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INTRODUCTION

As early as the ninth century, Muslim astronomers started refining the
Ptolemaic astronomy which, by this time, had been fully adopted as the
framework of their research.! Already, in the early part of this century, re-
finements were based on improved observational techniques, and included a
variety of phenomena such as the length of the seasons, the solar equation,
mean motion parameters, and many others.2

These activities generated a more theoretical appreciation of Ptolemaic
astronomy. The few centuries that followed witnessed a much closer exam-
ination of the theoretical foundations of this astronomy, and culminated in
the famous eleventh-century treatise of Ibn al-Haytham called Doubts on
Ptolemy,3 in which the whole range of Ptolemaic astronomy was put into
question.

Although Ptolemaic astronomy could predict the positions of planets
with reasonable accuracy, it nevertheless was found objectionable because
the models of this astronomy did not always conform to axioms concerning
the supposed nature of the motion of the heavenly bodies. The problem of
the equant point, for example, required that a sphere should move uniformly
around an axis which does not pass through its own center. This is in clear
violation of the principle of uniform circular motion.

As far as we know, such discrepancies were first discussed in great detail
by Ibn al-Haytham in the text just mentioned, but no actual solutions seem
to have been produced by him. Others took the project a step further and
devoted their research to the construction of alternative models to replace
the Ptolemaic ones. This tradition engaged many of the more famous
Muslim astronomers from the eleventh century onwards. In the Islamic
West several rather unsuccessful attempts were made to identify these prob-
lems and resolve them.4 In the East, however, similar attempts were much
more fruitful, and the exposition of the problems of Ptolemaic astronomy
was later followed by a series of substantial and workable solutions. The
thirteenth century was a high point for this eastern tradition, and the works

1 See Kennedy, 1983, p. 44.

2 See Kennedy, 1983, p. 45.

3 See Sabra and Shehabi.

4 See, for example, Bitriji; also, for a more general survey of these activities see,
Saliba, To Appear, pp. 42-5. where an overview of the contributions of such
astronomers as Jabir Ibn Aflah (c. 1150 A.D.), Al-Bitraji (c. 1200 A.D.), and Ibn
Rushd (d. 1198 A.D.) is given.
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of ‘Urdis (d. 1266 A.D.), Tasi¢ (d. 1274 A.D.), and Shirazi’ (d. 1311 A.D.),
of the Maragha school,® set the tone for astronomical research in the fol-
lowing two centuries, and perhaps until the eventual demise of Ptolemaic
astronomy.

The tradition which became dominant with the works of the Maragha
school carried on to the fourteenth and fifteenth centuries. The culmination
of this activity is best exemplified by the work of the fourteenth-century
Damascene astronomer Ibn al-Shatir, who produced models which incorpo-
rated uniform circular motions, and at the same time corresponded to the
observed physical phenomena.® Many of the devices embedded in the above
models, as well as in the models of the Maragha school scholars, were also
adopted in the sixteenth-century models of Copernicus. This seems to
indicate that the above scientific activity was continuous and not sporadic,
and that its impact was not restricted to the Muslim East, but apparently
reached the Latin West, as well.

That this tradition continued in the East is further confirmed in the case
of a contemporary of Ibn al-Shatir, namely ‘Ubayd Allah b. Mas‘tad b. T3j
al-Shari‘a Mahmud b. Sadr al-Shari‘a (al-Akbar, al-Awwal) Ahmad b.
Jamal al-Din ‘Ubayd Allah al-Mahbiibi al-‘Ubadi al-Bukhari al-Hanafi,
known as Sadr al-Shari‘a al-Thani (hereafter Sadr, d. 747 A.H./1347 A.D.),
who worked independently of the former in the Central Asian city of
Bukhara. Sadr’s astronomical work represents an ongoing revision of
Ptolemaic astronomy. In that context, he undertook to correct the works of
two of his predecessors, namely Tasi and Shirazi. The models of the last
two were developed in their two respective works, the Tadhkira and the
Tuhfa. Sadr took it upon himself to solve the problems they did not tackle,
and to supply answers to the subtleties they did not address.

5 On the work of ‘Urdi see Saliba, 1990, pp. 30-43.

6 On the work of Tusi see De Vaux, Hartner, 1969, and Tadhkira.

7 On the work of Shirazi see Kennedy, 1983, pp. 84-97.

8 Hulagu of the Ilkhanid dynasty commissioned Nasir al-Din al-Tiisi to establish
and direct an observatory at Maragha, to which he invited many Muslim and non-
Muslim astronomers. Among these were Mu'ayyad al-Din al-‘Urdi who came from
Syria, and Qutb al-Din al-Shirazi. These three scholars produced a number of works
which dealt with the problems of Ptolemaic astronomy, and proposed a number of
significant solutions to these problems. Moreover, a major part of the discussion at
this stage was devoted to questioning the adequacy of the newly proposed models.

On the history of this observatory see Sayili, 370-3.

9 On Ibn al-Shatir see Kennedy and Gahnem; also see Kennedy, 1983, pp. 50-83.
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THE PRESENT STUDY

The subject of the present study is Kitab Ta‘dil Hay’at al-Aflak (The
Adjustment of the Configuration of the Celestial Spheres) of Sadr al-Shari‘a
al-Thani. The work is the third section of a three-part encyclopaedic survey
of the exact sciences entitled Ta'dil al-‘Uliam (The Adjustment of the
Sciences).'9 This encyclopaedia starts with logic, proceeds through
theology, and ends with astronomy. It was written in Bukhara, and was
finished shortly before the death of its author.

This work of Sadr is written in the traditional form of a commentary,
where he gives his own text and then comments on the same. As is usual in
such commentaries, the text is separated from the comments by the classical
notation: a sentence preceded by the Arabic mim (short for matn) refers to
the text, whereas the latter shin (for sharh) introduces the comment to that
specific text. As a result the work became voluminous, reaching some sev-
enty densely written folios. Moreover, the letters are sometimes missing or
confused, and hence it is not always clear whether a certain section is part
of the text or the commentary.

In order to appreciate Sadr’s contribution to astronomy, it was thought
advisable to separate the two stages of Sadr’s production: the early stage
when he produced the text, and the later stage when he wrote the commen-
tary on his own work. In this book I undertook to study the first stage.
Therefore, I had to separate the text from the commentary, and to produce
an edition, a translation of, and a commentary on the text obtained there-
from. Sadr’s commentary was used at this stage to inform my understanding
of the original text, and the ideas discussed in it are reflected in the com-
mentary produced in this book. In the future I plan to produce a critical edi-
tion of Sadr’s whole work, including his own commentary.

THE MANUSCRIPTS

Of all the known manuscripts of Sadr al-Shari‘a’s work Kitab Ta'dil
Hay’at al-Aflak (fourteen in number), six were made available for this
study.!1 However, after studying those six, it became quite apparent that the
language of the text itself was rather clear, and the few problems that
remained relate to the technical understanding of the contents only. Since

10 For reference to this work see Brockelmann, vol. II, pp. 277-9, and Suppl. II.
pp. 300-1; Dujayli vol. II, p. 162; Haji Khalifa, vol. II, p. 315; Kahhila, vol. VI, p.
246; Luknawi, p. 94; Suter, # 404; Tashkopruzade, vol. II, p. 182; Zarkali, vol. IV,
p- 354; and Zaydan, vol. II, p. 239.

11 The present author wishes to express his gratitude to those librarians who
cooperated with him by supplying microfilm copies of the MSS in their possession.
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the main purpose at this stage was restricted to the appreciation of Sadr’s
contribution to astronomical research, it was thought that the available MSS
can now be used to produce the working edition presented here.

1) A is a British Museum Manuscript!2 designated by the Arabic letter
alif in the Arabic edition, but retained for the translation and commentary.
This MS is kept in the Oriental collection in the British Museum under the
number Add 7484, and it comprises the last section of Sadr’s T adil (The
Adjustment of the Sciences) only. The title page, however, mentions the
general title of the Tadil, as well as the author’s name, and includes two
ownership signatures. Only the year 1015 (A.H. = 1606/07 A.D.) can be
identified from the first signature, while the second signature includes the
following verse of poetry: “It should suffice that people later say about what
you own, this was at one time owned by fulan.” Immediately after that, the
following curious signatures appears: “the female slave (‘abda) of Haj
Muhammad b. ‘Umar, may God forgive both of them.” The year 1165
(A.H. = 1751/52 A.D.) is written next to the latter name.

The manuscript comprises 70 folios numbered from 1 to 70. The
handwriting is clear, and includes the usual occasional corrections in the
margins of the manuscript. The manuscript is also supplied with diagrams,
which are not always clear or correct, although the text supplies ample leads
for reconstructing them.

The colophon identifies the scribe as Ahmad b. Siraj al-Din al-
Ghimdiwani who finished copying the text in Bukhara “the city of Uleg
Beg” (d. 1449) around the middle of Rajab of the year 823 (A.H. = 1420
AD.).

Being the clearest of the six manuscripts, although not the earliest, this
manuscript was used as a base copy, and the text of the English translation
is referred to it.

