about 0.788, significantly different from the value used by Ptolemy.

Ibn al-Shāt.ir’s solution is illustrated in Figure 4.6. The Earth is E and the
point D moves around a circle centred on E such that the line E D always points
toward the mean sun S̄. This circle is called the ‘parecliptic’ and is taken to
have a radius of 60 units. The parecliptic carries a smaller circle – the deferent –
centred at D, that rotates in the opposite direction at the same rate, so that the
line DB connecting the centre of the deferent to a point on its circumference

30
See Roberts (1957), Kennedy and Roberts (1959), Abbud (1962), Roberts (1966).

31
Quoted from Saliba (1987b).
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104 Developments in geocentric astronomy

o

Fig. 4.6. Ibn al-Shāt.ir’s solar theory.

always is parallel to the line E A which points toward the solar apogee. If BC
is drawn parallel to DE , then E DBC is a parallelogram. If B were taken to
represent the Sun, then the epicycle model just described would be equivalent
to an eccentric circular motion centred at C (see Figure 2.11, p. 46) and, hence,
equivalent to Ptolemy’s solar theory.

However, Ibn al-Shāt.ir introduced a third circle, centred at B, called the
‘director’, that carries the Sun S. This rotates at twice the angular speed of the
deferent and parecliptic and in the opposite sense to that with which B moves
around the deferent. This geometrical arrangement ensures that if SQ is drawn
parallel to DE , the point Q remains fixed, with |EC | equal to the radius of
the deferent and |QC | the radius of the director, and the Sun rotates uniformly
around Q. This is demonstrated in the diagram accompanying the main figure,
which shows an enlarged version of the parallelogram E DBC in which all the
angles marked are equal. Ibn al-Shāt.ir thus managed, in effect, to incorporate an
equant into the solar theory using only uniform circular motions. The parameters
he found to be appropriate for his model were |EC | = 4; 37, |QC | = 2; 30
and so |E Q| = 2; 7 which is close to Ptolemy’s value of the eccentricity of
60/24 = 2; 30, so that Ibn al-Shāt.ir’s model predicts solar longitudes that are
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The Marāgha School 105

Fig. 4.7. Ibn al-Shāt.ir’s lunar theory.

close to those predicted by Ptolemy. The variation in apparent diameter is
now

60 − 4; 37 − 2; 30

60 + 4; 37 + 2; 30
≈ 0.788,

in agreement with Ibn al-Shāt.ir’s, albeit erroneous, value. The whole mechanism
then is attached to a larger geocentric sphere, the encompassing orb, which has
the observed steady motion of the solar apogee. Ibn al-Shāt.ir stated explicitly
that he believed the theory of trepidation to be unsound because it was not
supported by observational evidence.

For the Moon, Ibn al-Shāt.ir again noted that one reason for modifying
Ptolemy’s scheme was better to predict the changes in its apparent diameter:

[the model of Ptolemy also] requires that the diameter of the moon should be twice
as large at quadrature than at the beginning, which is impossible, because it was not
seen as such.

32

The modified lunar theory is illustrated in Figure 4.7 and can be seen to be similar
in structure to the solar theory, with an epicycle on an epicycle. The mean moon
is M and this rotates around the Earth once per synodic month (relative to E S̄),
the radius of this deferent circle being taken as 60. The point B, which is the
centre of the epicycle that carries the Moon M rotates in the opposite sense
around M once in each anomalistic month. Finally, the Moon rotates around
its epicycle in such a way that the angle M B M is twice the angle M E S̄. Ibn

32
Quoted from Saliba (1987b).
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106 Developments in geocentric astronomy

Fig. 4.8. Ibn al-Shāt.ir’s theory for the superior planets.

al-Shāt.ir took the radii of the two epicycles to be r1 = 6; 35 and r2 = 1; 25,
and then this mechanism implies that at the syzygies the distance of the Moon
from the Earth varies between r ± (r1 − r2) (i.e. between 54; 50 and 65; 10)
and at the quadratures between r ± (r1 + r2), i.e. between 52; 0 and 68; 0.