2) B denotes the first Berlin MS!3 in the translation and commentary, and
is designated with the Arabic letter ba’ in the edition. The MS is kept in the
Staatsbibliothek Preussischer Kulturbesitz under the number 5096-Lbg.
394, and it includes the complete work of Sadr. The third section alone was
used for this edition. Its title page has several remarks in addition to two ti-
tles: the first title is simply Ta'‘dil al-‘Ulam, while the second says: “this is
the commentary on Ta‘dil al-‘Ulam by Sadr al-Shari‘a, in the hand of one
of his students who copied it during the lifetime [of the author], may his se-
cret be sanctified.” This dating of the manuscript is in conflict with the sig-
nature of the scribe at the end which states that the writing was finished in
Rabi* al-Akhir of the year 758 (A.H. = 1357 A.D.), some eleven years after
the death of Sadr al-Shari‘a. An ownership signature is not clear and might

12 For a catalogue reference to this MS see Catalogus Museo Britannico, # 400.
13 For a catalogue reference to this MS see Ahlwardt, p. 432.
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have the year 1237 (A.H. = 1821/22 A.D.) written next to it. The remaining
remarks on this title page refer to the folio numbers where some of the
questions discussed in the accompanying text are identified.

The MS of Sadr’s complete works comprises 243 folios. The book on as-
tronomy starts at folio 184, thus occupying a total of 58 folios. The hand-
writing of this manuscript is not very clear, and no corrections appear in the
text or margins, indicating that the copy was not collated with the original.
As a result it is considered to be inferior to MS A mentioned above.
Moreover the diagrams are sketchy and unreliable.

The name of the scribe is mentioned at the end of the manuscript, to-
gether with the above date, and the usual doxology. He was Husayn b.
Muhammad, otherwise unknown to the present author. This MS is the ear-
liest of the six manuscripts, and according to manuscript H below, which
was copied from it, the present manuscript was written by a student of Sadr.

3) G indicates the second Berlin MS,14 and is designated by the Arabic
letter jim in the edition. It is kept in the Staatsbibliothek Preussischer
Kulturbesitz under the number 5683-Lbg. 144, and includes the last section
of Sadr’s three volume work which concerns us here. Its title page contains
an ownership signature, the title “Ta ‘dil al- ‘Ulium, by the honorable master
‘Ubayd Allah b. Mas‘ad b. Taj al-Shari‘a,” (despite the fact that the MS
includes the third book of the collection only, and not all three books), and
the title of a Persian treatise on “The Extraction of the Sine of One Degree”
written in a different hand.

The relevant part of the MS comprises 65 folios. The handwriting is
clear and the MS contains a few copyist’s corrections on the margins.
Moreover, the diagrams are not lettered, and the entries to the tables are not
filled in. For that reason, this MS too could not be used as a basic copy for
the edition. ]

Although this MS has a colophon, in reality it omits the last paragraph of
Sadr’s work in which he mentions the composition date. Instead, the
colophon simply contains the name Ahmad al-Kashmari, and the date of
copying as Jumada al ’Ula of the year 846 (A.H. = 1442 A.D.).

4) W refers to the Vienna MS!5 and is designated by the Arabic letter fa’
in the edition. The MS is kept in the Austrian National Library in the
Oriental Manuscript Collection under the number Wien 7. It has no title
page, and neither the name of the scribe nor the date of copying are men-
tioned in the colophon. On the other hand, the handwriting is beautiful and
clear, and the diagrams are neat, although not necessarily accurate. In addi-
tion, there are several copyist’s corrections and comments made on the mar-
gins of the manuscript. The elegant appearance of the MS, however, does

14 For a catalogue reference to this MS see Ahlwardt, p. 165.
15 For a catalogue reference to this MS see Flugel, vol. XI, p. 13.
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not make it any more reliable than the one chosen for the base text, because
it still contains several scribal errors.

MS W includes the complete works of Sadr in 325 folios. The astronomy
section starts at folio 247, thus extending over 78 folios only.

5) I refers to the India Office MS16 which is designated by the Arabic
letter ha’ in the edition. It carries the India Office Library catalogue number
Loth 532, which corresponds to a shelf number Bijapur 41: Arabic 1-532.
The title of the work is given in Persian only as: In Kitab Ta‘dil al-Mizan
Dar ‘lim-i-Kalam, meaning “this is the book of adjusting the scale in the
science of Kalam.” This title obviously points to only one of the three topics
covered in this work, namely that dealing with kalam (speculative theol-
ogy). There are no ownership signatures on the title page.

The complete MS contains the whole work of Sadr in 171 folios, the last
43 of which belong to the book on astronomy. The folios are not numbered,
and reference to them is made to the 43 folios of the last section by calling
the first sheet folio 1, the second 2, and so on. The handwriting is clear, and
the diagrams are drawn and lettered. A few corrections and comments are
included in the margins of the text.

The last paragraph of the original text, in which Sadr specifies the date
of his composition of the work, is also missing from this MS Instead, a final
paragraph in Persian gives the name of the scribe, a certain Shaykh
Muhammad °‘Ali, who finished writing in Bijapur in the month of
Muharram of the year 1116 (A.H. = 1704 A.D.). Because of the late date of
this MS, it was not used as the basic text of the edition.

6) H refers to the Hazine MS, and is designated with the Arabic letter
kha’ in the edition. It is kept in the E. Hazine collection at the Topkapi
Sarayi in Istanbul, under the number 6760 E.H. 1669.17 The title page was
not supplied with the microfilm, but the MS is listed under the title Ta ‘dil
al-‘Ulam. The folios of the MS are not numbered, so, as in the previous
MSS, all references to them are made to book three only, starting with folio
1 for paper 1, folio 2 for sheet 2, and so on.

The MS is executed in a beautiful hand, and is lavishly decorated.
Moreover, the figures are neat and lettered, although they are not free of
error. The scribe, al-Sayyid ‘Uthman b. al-Sayyid Muhammad al-Qarisi, in-
dicates in the colophon that this MS is a copy of an earlier one written by a
student of Sadr in the year 758 (A.H. = 1357 A.D.). The scribe also states
that he made every effort to rectify the present copy, and that he tried
arduously to correct and polish it. He then invites his readers to compare his
version with other existing copies in the “abode of the sultanate” (Istanbul).
The resulting work is quite reliable, and indeed beautiful, and the only

16 For a catalogue reference to this MS see Loth, p. 145.
17 For a catalogue reference to this MS see Karatay, vol. III, # 6760 E.H. 1669.
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reason it was not used as a base copy is that it was completed on the date of
Ramadan of the year 1194 A H. (= 1780 A.D.), which is the latest date of
all the 6 manuscripts used for the present edition.

THE AUTHOR AND HIS WORK

Our knowledge of the life and work of Sadr al-Shari‘a is scant and dis-
persed. It comes from various sources such as travelogues, biographies of
Hanafi scholars and of distinguished Muslims, and catalogues of important
books.18 The entries on Sadr are not very long and tend to repeat informa-
tion. Almost all sources praise his scholarship and knowledge, and yet they
do not agree on his name.! The confusion over the name, however, seems
to derive from the fact that Sadr comes from a family of famous scholars,
many of whom were given the honorary title of Sadr al-Shari‘a (the
supreme [one] of religion), or Taj al-Shari‘a (the crown of religion). Also
some of the most famous scholars of this family had the same names. Sadr’s
great-great-grandfather, for example, was also called ‘Ubayd Allah. And al-
though he was given the title Jamal al-Din, he was often referred to by his
pupils as Sadr al-Shari‘a. Moreover, apparently the two grandfathers of
Sadr, on both his mother’s and father’s side, had the name Mahmid, and
both were scholars of great influence on the education of their grandson.
Under the circumstances, some confusion regarding the name is under-
standable. The most elaborate biographical information on Sadr, however,
is given in the biographies of Hanafi scholars written by al-Luknawi, but
unfortunately most of the information is devoted to establishing Sadr’s
correct lineage, and little is offered in regard to the other aspects of his life
and work.

After a careful analysis of all the available sources, the final name can be
safely determined as ‘Ubayd Allah b. Mas‘id b. Mahmid b. Ahmad b.
‘Ubayd Allah b. Ibrahim b. Ahmad b. ‘Abd al-Malik b. ‘Umar b. ‘Abd al-
‘Aziz b. Muhammad b. Ja‘far b. Khalaf b. Harin b. Muhammad b.
Muhammad b. Mahbub b. al-Walid b. ‘Ubadah b. al-Samit al-Ansari.20

In the above genealogical chain, two names are of special importance to
our discussion, aside from Sadr himself: the first is the great-great-grandfa-

18 On the life and work of Sadr see Ibn Batita, vol. III, p. 28, Luknawi, pp. 91-5,
Tashkoprazade, vol. I, pp. 60-1, vol. II, pp. 182, 191-2, Ibn Kutlibugha, pp. 29, 30,
115, DujayHi, vol. II, pp. 162-3, Zarkali, vol. IV, p. 354, Kahhala, p. 246, Sarkis, pp.
1199-200, Zaydan, vol. III, p. 239, Haji Khalifa, vol. II, pp. 315, 417, 601, vol. III,
p. 37, vol. IV, pp. 439, 440, vol. VI, pp. 373-6, 443, 458-66, and Tlas, pp. 61, 69,
70, 99, 100.

19°For the different versions of the name compare, for example, Ibn Kutlubugha
and Tashkoprizade, on one hand, and Luknawi and Zarkali on the other.

20 See Luknawi, p. 93.
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ther ‘Ubayd Allah, known as Abu Hanifa al-Thani in recognition of his rank
among the scholars of his time.2! The later biographical sources refer to him
as Sadr al-Shari‘a al-Awwal or al-Akbar, and consistently mention his
Kitab al-Furag (The Book on Legal Differences) which gained much fame,
and became the subject of many subsequent studies and commentaries. The
second famous name is Sadr’s immediate grandfather Mahmud, whose trea-
tise on applied Hanafi law entitled al-Wigdya, was the subject of numerous
commentaries and glossaries, the most famous of which is the commentary
by Sadr al-Shari‘a al-Thani himself.22

The information introduced so far establishes the fact that Sadr belonged
to a family of traditional religious scholars. Indeed Sadr himself, despite his
single work on astronomy, was no exception. According to his biographies,
the most celebrated work Sadr produced is his commentary on the above
mentioned Wigaya, which was named after him, and on which the Hanafi
biographies list more than thirty five commentaries and glossaries. Also of
great fame was Sadr’s summary of his own commentary, al-Nigdya, which
gained enough prestige to have more than thirty important commentaries
written about it.23

The above two works by Sadr are on the subject of positive Hanafi law.
Sadr also wrote on principles of jurisprudence in his two works Tangih al-
Usil, and al-Tawdih fi Hall Ghawamid al-Tangih, which were likewise
well-known, and attracted similar attention from later religious scholars and
commentators.24

Sadr’s other works include al-Khamsin fi al-Nahw,25 on Arabic gram-
mar, al-Wishah fi al-Ma‘ani wal-Bayan,?6 on rhetoric, al-Muqaddimat al-
Arba‘a,?’ on theology, al-Shurit,28 on legal stipulations and contracts, and
several other unspecified works, which may include additional com-
mentaries, and perhaps some works on hadith.

The last work that should be mentioned in this context is, of course, the
three volume encyclopaedic treatise on The Adjustment of Sciences (Ta dil
al-‘Uliam.) The first of the three books is on logic, and as a commentary it
clearly belongs to Sadr’s intellectual output which was also written in the
style of commentaries. Here, as in the two other books, Sadr presents what

21 See, for example, Haji Khalifa, vol. I, p. 417.

22 See, for example, Haji Khalifa, vol. VI, p. 458-60.

23 See, for example, Haji Khalifa, vol. VI, p. 373-76, 458-66; and Luknawi, p.
94-5.

24 See, for example, Dujayli vol. I, p. 162; Ibn Kutlibugha, p. 30; Luknawi, p.
95; Tashkopruzade, vol. I, p. 191; and Sarkis, pp. 1199-1200.

25 See, for example, Kahhala, vol. VI, p. 246.

26 See, for example, Zarkali, vol. IV, p. 354.

27 See Dujayli, vol. II, p. 162.

28 See Dujayli, vol. I1, p. 162.
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he estimates to be the state of the art, and then attempts to contribute to its
enhancement. The second book is on theology (kalam), which follows quite
naturally after the first. The questions discussed in these two books were
not unfamiliar to theologians of the time, and it seems quite probable that a
jurist would be informed in such areas of research. What is uncommon,
however, is Sadr’s competence in astronomy, which, as I will show below,
is quite advanced for someone who is not a full-fledged astronomer.

This last point occasions a number of questions concerning the educa-
tional setting in the fourteenth-century Central Asian city of Bukhara,
which was perhaps similar to the state of education in many other Muslim
urban centers. It also indicates the level of scholarship and originality
within this setting.

Although it is beyond the scope of the present work to discuss the above
issues, it might still be useful to look more closely at Sadr’s career and envi-
ronment. Aside from the distinguished lineage and the broad and accredited
scholarly production that most of the available sources attribute to him, cer-
tain biographical anecdotes may be used to provide additional information
about Sadr. The Hanafi biographies of al-Luknawi have entries for both the
first and the second Sadr al-Shari‘as. While both scholars are described
with the highest praise, the first of the two is distinguished as “unequaled in
his time, and unique in his period, in terms of his knowledge of the [laws of
the] school and [the subject of] legal differences.”2 Sadr al-Thani enjoys no
such unique standing.30 And although one should not draw rigid con-
clusions from such scant sources, one may be justified in assuming that the
second Sadr was only one among several other distinguished scholars.

Another useful anecdote is found in Tashkopriizade: the scholar Qutb al-
Din al-Razi, teaching at Rayy, is said to have sent a student of his to attend
the lessons of Sadr, who at the time was teaching at Herat, in order to help
al-Razi assess the possibility of his prevailing against Sadr in a debate. The
pupil then found Sadr teaching Ibn Sinad’s Kitab al-Isharat, without refer-
ence to a written copy of the text or any of its major commentaries. He then
advised his teacher to forgo the idea of the debate.3! The interesting points
in this anecdote are two: the first is that Sadr taught in Herat, and not only
in Bukhara, and that he taught there, with at least some competence, the
works of Ibn Sina. The second point is that there were other famous schol-
ars teaching in the same region, who were comparable to Sadr in their
knowledge, and had interest in engaging in some sort of competitive debate.
The fact that Sadr was active in Bukhara is also evident from other sources,

29 See Luknawi, p. 92.
30 See Luknawi, p. 94-5.
31 See Tashkopriizade, vol. II, p. 191-2.
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such as Ibn Batiita, who mentions actually meeting Sadr after the latter’s re-
turn from Herat.32

Although Bukhara was “the most prosperous of the towns in
Transoxiana,”33 the Mongol invasion devastated the city, and in the early
part of the eighth (fourteenth) century when Ibn Batuta visited the place
“...the mosques, colleges and markets were still for the most part in [a] state
of ruin.”34 Bukhara was, at this time, part of the domain of the Chaghatay
Khanate of Transoxiana,35 which, after a succession of short-lived dynas-
ties, took over the control of what used to be the site of the prosperous
Samanid rule.36 The Chaghatays, on the other hand, were busy competing
with the more successful IIKhans, and with the Golden Horde state.
Moreover, even by the time they were dislodged by the Timiirids, they had
not yet consolidated their internal power.37 In short, the fourteenth century
was a period of political turbulence and instability, which may not have
contributed to the enhancement of educational and cultural life.

Religiously, a mixture of interests seem to have dominated the scene, al-
though there is evidence that the Hanafi legal school, and a brand of the
Maturidi theology were prevalent in Transoxiana. Moreover, Nagshbandi
sufism flourished in Bukhara as a “traditionally Hanafite, strictly Sunnite,
and urban based order.”38

What we have, therefore, is a phenomenon of reasonable intellectual
productivity, of which Sadr is a representative rather than an exception.
This productivity, however, takes place while the surrounding political at-
mosphere is not particularly conducive to it. Thus, an explanation of such
activity ought to be sought beyond the boundaries of political culture, per-
haps by looking at the more durable social institutions and intellectual tradi-
tions that manifested a level of resilience and flexibility in adapting to polit-
ical changes, but which, at the same time, retained their own character and
momentum independently of these changes.

The Adjustment of the Configuration of the Celestial Spheres can now be
used as a case in point. The work was finished in the year 747 A H. (1347
A.D.), the year of the death of its author. The motive for writing it, as ex-
pressed by Sadr in the beginning of the book, is to resolve the problems of
the longitudinal motion of the moon and the other planets, as well as the lat-
itude motion. Sadr adds that he is addressing these questions since “none of

32 See Ibn Batita, vol. I11, p. 28.

33 See Minorsky, p. 112. and Morgan, pp. 20-2.

34 See Strange, p. 286. and Hodgson. vol. II. p. 410.
35 See Morgan, pp. 83-7. and Hodgson. vol. II. p. 410.
36 See Morgan, pp. 22, and Hodgson, vol. IL, p. 410.
37 See Hodgson, vol. II, p. 416.

38 See Madelung, p. 51.
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the ancients had addressed them, and since none of the arrows of the latter
(scholars) did hit the mark (regarding them).” The resulting work is indeed
a revision of the astronomical tradition from within its own existing
framework. In this Sadr was obviously driven by the momentum of the
revisionist tradition mentioned earlier, which must have established certain
standards for education and learning.

Unlike earlier astronomers, such as ‘Urdi, for example,39 Sadr does not
feel a need to expose the problems of the Ptolemaic models, nor does he
concern himself with discussing these models directly. Rather, Sadr as-
sumes the level of research achieved in the Maragha school as common
knowledge among the practitioners of the science of astronomy, and cri-
tiques and attempts to modify it. This suggests that the field of astronomical
research was well delineated within the framework of the above problems,
and by extension, that a community of researchers was actively engaged in
these problems.

Two sources stand out for their marked influence on Sadr’s work on as-
tronomy, as well as his astronomical education: these are the Tadhkira of
Nasir al-Din al-Tisi, and the Tuhfa of Qutb al-Din al-Shirazi. Sadr’s refer-
ence to these two works is explicit, and he quotes both extensively. It would
seem that by Sadr’s time, these two works served as textbooks. And al-
though it is almost certain that there were other influences on Sadr, the
above works have a proportionally more important influence on him than
any other. For this reason, the following commentary tries to trace and
identify the relation of the present work to its two major sources.