Ibn al-Shāt.ir also devised a method for incorporating similar mechanisms
into the models for planetary longitudes. Here, the motivation would appear to
have been entirely aesthetic, since, as far as accuracy was concerned, his mod-
els did not improve on those of Ptolemy, but simply removed the unpleasant
equants. Indeed, Ibn al-Shāt.ir chose his parameters so as to make his models
equivalent mathematically to those of Ptolemy. However, he was very pleased
with the result, as in the introduction to his zı̄j (The New Astronomical Hand-
book), he wrote:

I therefore asked Almighty God to give me inspiration and help me to invent
models that would achieve what was required, and God—may He be praised and
exalted, all praise and gratitude to Him—did enable me to devise universal models
for the planetary motions in longitude and latitude and all other observable features
of their motions, models that were free—thank God—from the doubts surrounding
previous models.

33

The mechanism that Ibn al-Shāt.ir used to model the superior planets is shown
in Figure 4.8. As in the solar and lunar schemes, the Earth is at the centre, but

33
Quoted from King (1975a).
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The Marāgha School 107

now there are three, rather than two, epicycles. The point D rotates around a
circle, radius 60, and B rotates around D in the opposite sense and at the same
rate, so that DB is always parallel to E A, A being the apogee of the orbit.
This is equivalent to B moving anticlockwise around an eccentric circle (the
dashed circle in the figure, centre G) with eccentricity equal to |EG|, which
is the same as |B D|. The centre of the third epicycle, C , rotates around B so
that � DBC is twice � DE A and, just as in the solar theory, this ensures that C
rotates uniformly about a fixed point Q. Finally, the planet, P , rotates around
C on this third epicycle. The uniform rotation of P is measured with respect to
the line QC F and is such that C P always is parallel to E S̄. In order to make
this geometrical arrangement match closely Ptolemy’s system, it is necessary
to choose the radii of the first and second epicycles, |B D| = r1 and |BC | = r2,
so that they satisfy

r1 − r2 = e and r1 + r2 = 2e,

where e is the eccentricity in Ptolemy’s model (i.e. e = |E O| in Figure 3.13,
p. 77) and this is precisely what Ibn al-Shāt.ir did. Ibn al-Shāt.ir’s models for
the inferior planets were similar though, not surprisingly, that for the motion of
Mercury was more complicated, involving the use of yet another epicycle.

The work of Ibn al-Shāt.ir represents the culmination of a programme of
research that was driven by the desire to correct certain deficiencies in Ptole-
maic astronomy. In the main, the perceived defects were at a philosophical
level – astronomers objected to some of Ptolemy’s geometrical models because
they could not physically be realized without violating some well-established
principle. Most Islamic astronomers were quite happy to take Ptolemy’s ob-
servations as they were and, apart from correcting his values for things like
precession and obliquity, wanted to produce theories that reproduced exactly
the same phenomena as Ptolemy’s did. Thus, for example, Mu’ayyad al-Dı̄n
al-‘Urd. ı̄, an astronomer from Damascus who developed alternative lunar and
planetary theories, explicitly stated that he had made no observations of his
own and stressed that his criticisms of Ptolemy were at a higher conceptual
level.

34

The new models that were devised by the Marāgha School of astronomers
were a great success in that they produced longitude predictions as accurate
as those from the Almagest, but without the use of the physically impossible
devices introduced by Ptolemy. The majority of practising astronomers, on the

34
Discussions of various aspects of al-‘Urd. ı̄’s work can be found in a number of articles that
have been reprinted in Saliba (1994) and his ideas on the size of the Cosmos, which differed
greatly from those of Ptolemy, are described in van Helden (1985), pp. 32–3.
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108 Developments in geocentric astronomy

other hand, stuck with the tried and tested procedures that had been in existence
for centuries.

The Marāgha Observatory was not the only significant establishment of its
type in the history of Islamic astronomy. There was another observatory, built by
Ulugh Beg in Samarkand. Ulugh Beg (this is not his original name, but means
‘great prince’) was, from the age of 15, a provincial governor in Samarkand but,
unlike his grandfather, the Mongol conqueror Tamerlane, he was not interested
in conquest but in science. He succeeded his father as ruler of the Mongol
empire in 1447, but was murdered by his son 2 years later. During the quarter
century leading up to Ulugh Beg’s assassination in 1449, Samarkand was the
most important scientific centre in the East and in 1420 he founded an institute
of higher learning there (in which astronomy was the most important subject). In
1424, he built an observatory, which was destroyed in the sixteenth century, its
location being rediscovered in 1908 by the archaeologist V. L. Vyatkin. Ulugh
Beg’s observatory was responsible for many accurate determinations of solar
and planetary parameters, as well as the construction of extremely accurate
trigonometric tables. However, it is most famous for the production of the first
star catalogue not based on that of Hipparchus and Ptolemy. The influence of
this catalogue on later developments in the West was minimal, though, since
it only became well known in Europe in the mid seventeenth century, after the
publication of the more accurate observations of Tycho Brahe.

One of the chief scientists at Ulugh Beg’s observatory was al-Kāshı̄, who
wrote a number of works, the most famous of which was an encyclopedia of
elementary mathematics that included large sections on methods of calcula-
tion for astronomers.

35
Al-Kāshı̄ also achieved a significant computational feat

when he computed 2π to sixteen decimal places, greatly exceeding all previous
results. His stated motivation for doing this was so that he could calculate the
circumference of the Universe to within the thickness of a horse’s hair! Rather
more useful was his computation of sin 1◦ to ten sexagesimal places.

The revival of learning in Western Europe

While Islamic scholarship flourished, learning in Western Europe stag-
nated. The disintegration of the Roman Empire resulted in the almost total
disappearance of the Greek language and, thus, most of the great Greek scien-
tific works were inaccessible to European scholars. A few secondary works had
been translated into Latin, including the first part of Plato’s Timaeus – which

35
Described in detail in Kennedy (1990).
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The revival of learning in Western Europe 109

represented the main source of knowledge concerning Greek cosmology – and
a few Latin works (e.g. Pliny the Elder’s Natural History (first century) and
Martianus Capella’s popular mythological allegory The Marriage of Philol-
ogy and Mercury (fifth century)) described some basic astronomy. Euclidean
geometry was available only through an incomplete sixth-century translation
by Boethius, and the detailed Ptolemaic theory of the heavens appears to have
been completely unknown. Time-keeping, both on a daily basis and for fixing
religious observances within the calendar was, of course, very important and
the ability to do this had to be maintained. In the eighth century the Venerable
Bede, who lived in northern England, wrote works on this subject that were
used for over 1000 years.

36

Trade routes between Western Christendom and the Arab world had been
established by the ninth century, but the transmission of scientific knowledge to
the West did not really begin until contact with Islamic scholarship was made
when European scholars started visiting Spanish monasteries in the eleventh
century. Latin translations of previously unknown works began to be made from
about 1000, the rate at which they appeared reaching a peak in the twelfth cen-
tury – often referred to as the ‘century of translation’. The Spanish city of Toledo
was conquered by Alfonso VI in 1085 and, in the twelfth century, became the
main centre for translation from Arabic into Latin. Many of the works that were
translated were highly technical, and specialized words which were not under-
stood were often simply transliterated. Some of these words now form part of
our technical vocabulary, such as ‘zenith’ and ‘nadir’ (the nadir is the point on
the celestial sphere diametrically opposed to the zenith). Aristotelian natural
philosophy was rendered into Latin through translations of his Meteorology,
Physics and On the Heavens; Europe became aware of the enormous achieve-
ments of the Greeks in mathematics through translations of Euclid, Archimedes
and Apollonius, and as far as astronomy was concerned, scholars at last were
able to appreciate the sophistication of Ptolemy’s Almagest – translated in 1175
by Gerard of Cremona – as well as the results of the previous 400 years of
Islamic endeavour.

37
From the end of the twelfth century, more and more trans-

lations were made direct from the original Greek texts, rather than through the
intermediate Arabic translations.

Also significant was the introduction into Europe of the Hindu-Arabic nu-
merals by Leonardo of Pisa (better known as Fibonacci). Leonardo spent a
great deal of his early life travelling around the Mediterranean and came into

36
For details of early medieval astronomy, see, for example, Eastwood (1997),
McCluskey (1998).

37
A list of translations made during this period can be found in Crombie (1959).
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110 Developments in geocentric astronomy

contact with the mathematics of the Islamic world. It was problems that arose
in the world of commerce that provided the motivation for his own work but
its influence was much broader. In his widely read Book of Calculation (1202),
he described algorithms by which all the basic operations of arithmetic could
be performed on numbers written using the decimal positional system. (This
was for integers only; it would be another 400 years or so before decimal frac-
tions were introduced.) Fibonacci also introduced Europeans to the algebraic
techniques of men such as al-Khwārizmı̄.

Works such as the Almagest intrinsically were difficult, and the problems
often were exacerbated in the Latin translations. As a result, a number of greatly
simplified versions began to appear, e.g. the many manuscripts going by the
name Theory of the Planets but only containing simple descriptions of epicyclic
motion, and the hugely popular On the Sphere by Johannes de Sacrobosco.