THE CONTRIBUTIONS OF SADR AL-SHARI‘A TO ASTRONOMY

A complete assessment of Sadr’s contributions will be found in the fol-
lowing commentary. In this section a short summary of those contributions
will be presented. It is assumed that the reader has some working knowl-
edge of basic astronomical terms, and that further clarification may be ob-
tained by reading the present section in conjunction with the corresponding
commentaries that follow.

As mentioned earlier, Sadr assumes the reader’s familiarity with the as-
tronomical tradition aimed at reforming the Ptolemaic astronomy.
Moreover, his exposition of the Ptolemaic models is cursory and at best de-
scriptive. The main value of Sadr’s expositions is that they present the dif-
ferent modified models proposed by Tusi and Shirazi. And although Sadr
does not produce an exhaustive account of all such propositions, he does in-
clude, with very few exceptions, the major ones.

39 See Saliba, 1990, pp. 45-7.
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Had the above task been the only one which Sadr undertook, his work, at
its best, would have been another summary of earlier contributions. Sadr’s
research project, however, is more ambitious. He proposes to review criti-
cally the models of his two predecessors, and in the course of this revision
produce his own models. His presentation of the models of Tiisi and Shirazi
is thus for the definite aim of assessing them, and, wherever needed, replac-
ing them. Indeed, the results of this undertaking are far from trivial, and
Sadr was successful in his attempts to tackle such issues.

To take a few examples of Sadr’s contributions, I draw attention to his
model for the longitudinal motion of the moon.40 Two problems are raised
in relation to the Ptolemaic model of the moon: the first is that the center of
the deferent is itself moving, and the motion of the center of the epicycle on
this deferent is not uniform around the former center, but rather around the
center of the world. The second problem is the so-called problem of the
prosneusis point, which is the point diametrically opposite to the center of
the deferent on the other side of the center of the world. The anomalistic
motion on the epicycle is measured away from the mean epicyclic apogee
aligned with this movable prosneusis point, rather than being measured
from the true apogee aligned with the center of the world.

Sadr’s solution for the above problems is preceded by presentations of
the models of Tasi and Shirazi. He then notes that the latter model, which is
itself based on ‘Urdi’s solution, does not solve the problem of the prosneu-
sis point, and proceeds to modify it by adding still a third small epicycle. As
noted in the following commentary, the resulting configuration is quite suc-
cessful in resolving the theoretical problems of the lunar model, and in pre-
dicting the lunar positions in accordance with the Ptolemaic model.

The second problem which Sadr claims to solve is that of the model for
the longitudinal motion of the superior planets.4! The main problem of this
model is the so-called problem of the equant point: the center of the
epicycle rotates on a circle, but its uniform motion would not be measured
around the center of this carrying circle, but rather around the equant center.
Moreover, the anomalistic motion would be measured from the mean
apogee aligned with the equant point rather than being measured from the
true apogee aligned with the center of the world.

Sadr presents a model in which the above difficulty is resolved, although
he does not acknowledge that this is not his own contribution,; it is, in fact

40 For the objections raised against the Ptolemaic model see the commentary on
chapter 5, paragraph [16]. For a discussion of Sadr’s model see the same chapter,
paragraph [32].

41 On the objections to the Ptolemaic model of the upper planets see the
commentary on chapter 6, paragraphs [11]-[12]. For Sadr’s solution see the same
chapter, paragraphs [11]-[13].
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the same solution proposed by Shirazi, who in turn based it on the earlier
work of ‘Urdi.

The third problematic model is that of Mercury.42 The problem of the
equant point is further complicated in this case because the center of the
deferent itself rotates around the center of another sphere called the director.
Sadr correctly points out that Tusi did not solve the above problems, but he
does not bother to present Shirazi’s complicated model, and instead, he
moves on to present his own. The solution proposed by Sadr utilizes two
mechanisms which are not completely new. His ingenuity, however, lies in
bringing the two together. The first of these is the tool already used in the
model of the moon. It involves using the lemma developed by ‘Urdi, to-
gether with an additional epicycle. This step would make all circular mo-
tions uniform around their own centers. The second tool employed is a
spherical Tusi couple, which aligns the epicyclic apogee with the equant
center rather than with the center of the director. Again, the point to note
here is that this new model was only possible through close and thorough
analysis of the earlier works. And although no new elements were intro-
duced, great ingenuity was needed to produce a new composition of the old
elements.

Finally, the last set of problematic models which Sadr attempted to rec-
tify are those of the motion in latitude.43 Here too, Sadr’s own hybrid
models evolve through a close analysis of those of his predecessors. In the
case of the upper planets, he uses two sets of spherical Tusi couples, while
in the case of the lower planets one spherical couple is used in conjunction
with the inclining sphere proposed by Shirazi.

EDITORIAL NOTE

The language of Ta‘dil Hay’at al-Aflak is convoluted. Furthermore, it
suffers from the lack of fixed rules concerning gender agreement. The verbs
and their subjects, and even the nouns and their adjectives, do not always
agree in gender. Since in most cases the practice of Sadr can be considered
acceptable, although not common, I changed the gender only when it ap-
pears to be clearly an error, but I noted the original reading in the critical
apparatus.

The other problem arises in separating the text from the comments. On
some occasions, it is hard to distinguish between the text and the comments,

42 For the objections in the case of Mercury see the commentary on chapter 7.
paragraph [14]. For Sadr’s solution see paragraphs [15]-[23] of the same chapter.

43 For Sadr’s discussion of the latitude theory for the lower planets see the
commentary on chapter 8, paragraphs [29]-[33]. For the upper planets see
paragraphs [45]-[50] of the same chapter.
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and the situation is not uniform in all MSS The main criterion for establish-
ing the correct variant was to look at the contents of the text in question,
and see whether it included new substantive material, or whether it is a
mere explanation of an earlier sentence. Moreover, the succession text-
comment-text, in this order, is quite often a clue, since a missing link has to
be provided. In general, however, it was easy to determine and there were
very few cases where I had difficulty in determining the right succession
without the aid of external evidence.

The text also uses a number of symbols to abbreviate frequently used
Arabic words, such as mt for matlub, al-z for al-zahir, etc. These words are
written in full form in the edition, and were only noted in the critical appa-
ratus at their first occurrence.

Another frequently recurring problem concerns the medieval loose con-
vention for the writing of the hamza “chairs.” Such conventions were never
codified and the same word containing a hamza could be written in a vari-
ety of ways by various scribes. Even when the same word is repeated by the
same scribe, the chair for the hamza is at times changed, without regard for
principles of consistency. In such instances, I follow the modern conven-
tions of spelling without referring to the original form of the word in the
MS, in order to reduce the size of the critical apparatus.

Similarly, Qur’anic spelling conventions are reproduced according to
modern usage. Moreover, dagger alifs in words like thalath are also
changed to long alifs, without indication in the critical apparatus.

The notes written on the margins by hands different from the one copy-
ing the main text were mentioned and incorporated only if they were correc-
tions to the text. Otherwise, they were consulted as commentaries on the
text and were not included in the text nor in the critical apparatus.

MSS W and / included numerous errors which are clearly scribal, and
which otherwise cannot be considered variant readings; Moreover, MS H is
copied from MS B. Therefore, these three MSS were used to clarify and fa-
cilitate the reading of the other three, namely MSS A, B, and G, and, with
few exceptions, only the variants of the latter three were noted in the critical
apparatus.

In the Arabic text I have used square brackets to mark the MS sigla and
folio numbers of all six MSS. I have also used square brackets to indicate
the sequential paragraph numbers which are obviously not part of the origi-
nal text. Other words I added to the text for reasons of clarity, are put in
parentheses.

Finally, all letters left undotted in the original were spelled according to
modern usage. I have also added punctuation marks, which are lacking in
the original, as is the case in most medieval MSS, in order to delineate what
I believed was intended by the text.
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As for the accompanying English translation and commentary, the para-
graphs of each chapter were numbered following the numbering of the
Arabic text. These numbers appear inside square brackets. Square brackets
were also used for the MS page number of the base MS A which were
added to the English translation. The reference to other MSS can be ob-
tained Only from the Arabic edition. Words in parentheses have been added
to the translation in order to conform to English idiom as much as possible,
and to clarify the meaning. In the translation, figure numbers have been in-
serted in parenthesis when there were such corresponding figures in the
Arabic text. Additional figures that did not appear in the original have been
inserted in the commentary.

References to secondary literature are cited in an abbreviated form. Most
abbreviations have the “author, date” format. In few cases, however, differ-
ent abbreviations are used, and these are provided in parentheses before the
full citations given in the bibliography.
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[CHAPTER 1]

[1] [f. 1v] In the Name of God the Merciful, the Compassionate. My trust
is in Him.

[2] Praise be to God who embellished the sky with constellations after
securing its construction thus saying: “and We adorned it, and there are no
flaws in it”, and may prayers be on His messenger whom He made “as a
lamp spreading light”, and who derives his enlightenment from Him, and
whose family and companions He made as stars (for the believers), and
missiles for the evil humans and jinns.