38

Sacrobosco’s book, which was used in schools until the early seventeenth cen-
tury, was very short and contained the basic results of geocentric astronomy.
The work has four sections, but only the final part contained information on the
Ptolemaic theories for the Sun, Moon and planets, and the treatment was ex-
tremely rudimentary. Many commentaries on On the Sphere were written, some
of which were attempts to supplement the brief details of the original work, but
the first complete account of Ptolemy’s astronomical system that was actually
written in the West, which included numerical details from the Almagest as well
as the physical interpretation from the Planetary Hypotheses, was written by
Campanus of Novarra in the mid thirteenth century.

39

During the Middle Ages, all technical astronomy was based on that of
Ptolemy, whether from the Almagest or from the large body of literature that
grew up around it. The battle between Ptolemaic astronomy and Aristotelian
natural philosophy continued but was overshadowed largely by the conflict be-
tween Aristotle and Christianity. One of the few attacks on the technical aspects
of Ptolemy’s theory was the broadside made in 1364 by Henry of Hesse (Henry
of Langenstein), who went to great lengths to try and pick holes in the details
of Ptolemaic astronomy. He was wide of the mark, though, since Henry spent
most of his time attacking theories that had been attributed to Ptolemy by later
commentators and interpreters, rather than the actual contents of the Almagest.

38
Although Johannes de Sacrobosco wrote what became a standard text on astronomy, virtually
nothing is known about him. He was probably English and he is often referred to by the name
John of Holywood, this surname being the modern English for which Sacrobosco is the
Latinized form. As to when he lived, all that can be said with any certainty is that he was active
in Paris between about 1220 and 1240. For more details, see Pedersen (1985). A translation of
the De sphaera can be found in Thorndike (1949).

39
Benjamin and Toomer (1971). Details of textbooks used in the teaching of astronomy at
medieval universities can be found in Pedersen (1981).
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The revival of learning in Western Europe 111

The fact that Henry, an advocate of homocentric astronomy, had a great reputa-
tion for his astronomical knowledge, just goes to show that such expertise was
in fairly short supply in the fourteenth century.

40

As far as the history of astronomy is concerned, one of the most significant
events of the Middle Ages took place in thirteenth-century Spain. The Christian
King Alfonso X (the Wise) ruled the kingdoms of Leon and Castile from 1252 to
1284, and established and presided over a group of predominantly Christian and
Jewish astronomers charged with translating a number of astronomical texts into
the Castilian language.

41
The most important output from this enterprise was the

set of astronomical tables that were produced. The original text of the Alfonsine
Tables is lost, but it is presumed widely that they were written in Toledo in
about 1270 to replace the previous tables produced there in the eleventh century
(see p. 97–8).

42
The tables circulated in many forms (in Latin translation), the

most popular of which was the version composed by John of Saxony in 1327, and
they formed the basis of practically all astronomical calculations until the mid
sixteenth century. The tables utilize a theory of trepidation which is a modi-
fication of Thābit’s in which precession has both a uniform and a periodic
component.

The work of the Spanish Islamic astronomers was translated into many
languages, not only Latin and Castilian. By the mid thirteenth century, most of
the major astronomical works also had been translated into Hebrew and, in the
fourteenth century, Hebrew astronomy flourished in southern France. The major
figure from this region was Levi ben Gerson (known also as Gersonides and
Leo de Balneolis). Levi was a mathematician, making contributions in algebra,
trigonometry and combinatorics, a philosopher and a biblical commentator, as
well as an astronomer. He is perhaps most famous in the West for inventing the
cross staff (Jacob staff), an instrument used for centuries to measure the angular
separation between celestial bodies. Levi’s Astronomy forms Part 1 of Book V
of his great work on religious philosophy, Wars of the Lord.

43

40
See Kren (1968, 1969).

41
A legend has grown up around King Alfonso in which he is said to have had his doubts over
Ptolemaic astronomy. For example, Dreyer (1953) mentions Alfonso’s ‘well-known saying’
that if God had consulted him when creating the world, he would have given Him good advice.
However, as Franseen (1993) has shown, this legend only began in the late seventeenth
century. Alfonso was in the habit of blaspheming against God and saying that he would have
made the world differently (i.e. better), but the linking of such remarks with the mathematical
astronomy of Ptolemy would appear to be unjustified.

42
It has been suggested that the Alfonsine Tables were written in Paris in the 1320s and were
named in honour of the Castilian king (Poulle 1988).

43
Because of its great length, the Astronomy was not included in manuscript or printed versions
of his philosophical treatise. The first twenty chapters (there are 136!) are translated in
Goldstein (1985).
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112 Developments in geocentric astronomy

There are a number of ways in which the astronomy of Levi ben Gerson
differed from that of other medieval astronomers. In the first place, he made his
own observations and was enlightened sufficiently to believe that these should
form the ultimate test of his theories. Like many before him, he was critical of
Ptolemy, but his overriding concern seems to have been that the models of the
Almagest simply were not good enough at representing the celestial motions.
He was extremely critical of al-Bit.rūjı̄’s attempted reform of Ptolemaic astron-
omy because it failed to perform the fundamental function of any astronomical
theory, i.e. to reproduce the observed phenomena. In contrast to Ptolemy and
independently from Ibn al-Shāt.ir, Levi decided that the apparent sizes of celes-
tial bodies was part of the observational data that a theory should reproduce.
Rather than accept that the obliquity of the ecliptic and the rate of precession
were variable – views which had been almost universally held since the eleventh
century – he argued that it was much more likely that Ptolemy’s values for these
quantities were erroneous and that they had remained constant since ancient
times.

44
His independence of mind is also apparent from the fact that, unlike

most astronomical writing of his day, his Astronomy does not follow the ar-
rangement of the Almagest. Original as they were, Levi’s ideas do not appear
to have had much influence other than on some later Hebrew writers.

Levi ben Gerson’s greatest achievement in theoretical astronomy was his
lunar theory, which, he claimed, better fitted with observations than previous
models. He was critical of Ptolemy’s theory for the obvious error in the predicted
variation in apparent diameter, and he also argued against the use of an epicycle
because the same side of the Moon was always seen from the Earth, which would
not be the case if it were attached rigidly to an epicycle. As for the accuracy
of lunar longitudes, Levi concluded from his own observations that Ptolemy’s
model was fine at syzygy and quadrature, but not at the octants. The theory
that Levi proposed managed to avoid the use of epicycles and yet reproduce
his own lunar observations better than Ptolemy’s model.

45
For example, Levi’s

observations revealed very little change in the apparent diameter of the Moon
between quadrature and opposition, and his model predicted that the ratio of the
distances of the Moon at these points should be 0; 58 ≈ 0.97. Unfortunately,
not all the observations against which Levi tested his model were accurate, and
not all the changes he introduced were improvements. For example, he took the
angle of inclination of the Moon’s orbit to be 4 1

2
◦

instead of Ptolemy’s more
accurate value of 5◦.

44
For details of Levi ben Gerson’s discussion of precession, which forms Chapter 61 of his
Astronomy, see Goldstein (1975).

45
Details can be found in Goldstein (1972, 1974).
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Scholasticism 113

Scholasticism

Throughout the Middle Ages in Western Europe, intellectual thought was dom-
inated by the Catholic Church. Prior to about the tenth century the Church was,
by and large, opposed to scientific endeavour, not unnaturally since the early
Christians had had to fight for the survival of their religion by emphasizing
the importance of its theology at the expense of pagan learning. One of the
more liberal early Christian thinkers, St Augustine, wrote in his handbook for
Christians:

When, then, the question is asked what we are asked to believe in regard to
religion, it is not necessary to probe into the nature of things, as was done by those
whom the Greeks called physici; nor need we be in alarm lest the Christian should
be ignorant of the force and number of the elements,– the motion, and order, and
eclipses of the heavenly bodies; the form of the heavens; . . . It is enough for the
Christian to believe that the only cause of all created things, whether heavenly or
earthly, whether visible or invisible, is the goodness of the Creator, the one true
God; and that nothing exists but Himself that does not derive its existence from
Him.

46

By the time Christian Europe came back into contact with ancient learning in
the tenth century, things had changed. The authority of the Church was now
complete, and provided that it maintained control over it, pagan learning was
no longer a threat. Indeed, many churchmen devoted considerable time toward
the rediscovery of ancient knowledge. Schools of higher learning attached to
cathedrals and monasteries began to appear and eventually these developed into
universities – Bologna in 1088 being the first – the universities of Paris, Oxford,
and Cambridge being founded a little later, around 1200. The universities pro-
duced an élite with an education in such subjects as law, medicine and theology,
and the study of mathematics became codified into the standard format of the
quadrivium: arithmetic, geometry, music, and astronomy.