[3] Now, the worshiper pleading to God, the Exalted, with the most ur-
gent of pretexts, ‘Ubayd Allah ibn Mas‘ad ibn Taj al-Shari‘a, may God
grant him happiness in the two abodes, says:

[4] This is (a work on) the Adjustment of the Configuration of the
Celestial Spheres, and it is the third part of the Book of the Adjustment of
the Sciences, which I composed for the purpose of enlightening and remind-
ing those who are endowed with reason. In this book I include (questions)
that have confused the minds of men of understanding, such as the resolu-
tion of the difficulties of the moon and the rest of the planets, and the de-
termination of the latitude (motions) of the celestial spheres, since none of
the ancients had addressed them, and since none of the arrows of the latter
(scholars) did hit the mark (regarding them). I thus wrote down whatever
God has inspired me with,
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and more, such that once you read it (i.e. the book) together with the (other)
books composed on this subject, you will know its worth. I plead to God,
the Exalted, for inspiration to the truth and for the unlocking of closed
doors.

[5] I say: the science of astronomy is the science (dealing with) the upper
(celestial) bodies together with the four lower ones with respect to their
configurations, quantities, positions, and motions that are intrinsic to them.
[f. 2r] Its subject is those (bodies) under the constraints of such configura-
tions or, more correctly, without these constraints. [f. 2v] Its principles are
geometrical and physical, while its problems will (soon) be mentioned in
two tracts:

[6] As for the geometrical (principles), they (deal with) that which can be
indicated through the senses, and is not itself an essence: if it has no
(divisible) part then it is a point, otherwise it is a continuous quantity and an
extended dimension. The singular dimension is length, the second intersect-
ing it, is width, while the third, intersecting both, is depth. Thus the first di-
mension is a line. If the other dimensions intersect the first one at each of its
parts then the generated dimension is a plane. And if the third intersect the
plane at each of its parts then the result is a mathematical solid.

[7] Some have maintained that a line is simply a length, while the plane
is two dimensions, and the mathematical solid is three. This entails (the as-
sertion) that two intersecting lines form a plane, and that three intersecting
(lines) form a mathematical solid.

[8] A solid, with the absence of an intermediary, ends in a plane, while it
(i.e. the plane ends) in a line or in a point,
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TRANSLATION 23

as in the cone, while the line (ends) in a point, provided it has a specific
limit. [f. 3r] If, however, limit is used in a general sense, then a solid ends in
(that which is) other than itself.

[9] A straight line is (a line) whose points are in the same direction. In
the Tuhfa it is (defined as) “that whose middle (part) covers its end if it falls
along the ray of sight”. But I say: if he (i.e. Shirazi) meant that (the middle)
covers (the end), such that it is not seen, then it (i.e. the above definition) is
not permitted, since the place of the ocular soul is greater than a point. If,
however, he meant something else, that remains unknown (to us).

[10] A plane surface is that in which straight lines could be assumed in
length and in width.

[11] A plane angle is a surface between two lines intersecting at a point
such that (the lines) do not coincide, irrespective of a third line or of the size
of these two lines. Indeed it is sufficient to have (only) that which is defined
as line. [f. 3v] In the Tuhfa (an angle) is (defined as) “‘a configuration gener-
ated at a point of a surface so that the two edges (of that surface) are con-
nected at that point.” But I say: according to the geometers it is apparently a
surface the curvature of which is in a specific position, which is itself the
configuration of the curvature. For that reason it (i.e. the angle) is divisible,
and one may say this (angle) is half of that, but one could not say this con-
figuration is half of that, since the configuration generated by the surface is
not divisible.
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TRANSLATION 25

[12] A solid (angle) is a solid defined by plane angles, or a solid which
ends in a point, as in the case of the tip of a cone, irrespective of the other
boundary. '

[13] A circle is a plane surface bound by a curved line called the circum-
ference, inside which there is a point called the center, such that all straight
lines (issuing) from it to the circumference are equal, and these are its radii,
whereas a line issuing (from the center) in two directions is its diameter. [f.
4r] A straight line that cuts it (i.e. the circle) into two parts is its chord, and
the part of the circumference that is thus separated is an arc. Half the chord
is the sine of half the arc. A perpendicular issued from the midpoint of the
arc to the midpoint of the (corresponding) chord is the versed sine of that
half.

[14] A sphere is a round solid bounded by a circular surface such that all
the straight lines issued from a point inside it to the (circular surface) are
equal. If it (i.e. the sphere) rotates, a circle is generated by the rotation of
each point on it.

[15] An orb is a celestial spherical solid which does not obscure what-
ever lies behind it, its two surfaces will be parallel when it includes the
earth.

[16] As for the physical (principles), if a body is composed of (other)
bodies having different
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TRANSLATION 27

natures, then it is a compound (body), such as minerals, plants, animals, and
the upper and lower meteorological phenomena. Otherwise it is simple, and
that (comprises) the elements, the orbs, and the planets. But in the section
on kalam the negation of their (i.e. the planets’) simplicity is mentioned, as
in (the case of) the spots (on the face) of the moon [f. 4v] and the like. It is
also mentioned therein, together with the objections that could be raised,
that if it (i.e. the simple body) were left to its nature it would be spherical.

[17] Moreover, the motion of orbs is circular, and every motion has a
principle. If it (i.e. the principle of motion) is contiguous to the mobile, with
or without an intermediary, then it (i.e. the mobile) is either moved by
something other than itself, or self-moved. We do not maintain that which is
asserted in the Tadhkira, namely that “if the principle of motion of the
mobile is not separated from it,” et cetera, because the principle of motion
may not be in such a situation that can be (specifically) designated.

[18] If the motion of the self-moved is in a uniform manner, then the
principle of motion is called a nature (of the mobile). (This motion) is then
divided into linear and natural for the elements, or circular and voluntary for
the celestial bodies. This restriction (of the various motions to specific ele-
ments), however, is not permissible. If on the other hand (the motion) is not
(uniform), then the principle of motion is called a plant or an animal soul.

[19] If the (mobile) which is moved by something other than itself is a
part of the principle of motion or grounded in it, then its motion is acciden-
tal; otherwise it is by compulsion. Indeed, the evidence for the motion of the
orbs as being voluntary is extremely weak, as has already been mentioned in
the section on Kalam. [f. 51]
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TRANSLATION 29

Nevertheless this does not militate against anyone holding such a view,
since it suffices to such a person that the motion of the orb be either without
dependence on another orb or with it, as in (the case of) the movement of
the encompassed orb by the encompassing orb. It was, however, maintained
that it (i.e. the movement of the encompassed orb) becomes necessary
(under two conditions): if the encompassing orb is eccentric, such that the
axis of the encompassing orb does not pass through the center of the
encompassed one, such that if it (i.e. the encompassed one) does not move,
then the necessary result will either be the interference of solid bodies, or
that the encompassing sphere will move out of its confines, because the two
surfaces of the complementary solid of the encompassing orb are not
parallel. (Second) if the pole of the encompassed orb seeks a specific part of
the encompassing one, in that case if (the encompassed orb) is not moved,
then the pole of the encompassed orb would be separated from the point
which it seeks. Yet the simple (nature) of the encompassing orb does not
permit that a specific part of it be naturally sought by the pole. If that were
granted (i.e. that the pole would naturally seek a point), then what would
explain the daily motion of all that is below the zodiacal orb?

[20] This (preceding argument) was repudiated by the author of the
Tuhfa who said: if the soul of the encompassing orb is strong enough to
move the encompassed orb, then it will move, otherwise it will not. This is
equally true whether there is an eccentric orb, in which the axis of the en-
compassing orb passes through the center of the encompassed one or not, [f.
5v] or whether there is no eccentric orb in which the two poles of the en-
compassed orb do or do not coincide with the two poles of the encompass-
ing one, since (only) the strength of the soul of the encompassing orb is rel-
evant, and not the (above-) mentioned (factors). Thus if the strength of the
soul is in such a
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TRANSLATION 31

manner, then it (i.e. the encompassed orb) will move without the need for a
physical instrument.

[21] But I say: (if) the encompassed orb has a soul, then it would have a
special motion. Now, if the soul of the encompassing orb were contiguous
with it too, then it (i.e. the encompassed orb) would have two souls through
which it becomes alive, and these would necessitate two different motions
for it. This, however, is far from being true, and no one maintains it. If, on
the other hand, it (i.e. the soul of the encompassing orb) were not
contiguous with it, then the encompassing orb would move it by compul-
sion, in which case there should be a physical cause that brings about the
movement.

[22] A proper method (for solving the above problem) has occurred to
me, namely, let the parecliptic (orbs) be embedded within the thickness of
the great orb, as is the eccentric (orb) within the parecliptic (orb itself), then
their center will be slightly offset from the center of the world, (but) in a
way that renders the difference in motion non-detectable. The upper
complementary solid thus surrounds all other (orbs), while the lower one is
contiguous to the sphere of fire. It is then not necessary to separate the
parecliptic solids of the different planets, since none of those have their
separate motion. Thus it is sufficient to have one parecliptic within which
are embedded the six eccentric orbs; that is with the exception of the moon,
[f. 6r] since the motion of its nodes entails the separation of its parecliptic
from that which is above it. Yet in spite of this, its (i.e. the moon’s) daily
motion is necessary, because the upper complementary solid of the great orb
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TRANSLATION 33

necessitates the movement of everything that falls below it. Therefore,
seven orbs are sufficient, since the complementary solid is not an orb, nor
are two complementary solids (orbs); rather they, together with what falls
between them, are one orb enclosing seven (orbs).

[23] Moreover, the second motion does not require a separate orb, since
the fixed stars that are eclipsed by Saturn are located on its upper comple-
mentary solid, while others could possibly be located below Saturn.
Therefore, its parecliptic has a second motion. And God knows the truth
best.
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TRANSLATION 35

[1] [Chapter 2] Adjustments Regarding the Discussions of the Celestial
Spheres.