By the twelfth century, the study of cosmology and natural philosophy once
again became acceptable and, by the thirteenth century, educated Christians
were familiar with the basic principles of the Aristotelian cosmos. The conflicts
between Aristotle and the Scriptures still existed, of course, and the study of
Aristotelian physics and metaphysics was not always welcomed, but over a
period of time Christian theology and ancient Greek ideas about the Universe
gradually were melded together into a unified whole, known as ‘scholasticism’.

Perhaps the person most influential in determining the ultimate nature of this
Christian cosmology was St Thomas Aquinas, who believed that a complete

46
St Augustine Works. Quoted from Kuhn (1957), p. 107.
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114 Developments in geocentric astronomy

understanding of the world could be obtained only through both revelation and
reason. Many of Aristotle’s ideas were taken over unchanged, including the
perfect circular motion of the heavens, but others (e.g. the continual existence
of the Universe) were opposed so fundamentally to Christian thinking that
they had to be discarded. In other cases, the inherent contradictions between
Scripture and Aristotelian philosophy were removed by the device of claiming
that the actual words used in the Bible had been simplified deliberately so
that they would be understood by ordinary people. Through his compendium
of Christian knowledge, the Summa theologica, Aquinas enabled Aristotle’s
world view to become a constituent part of Christian thought.

This medieval view of the Universe was enshrined in poetry by the Italian
Dante Aligheri, whose writings contain many references to astronomy. Dante
revered Aristotle, whom he described as the supreme and highest authority, but
he did not feel the need to follow him when it came to matters of astronomical
detail. Here, he would turn to al-Farghānı̄’s description of Ptolemaic astronomy.
Dante’s Divine Comedy follows the author on his journey as he passes through
the centre of the Universe and then from planet to planet until he reaches the
outermost sphere of the stars. He begins by descending into Hell, which is
an inverted cone situated directly beneath the centre of the inhabited world –
Jerusalem – and whose apex is the centre of the Earth (and, hence, of the
Universe). He emerges in Purgatory, an island diametrically opposite Jerusalem
on the Earth’s surface, and on this island is a mountain that extends to the upper
reaches of the atmosphere. From here, Dante enters Paradise, which is made up
of the planetary spheres of medieval astronomy. The journey has a very precise
chronology, beginning on the vernal equinox and lasting 8 days. At each stage,
Dante marks his progress by the positions of the heavenly bodies as they would
have appeared from his current position, and it is through these descriptions
that the author displays his knowledge of technical astronomy.

47

Throughout the Middle Ages the belief that the heavenly bodies influence
what happens on Earth was almost universal; St Augustine had described astrol-
ogy as impious superstition and, in the early Middle Ages, the study of astrology
was frowned upon by the Church, as it had been by Islamic religious leaders.
But by the end of the fourteenth century, astrology was practised so widely that
it could no longer be resisted. ‘Practical astronomy’ became very important;
there were chairs of astrology at several major universities, and astrologers
were appointed to high offices in the courts of kings and princes. Many argu-
ments against the validity of astrology were put forward but largely they were
ignored, and astrology became a major stimulus for astronomy, particularly in
encouraging people to construct tables of planetary positions.

47
The details of Dante’s astronomy are described in Orr (1956).
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Scholasticism 115

One of those who spoke out against astrology was Nicole Oresme, an ad-
visor to Charles V of France and then tutor to Charles VI. Together with Jean
Buridan and Albert of Saxony at the University of Paris, Oresme mounted a
powerful attack on Aristotelian physics, particularly his theory of motion, but
their influence waned when France was ravaged by the Hundred Years War with
England.

48

Following ideas of William of Ockham, Buridan developed an ‘impetus
theory’ of motion in which, contrary to Aristotle’s teaching, it was not necessary
for a body to be acted upon continually by a force for it to remain in motion.

49

This was a major step on the long road toward a modern principle of inertia, but
equally significant for astronomy was Buridan’s suggestion that God had given
impetus to the heavenly bodies which, since they encountered no resistance,
accounted for their motion. Here, we see one of the first attempts to apply the
same laws of physics to celestial and terrestrial phenomena.