[2] Chapter: On the Sphericity and the Order of the Universe.

[3]1 The sphericity of the celestial orb is inferred from the following: the
stars, in their daily motions, rotate around the pole of the world along
parallel circles. Those (stars) which are closer to it (i.e. to the pole), have
smaller day circles. Among these (circles) are those which do not disappear,
those which disappear briefly, those whose (periods) of appearance and
invisibility are equal, such as the (circle of the) equator, and those which
appear briefly. If two day circles are equidistant from the equator, then the
apparent (portion) of one of them is equal to the invisible (portion) of the
other. [f. 6v] (The sphericity is also inferred) from the gradual rising and
setting of stars, and from (the fact) that their bodies are of equal (sizes) at all
positions, except when they are on the horizon, where they (appear) bigger
due to vapors. (The sphericity is also inferred) from (the constant) ap-
pearance of one half the celestial orb, or something close to that.

[4] [f. 7r] The sphericity of the earth (is also inferred) from the rising and
setting of stars, (as they appear) in eastern localities, earlier than in western
localities. The proof for the above is in the difference in the times of the
midpoint of the (same) lunar eclipse. (The sphericity is also inferred) from
(the fact) that the altitude of a northerly star, and the depression of a
southerly one, increase as one heads towards the north, and so does the
(altitude) of a southerly (star) as one heads towards the south.
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TRANSLATION 37

Along intermediary directions, that which applies to longitude and latitude
is compounded.

[5]11 say: the above argument does not prove that the longitude and the
latitude are equal, for it does not rule out the (possibility of having an) oval
shape, or its reverse.

[6] In the Tuhfa, the author proves the sphericity of the earth by the same
(method) mentioned above. Next, (he proves) that the surface of the celes-
tial orb is parallel to its (i.e. the earth's) surface by considering two localities
whose latitudes are the same, and whose longitudes differ by some amount,
while the distance between them is (yet) another amount; and by also
considering two other localities whose longitudes are the same, their
latitudes differ [f. 7v] by a certain amount, and the distance between them is
still another amount; (he then found that) the ratio of the distance to the
degrees of the celestial orb, whether (measured) in latitude or in longitude,
will still be the same.

[7] 1 say: even if it be granted that land surveyors had leveled certain sec-
tors of the earth, and even if what they said about their findings was true, it
is still not unlikely that some parts may match, such that, (only) in these
(parts), the ratio of the longitudes and latitudes are the same, to the exclu-
sion of other localities. One additional point thus needs to be added, namely
that, for one who is heading towards the north, the altitude of the pole
changes by the same measure as the depression of a star away from the
zenith does. Thus the celestial orb does not have an oval shape, nor does it
have its reverse.
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TRANSLATION 39

[8] [f. 8r] It is possible, however, that the earth is as such (i.e. it has an
oval or a lenticular shape,) since the (above) reference (to) “one additional
point (that) needs to be added,” (actually) pertains to the celestial orb.
Moreover, the (presented) evidence can only be used in a (theoretical) defi-
nition, since it does not negate (the possibility of having) polygons which
are close to a sphere, nor (of having) indentations which are undetectable at
(the surface of) the earth.

[9] The sphericity of (the surface of) water (is also inferred) from evi-
dence similar to that which is given for the sphericity of the earth. If por-
tions of its surface (i.e. that of the water) form an arc of a circle around the
center of the world, then the whole (surface) is also so (i.e. a circle) on ac-
count of its fluidity. Thus, in contrast to the earth, no parts of (the water’s
surface) are closer or further away from the center.

[10] The fact that the peak of a mountain is visible, whereas its foot is
not, is of no importance; since a distant object appears to be smaller, an ob-
server might then think that (only) the tip is observed. Moreover, the vapor
emitted from the seas obscures the bottoms (of mountains). In addition, such
a convexity at such distances approximates a straight line, since there is no
tangible difference between the two.

[11] The problem of the indentations of the earth does not occur to a nat-
ural philosopher, since he claims
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TRANSLATION 4]

that a simple body, left to its nature, would be spherical. The surface of the
earth, however, is neither simple, nor is it left to its nature.

[12] If, on the other hand, a mathematician claims that the resultant
sphere is a real one, then that is not so. The justification that these
(indentations) do not violate its sphericity carries no weight, since even the
slightest assumed (indentations) would disprove this (sphericity).

[13] If it is claimed that it (i.e. the earth) approximates a sphere such that
the (observed) celestial conditions do not vary as a result of its indentations,
then that allegation has a rationale.

[14] That the earth is (located) midway between east and west, (is in-
ferred) from the equality of the times of ascent and descent of a star [f. 8v]
that rises and sets. (That the earth is located midway between) north and
south, (is inferred) from the fact that the sun’s shadows fall on the same
straight line during its rising and setting at the equinox, or at two points
which are equidistant from it. (That the earth is located midway between
what is) above and (what is) below (is inferred) from the appearance of half
of the celestial orb. More general than all (the above indications) is the
eclipse of the moon when it is in opposition to the sun, while it has no
latitude.
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TRANSLATION 43

[15] That it (i.e. the earth) has no perceptible size as compared to some
orbs, (is inferred) from the absence of parallax with respect to the upper
(stars).

[16] That it is motionless (is inferred) from the falling of a stone, which
is thrown (up) in the air, back onto its (original) position. The (talk about
the) air's concomitance (with the earth) is to no avail, since there are no
differences between a heavier and a lighter (object), and between the
movements of the mobiles along with or opposite to the direction of con-
comitance.

[17] Note that it is problematic to consider that the earth is in the middle,
such that its center is the center of the world, since all the parts of the sur-
face of the surrounding ocean must be equidistant from the center of the
world. And so is the case with the surface of the sea, together with that of
the earth. Otherwise it (i.e. the surface of the sea) should be closer to the
center, in order that the water would not surround the surface of the earth.
[f. 9r] Their aggregate is thus one sphere, and the center of the resultant is
the center of the world.

[18] The maintained argument, that the heat of the sun at perigee curves
the water, is to no avail, since even the strongest heat, including that of the
sun, was never observed to deprive water, in a leveled land with no obsta-
cles, of the nature of fluidity. If, moreover, it (i.e. the sun) passes beyond
the zenith, and arrives at the apogee (sic), then how could (the water) not
flow?

[19] The fact that the surface of the water is spherical around the center
of the world, entails that a vessel
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TRANSLATION 45

filled with water would have more water when placed in the bottom of a
well, than it would have when placed at the top of a minaret, since the
smaller a circle is, the bigger its convexity will be. This (idea), however, is
often found strange.

[20] It is generally accepted that the layer of pure earth is at the center of
the earth. Above it is the clayish layer. Next comes the earth layer which is
mixed with other (layers). Then the (layer) of water which surrounds most
of it (i.e. the earth). Next is the dense air which is adjacent to the water and
the earth (layers). Then the layer of bitter coldness (zamharir) in which
clouds and the like are generated. Next the layer which is predominantly air,
in which luminous meteors originate. Then the mixed layer of air and fire in
which vapors dissolve, and in which comets and the like are found. Then
(the layer) of pure fire.

[21] The sphere of air is divided into two kinds in regard to the mixing or
non-mixing of vapors: the first is a thin air which is clear of vapors, mo-
tionless, and admitting neither light nor darkness nor colors as (is the case
with) the orbs. The second is dense air, called the sphere of vapor and the
world of breeze, whose (height) is estimated at about seventeen leagues.
The blueness is located in it because the parts (of this layer) which are
closer to its upper surface are less bright than the parts which are close to
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TRANSLATION 47

the earth. Thus the former are dark with respect to the latter. If the light of
vision pierces through the parts close (to the earth), which draw their light
from either the sun or the planets, and reaches it (i.e. the upper layer), then
the observer will see a color intermediate between brightness and darkness,
and that is the blueness.

[22] Above the fire (layer) are the planets (and the stars), whose configu-
ration and number are known from the differences between the motions of
the planets, the (planets’) eclipsing of one another, the parallax, and the dif-
ferences in the regions of the first and second motions.
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TRANSLATION 49

[1] Chapter [3]: On Circles.

[2] The great orb moves from the east to the west, and moves the whole
around two poles and a cincture (mintaqa), the latter being a circle whose
circumference is such that all its points are equidistant from the two poles. It
is thus a great (circle), that is one which bisects the celestial sphere, and it is
called the equator. Its (i.e. the great orb’s) rotation takes place in one day
and night approximately, for these (i.e. the day and the night) are the sum of
its own rotation as well as the movement of the sun. The small circles paral-
lel to it (i.e. the equator) are called day circles.

[3] The orb of the fixed stars, which is called the ecliptic orb, moves
from the west to the east around two poles. Its revolution according to the
ancients, is in thirty six thousand solar years, while according to the mod-
erns, it is twenty four thousand. Its cincture is called the zodiacal belt. If it
(i.e. the zodiacal belt) and the equator were assumed to fall on the same orb,
then they do not coincide, rather they intersect at two points: the first (point)
is such that when a planet, (rotating) in the direction of the sequence (of the
zodiacal signs), that is from the west to the east, crosses it, (then this planet)
passes to the north of the equator. The other (point) is diametrically opposite
to it (i.e. to the first point), and (when the planet crosses) it, (this planet)
passes to the south (of the equator). These two (points) are (respectively) the
vernal and the autumnal equinoctial (points). The midpoints of
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TRANSLATION 51

the northern and southern halves of the (zodiacal) belt are (respectively) the
summer and the winter solstices.

[4] Then each quadrant (of the ecliptic) is divided into three equal parts
by two more points. Six great circles are drawn so that they intersect at the
two poles of the ecliptic. One of these (circles) will then pass through the
two solstices, and this will be the same as the one that passes through the
four poles. The arc of this (circle), which lies between the equator and the
(zodiacal) belt, is the total declination, and is the extreme limit of the incli-
nation (of the ecliptic), and so is (the arc) between the two poles. This (arc)
I found to be 23;33 (degrees), as in the ‘Ala’i zij. Thus twelve zodiacal signs
are obtained, (each stretching) in longitude from one circle to the next, and
in latitude between the two poles (of the ecliptic).

[5] It should be noted that, even if the zodiacal orb is the one which
moves in a second motion, and although the zodiacal belt is its own cinc-
ture, it still ought to be drawn with the zodiacal on (the surface of) the great
orb, so that (the signs) would not vary as a result of the second motion, and
so that the fixed stars could move from one sign to another. [f. 10r]
Moreover, the positions of the fixed stars, and of every point on the zodiacal
orb, do not vary with respect to the zodiacal belt, as a result of the second
motion, although they do vary relative to the divisions of the zodiacal signs,
and to the equator.

[6] As a result of the second motion, each star that falls on the cincture
crosses the equator twice during one revolution,
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TRANSLATION 53

and so does (a star) whose latitude is less than the total declination. The
southern and northern sections of this (latter kind), however, differs in size,
the greater of which is the one in the direction of the latitude. [f. 10v] (A
star) whose latitude is equal to the total declination, is tangent to it (i.e. the
equator) at the (side of the) solstice which is in the same direction as the
(star’s) latitude. (Stars whose latitude) exceeds (the obliquity of the ecliptic)
neither intersect nor become tangent to (the equator), rather they approach
and recede (from it). If, on the other hand, (the latitude of a star) is equal to
the complement of the total declination, then it (i.e. the star) would reach
the pole of the equator only once. The day circles thus differ in accordance
with the above variations, and the stars move from a smaller to a bigger day
circle, and vice versa.

[7] The apparent positions of the stars also vary relative to (different) lo-
calities, as will be mentioned in (the section on) the sublunar region.

[8] The horizon circle is the one which separates the visible and hidden
parts of the celestial sphere. Its two poles are the zenith and the nadir. [f.
11r] The two points of intersection between it and the equator are the east
and west points. The small circles parallel to it (i.e. to the horizon) are the
altitude circles (almuqgantarat).

[9] If a circle passing through the zenith and the nadir also passes
through
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TRANSLATION 55

the east and west points, then this will be the prime vertical. If, on the other
hand, it passes through the two poles of the world, then this will be the
meridian circle. (The meridian circle) intersects the horizon circle at the
north and south points. The line joining these two (points) is the line of
midday. The arc of this (meridian) circle, which falls between the zenith and
the equator, or between the horizon and the pole (of the equator) is the
terrestrial latitude. If (the circle passing through the zenith and the nadir
also) passes through the two poles of the ecliptic, then this will be the mid-
heaven arc of visibility (wasat sama’ al-ru’ya). (Finally), if it passes
through any given point (on the celestial orb), then this will be the altitude
circle. An arc of this circle, which falls between the horizon and that given
point, will be its altitude if it (i.e. the point) is visible; if it is hidden, then
(the arc) will be its depression. The azimuth of a star is the arc of the hori-
zon circle which falls between its altitude circle and the prime vertical. The
rising amplitude is the arc of this (horizon circle), which is between the
(star’s) rising point and the east, whereas the setting amplitude is the arc
which is between its setting point and the west.

[10] The declination circle is a circle which passes through the two poles
of the world. An arc on it which is between the equator and the star is the
distance of the latter from the former, and the arc between (the equator) and
the (corresponding) part of the ecliptic is (that part’s) first declination. The
arc between the two (circles, i.e. the equator and the ecliptic), along the lati-
tude circle, which is the circle passing through the two poles of the ecliptic
is its (i.e. the part’s) second declination. [f. 11v] The two declinations coin-
cide at the two solstices, both being one arc of the (circle) passing (through
the four poles). At any point other than the solstices, (the two declinations)
do not (coincide). The second declination is greater, being the hypotenuse of
a right angle. (On the other hand), the arc of (the latitude circle), between
the star and the ecliptic, is (the star’s) latitude.

[11] Note that the total declination has been found to be successively
smaller in each successive observation. The variations, however, are not
uniform. And although the variations could result from errors in the obser-
vational instruments, yet it is more likely that the lack of uniformity is due
to that same reason (i.e. the progressive reduction of the total declination).

[12] It has been maintained that the cincture of the second motion moves
in latitude. It (i.e. the cincture) may
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TRANSLATION 57

or may not move one complete revolution. In the latter case (the cincture)
reverses its motion (first) after the second coincidence with the equator, or
just at it (i.e. at the second coincidence with the equator); (second) before
(the second coincidence with the equator), after half a revolution having
been completed, or just at (its completion); and (third) before (the comple-
tion of half a revolution), after the first coincidence (with the equator), or
just at it (i.e. at the first coincidence), or before (this first coincidence). In
the first three (cases) each half of the cincture coincides with each half of
the equator. In the first five (cases) each of the two halves of the celestial
sphere, that is the eastern and western (halves), interchanges, [f. 12r] while
in the remaining three only parts of it would. In the first seven (cases) half
the cincture coincides with the part of the equator which is adjacent to it.
During every coincidence, day and night at all localities are equal, and the
seasons of the years cease. In the Tuhfa, however, the horizon where the
motion is like that of a millstone (rahawi), is excluded. In the eighth (case)
the altitudes (of stars) and the lengths of days vary. The mover (of this sec-
ond motion) will be further determined in the forthcoming chapter on lati-
tudes.
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TRANSLATION 59

[13] It has been maintained, although unreliably, that the celestial orb has
a forward and a backward motion amounting to eight degrees in six hundred
and forty years. [f. 12v] The second motion thus becomes faster when
forward, and slower when backward. Were this to be true, then an
(additional) mover would be needed. It was suggested that one orb would be
enough for this latter (mover) and for the mover of the inclination, if we
were to assume that the celestial sphere has an encompassing orb whose
poles fall on the circle passing (through the ecliptic orb), such that they are
four degrees away from the poles of the ecliptic; the pole of the ecliptic
would thus move on a small circle whose diameter is equal to eight degrees.
When the pole moves, it would move every point on the celestial sphere,
and a small circle which is equal to the above mentioned one would be
generated as a result of its rotation (i.e. the rotation of the pole). Forward
(motion) would then result from the movement along one of its (i.e. the
circle’s) two halves, whereas the backward (motion) would result from (the
movement along) the other half. Moreover, the inclination would decrease
during the movement from the midpoint of one of the two halves to the
midpoint of the other, and it would increase in the other (half).

[14] The above hypothesis, however, is not correct, because the reduction
in the inclination over this period is not equal to the (above mentioned)
quantity. Moreover, the tracing of the small circle is erroneous, rather, a cir-
cle parallel to the cincture of the mover would be generated at every point
(of the great orb).
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TRANSLATION 61

[1] Chapter [4]: On the Orb of the Sun.

[2] It (i.e. the sun) was found to be fast in one half of the ecliptic orb and
slow in the other. During solar eclipses it is a little smaller at the middle of
the period of slow (motion) than at the middle of the period of fast (motion).
[f. 13r] It (i.e. the sun) should then be farther away from the earth during the
period of slow (motion).

[3] Therefore, it (i.e. the sun) falls: (1) either on an orb which does not
encompass the earth, and which is called an epicycle, whose surface is tan-
gent to the surface (of the sun); (moreover, the epicycle) is (embedded) in
the thickness of a deferent orb whose center is the center of the earth, such
that a point on its surface (i.e. the surface of the epicycle) is tangent to a
point on the convex surface of its deferent, while (another) point (on the
surface of the epicycle) is tangent to a point on the concave surface (of the
deferent). Their revolutions (i.e. that of the epicycle and the deferent) are
completed at the same time. The motion of the lower (half) of the epicycle
is in the direction of the sequence of the signs.

FIGURE 11
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TRANSLATION 63

A

FIGURE 12

[4] (2) Or on an eccentric (orb) which encompasses the earth, and which
is embedded in the thickness of an orb whose center is the center of the
earth. This (latter orb) is called the parecliptic orb, that is (the one simulat-
ing) the ecliptic orb, since the cincture of one is on the surface of the cinc-
ture of the other. The convex surface (of the eccentric circle) is tangent to
the convex surface (of the parecliptic) at a point called the apogee, and their
concave surfaces are tangent at a point called the perigee. This, however, is
the (minimum) dimension required for the parecliptic, although it is possible
that it may exceed this (dimension), and (this is) equally (possible) in (the
case of) the epicycle and the deferent.
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TRANSLATION 67

[5] [f. 13v] (In the eccentric model), two solids of different thicknesses
result. These are called the complementary (solids). One of them encom-
passes the eccentric orb, whereas the other is encompassed (by it). The
thinness of the encompassing (complementary solid) is at the point of the
apogee, while its thickness is at the point of the perigee, and conversely for
the encompassed (complementary solid).