Oresme produced a French translation and commentary of On the Heavens
in which, while he pretty much agreed with all of Aristotle’s conclusions except
those that contradicted the Creation, he criticized strongly many of Aristotle’s
arguments. He pointed out that the proof that the Universe was geocentric
presupposed Aristotle’s theory of motion in which the element earth naturally
moved toward the centre of the Universe and, hence, the argument was circular.
Maybe the natural motion of the element earth was toward the centre of the
Earth, in which case that could be anywhere in the Universe. In the fourth
century BC, Heraclides had suggested that the perceived daily rotation of the
stars was due to a rotation of the Earth about its own axis, and Aristotle had
argued that this was impossible. Oresme agreed with Aristotle that the Earth
was stationary, but he criticized Aristotle’s refutation of Heraclides. Aristotle
had argued that if the Earth rotated, there would be a continuous wind from the
east which was not observed. Oresme pointed out that one only had to assume
that the atmosphere also took part in the daily rotation to counter this argument.
In the end, Oresme believed, the choice between believing in a stationary or a
moving Earth had to be a matter of faith.

Oresme was also one of a number of men who questioned Aristotle’s insis-
tence on a finite Universe. Perhaps the sphere of the fixed stars was surrounded

48
Oresme wrote on numerous other topics relevant to astronomy. He was fascinated by the
subject of celestial commensurability, i.e. whether or not ratios between celestial motions
could be expressed as ratios of integers (see Grant (1971)).

49
Buridan was by no means the first to criticize Aristotle’s theory of motion. In the sixth century,
the Greek Christian philosopher John Philoponus suggested that projectiles move due to some
‘incorporeal power’ rather than as a result of forces imparted due to the disturbance of the
surrounding air. Here, we have an early forerunner of our concept of momentum (see, for
example, Toulmin and Goodfield (1965), p. 118, and Cushing (1998), pp. 74–5).

Linton, C. M.. From Eudoxus to Einstein : A History of Mathematical Astronomy, Cambridge University Press,
         2004. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/princeton/detail.action?docID=266568.
Created from princeton on 2022-08-25 17:09:24.

C
op

yr
ig

ht
 ©

 2
00

4.
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

. A
ll 

rig
ht

s 
re

se
rv

ed
.



116 Developments in geocentric astronomy

by an infinite expanse of empty space.
50

This separation of space and matter was
opposed diametrically to Aristotelian philosophy and was too radical to attract
many adherents. Not until Newton did the independent existence of material
bodies and the space they occupy become accepted.

Peurbach and Regiomontanus

The history of astronomy in the fifteenth century is dominated by two men,
Georg Peurbach and Regiomontanus. The significance of their contributions
comes, not so much from the technical content (their astronomy continued the
medieval tradition), but from the fact that with the introduction of printing into
Europe, their books became the first astronomy textbooks to achieve what might
be described as a mass circulation.

51

After receiving his master’s degree from the University of Vienna in 1453,
Georg Peurbach accepted the position of court astrologer to King Ladislas V
of Hungary and later became the imperial astrologer to the Holy Roman
Emperor Frederick III. He is most famous for his New Theories of the Planets,
an astronomical textbook he wrote following a series of lectures he gave in
Vienna in 1454.

52
The first printed edition was published by Peurbach’s stu-

dent Johannes Müller (better known as Regiomontanus, Latin for his place of
birth, Königsberg) in 1472, and the book became very popular, going through
nearly sixty editions in the fifteenth and sixteenth centuries. Peurbach’s work
is based on Ptolemy’s Planetary Hypotheses and is also influenced heavily by
Ibn al-Hait.h. am’s On the Configuration of the World. He described theories for
the Sun, the Moon and the planets, in which each component of the geomet-
rical mechanism was produced by the motion of a separate celestial sphere,
and then provided a theory of precession based on the work of al-Battānı̄ and
al-Farghānı̄. A section on Thābit ibn Qurra’s theory of trepidation was added
in about 1460. The fact that Peurbach was aware of the significant role of the
Sun in the geocentric theory is evident from the following passage:

. . . it is evident that the six planets share something with the sun in their motions
and that the motion of the sun is like some common mirror and rule of
measurement to their motions.

50
Different medieval explanations of what lay beyond the fixed stars are described in Grant
(1994), Chapter 9, an expansive study of medieval cosmology.

51
The first printed edition of the Almagest, a rather unsatisfactory medieval Latin version,
appeared in 1515. A new Latin text was printed in 1528 (Boas Hall (1994)).

52
The Latin title was Theoricae novae planetarum; it is translated in Aiton (1987).
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Peurbach and Regiomontanus 117

In 1460, at the request of Cardinal Bessarion, the papal legate to the Holy
Roman Empire and himself a scholar of distinction, Peurbach began work on
an abridgment of Ptolemy’s Almagest which, according to Regiomontanus,
he knew almost by heart, and he completed the first six books of his work
before he fell ill and died. Before his death he persuaded Regiomontanus (who
took over Peurbach’s professorship in Vienna) to complete the work, which
he did over the next couple of years. This work, the Epitome of Ptolemy’s
Almagest, which provided a relatively simple summary of Ptolemy’s treatise
and served subsequently as Copernicus’ guide to Ptolemaic astronomy, was
first published 20 years after Regiomontanus’ death, in 1496. Although the
Almagest had been available in Latin translation for over 300 years, it is clear
that it was not read widely and understood until the printing and wide circulation
of Regiomontanus’ Epitome, which also included material from later Arabic
sources such as Jābir.

Before his death, Peurbach had been planning to travel to Italy so that he
could study original Greek manuscripts, and this is precisely what Regiomon-
tanus did for a number of years starting in 1462. On his return, he settled in
Nuremberg and began an ambitious project of translating and publishing the
great scientific works of antiquity. He did translate some Greek works, including
Apollonius’ Conics, but his untimely death put an end to his laudable endeav-
our. Regiomontanus was also the first in the Latin West to produce a systematic
treatment of trigonometry, and he was well aware of how important this subject
was for the study of astronomy. In his work On Triangles of Every Kind,

53
which

was written in about 1463 but not published until 1533, he wrote:

You, who wish to study great and wonderful things, who wonder about the
movement of the stars, must read these theorems about triangles. Knowing these
ideas will open the door to all of astronomy . . .

Following Islamic scholars, and also Peurbach’s work, Regiomontanus based
his trigonometry on the sine rather than the Greek chord, and considered both
plane and spherical triangles. He also began the move toward the use of the
decimal system by basing his tables on a circle, the radius of which was a power
of 10. There is little conceptually new in On Triangles, much of the work being
taken directly from Arabic sources,

54
but the quality of the exposition and the

inclusion of clear numerical examples made the work extremely influential.
With the work of Peurbach and Regiomontanus, mathematical astronomy in

Western Europe reached the level of sophistication that the Greeks had achieved
some 1200 years previously. But now there was a stimulus to press on. First, it

53
In Latin, De triangulis omnimodis. A translation can be found in Hughes (1967).

54
See Hairetdinova (1970).
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118 Developments in geocentric astronomy

was recognized that Ptolemy was far from being the final word on the subject;
even with the refinements of the Islamic astronomers, the models of the Almagest
simply were not accurate enough to match naked-eye observations. Second,
with the advent of the printing press, interest in astronomy was becoming more
widespread. The growing need for sophisticated tools to aid navigation, and an
increasing interest in astrology, created a thirst for knowledge.

Not all astronomers from this period were forward-looking, however. Taking
their lead from Ibn Rushd (Averroës), who had declared the Ptolemaic universe
incompatible with Aristotelian physics, two Italians in the early sixteenth cen-
tury, Girolamo Fracastoro

55
and Gianbattista Amico, attempted to resurrect the

homocentric model of Eudoxus–Callippus–Aristotle and make it predict more
accurately the known phenomena. It is quite likely that Fracastoro knew Coper-
nicus as they both studied at Padua at the same time and they may well have
discussed the problems of Ptolemaic astronomy. Fracastoro’s proposed alterna-
tive, described in his Homocentrica (1538), was an attempt to revive the dead.
He ended up with a complex system of seventy-nine spheres which, of course,
retained the same fundamental flaws present in Eudoxus’ original model. Am-
ico’s scheme, contained in On the Motions of the Heavenly Bodies according
to Peripatetic Principles without Eccentrics or Epicycles (1536), which uti-
lized a similar number of spheres but differed in technical detail from that of
Fracastoro, appears to have been arrived at independently.

56
Interestingly, both

Fracastoro and Amico made use of geometrical devices equivalent to the T. ūsı̄
couple.

57

The desire to replace the established system with something new was
widespread in the early sixteenth century, but few had the patience or skill
to turn their ideas into a computational scheme that could match Ptolemy for
accuracy. One man, however, spent 40 years doing just that – Copernicus.

55
Fracastoro is better known for his work on the spread of contagious diseases and for giving the
disease syphilis its name.

56
Some details of both models can be found in Dreyer (1953), Chapter XII.

57
See Swerdlow (1972), di Bono (1995).
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