[6] It is maintained that Ptolemy chose this (eccentric model) because it
is simpler than the epicyclic (model), since the rotation of the epicycle re-
quires an eccentric orb, whereas the latter (i.e. the eccentric orb) does not
require an epicycle. I say, however, that it is the other way round, since with
the assumption of the epicycle, two solids are required, namely it (i.e. the
epicycle) and its deferent, whereas with the assumption of the eccentric,
three (solids are required), namely it (i.e. the eccentric orb) and the two
complementary solids, and these are indeed very far from simplicity. He
(i.e. Ptolemy) only chose it (i.e. the eccentric model) because he confined
himself to (plane) circles, and it (i.e. the eccentric model) is only simpler for
such a confiner, while it is not (simpler) for one who posits (the existence
of) solid orbs.

[7] The arc of the parecliptic, (falling) between the first (point) of Aries
and the point of the apogee, is also called the apogee. (The arc of the pare-
cliptic, extending) from it (i.e. the apogee) to the extremity of a line (issued)
from the center of the eccentric to the center of the sun, is called the (mean)
center, and it (increases by) 0;59,8,20 (degrees) per day. The sum of the
apogee and center arcs is the mean (longitude). If a line is then issued from
the center of the world to the center of the sun, and through it to the pare-
cliptic, then (the arc extending) from the beginning of Aries to its (i.e. the
line’s) extremity is the true position; the difference between the mean and
the true position is the equation, that is an angle at the center of the sun
(subtended) between the two
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TRANSLATION 69

above mentioned lines. [f. 14r] It (i.e. the true position) is less than the
mean, when the sun is descending from the apogee, and greater when as-
cending.

[8] The maximum (value of the solar equation) is determined by the dis-
tance between the two centers. (The distance) between them (i.e. the two
centers), according to Ptolemy, is 2;30 (parts), whereas according to the
moderns it is 2;5 (parts), assuming that the radius of the eccentric is 60
(parts). Moreover, when the sun falls at either the apogee or the perigee, the
anomaly ceases to exist.

[9] In the case of the epicycle, the radius (of the epicycle) is equal to the
distance between these two centers.

[10] This is what is maintained in the books of astronomy. An objection
may be raised against it, namely that the equation which should be added or
subtracted in order to obtain the true position is not the (above) mentioned
angle, rather it is something else. This is so because (of the following): let,
for example, the eccentric move the sun (a distance of) three zodiacal signs
away from the apogee; let the line issued from the center of the eccentric,
namely point D, to the center of the sun, namely point H, reach (a point) Z
on the cincture of the parecliptic; let another line (issued) from the center of
the world, namely (point) G, to the center of the sun reach (a point) T on the
cincture of the parecliptic; and let one more line (issued) from (point) G
parallel to line DZ reach (a point) K on the cincture (of the parecliptic).
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TRANSLATION 71

Then the arc which falls between the apogee and (point) Z will be one quar-
ter of the cincture of the eccentric. (Also), the position of the sun on the
parecliptic with respect to the center of the world will be point 7. Thus [f.
14v] if we want to measure the arc (extending) from the apogee to (point) 7
along the cincture of the parecliptic, then we must subtract the arc 7K from
one quarter of the parecliptic, and it is not sufficient to subtract (arc) TZ,
which is the arc (watar, sic) of the equation angle.

[11] [f. 151] I say, there are two responses to this: 1) the object of astron-
omy is to determine the position of the sun with respect to the center of the
world. Its (i.e. the sun’s) position with respect to the center of the eccentric
is (point) Z, while with respect to the center of the world it is (point) T. If
arc ZT is subtracted from the mean (longitude), then (the sun’s) position is
determined with respect to the center of the world. That which is mentioned
in the astronomical tables (zijar) (will in this case) indicate the portion of the
arc described on the cincture of the parecliptic (itself).

[12] 2) On the other hand, that which is mentioned in the books of as-
tronomy may indeed refer to that which is determined in the astronomical
tables. For the equation angle, namely (angle) ZHT, is equal to angle DHG,
because they are opposite (angles). Angle DHG is also equal to angle TGK,
since they are alternate (angles), and since lines DZ and GK are parallel.
The equation angle is thus
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TRANSLATION 73

be equal to angle TGK.

z—E D

FIGURE 16

[13] Moreover, an angle can only be subtracted from or added to an arc
on the circumference of a circle, if it is placed at the center (of this same
circle). The arc subtended by (that angle) can then be subtracted from or
added to that (first) arc. Thus if the equation angle is placed at the center of
the world, on angle TGK, (the two angles) will coincide. Since the arc of the
cincture of the parecliptic which is subtended by it (i.e. by angle T7GK) is
(arc) TK, this (arc) is therefore the one which is subtracted from or added to
the mean longitude.

[14] The following two diagrams are those of the orb of the sun accord-
ing to the epicyclic and the eccentric hypotheses, in addition to the diagram
of the angle and arc of the anomaly. (Figures 11, 13)
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TRANSLATION 75

[1] [f. 15v] Chapter [5]: On the Orbs of the Moon.

[2] Its (i.e. the moon’s) orb was found to bisect the orb of the sun, that is
the zodiacal belt, at two points which move three minutes per day in the di-
rection opposite to the sequence of the signs, (and that was determined) by
noting that the displacement of the locations of solar eclipses has the same
(value), and so is (the case with the point) of maximum latitude.

[3] An orb which moves in the (above) manner is therefore required,
namely the parecliptic, which is (also) called the orb of the nodes (jawzahr)
because (the parecliptic orb) is moved with the movement of the nodes, (the
latter) being the intersection (of the moon’s orb and the parecliptic). The
(node) at which the planet (moon) crosses to the north of the cincture
(mintaqa) of the parecliptic, is the head, while the one diametrically oppo-
site to it is the tail.

FIGURE 17
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TRANSLATION 77

[4] The next orb inside (the orb of the nodes) is called the inclined orb
because its cincture has an inclination with respect to the cincture of the
parecliptic. The maximum value of the northern and southern latitudes is
five degrees. It (i.e. the inclined orb) moves (in the same direction) as the
first (orb of the nodes), but at 11;9,18 (degrees per day). The center of the
(above) two orbs is the center of the world.

[5] Next, there is an eccentric (orb embedded) in the thickness of the in-
clined (orb). The epicycle is (embedded) in the latter’s (i.e. the eccentric’s)
thickness, [f. 16r] such that the moon is fixed on it in the aforementioned
manner. (The eccentric was posited) because the moon was found to be at
the apogee during every conjunction and opposition, since the extreme lim-
its of its (i.e. the moon’s) slowness and its distance from the earth were
found at those two (instances); (and because the moon was also found to be)
at perigee at the two quadratures from the sun, since the extreme limits of its
speed and closeness to the earth were also found at those two (instances).
Moreover, an addition or subtraction of an equation is also required, and
this (addition or subtraction), together with that which is mentioned above,
are not possible except through an epicycle.

[6] [f. 16v] (In this configuration) the sun either falls, together with the
center of the epicycle, at the apogee, or falls midway between the two (i.e.
the center of the epicycle and the apogee). The apogee moves 11;12,18
(degrees per day) by the inclined (orb), in the direction opposite to the se-
quence of the signs. The sun moves 0;59,8 (degrees per day) in the direction
of the sequence of the signs. The resultant of the two is 12;11,26 (degrees
per day), half the motion of the center of the epicycle due to the eccentric,
away from
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TRANSLATION 79

the apogee, namely 24;22,52. Thus, the mean (arc), which is the motion of
the center of the epicycle away from the fixed point on the ecliptic orb, is
13;10,34.

[7]1 The (existence of the) epicycle was established by noting that the
slowness and fastness of the moon differed in different parts of the ecliptic
orb, such that each variation (in the value of the speed) does not occur at the
same (point of the preceding variation), but returns to a similar value a short
while after the completion of a full revolution.

[8] [f. 17r] Moreover, the lower part of the epicycle moves in the direc-
tion of the sequence of the signs, whereas its upper part moves in the op-
posite (direction), because, during solar eclipses, the smaller the size of the
moon is, the slower it would be, and the bigger it is, the faster it would be.
[f. 17v] The same (applies) at conjunctions and at the two quadratures; thus,
during (the period of) slow motion it (i.e. the moon) may approach the earth
or draw away from it, and similarly during (the period of) fast motion. [f.
19r] Moreover, the period of its (i.e. the moon’s) fast (motion) is shorter
than the period of its slow (motion). Furthermore, its (i.e. the epicycle’s)
daily motion is 13;4°.

[9] Next, it (i.e. the moon) has variations; (1) if two lines are issued from
the center of the world to
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TRANSLATION 81

the cincture of the inclined (orb), such that one of them passes through the
center of the epicycle and the other through the body of the moon, then if
the moon is at the apogee or perigee of its epicycle they (i.e. the two lines)
coincide, otherwise, they differ. The arc of the cincture (of the inclined orb)
is thus the second equation in the astronomical tables. Its maximum value is
an arc whose sine is (equal to) the radius of the epicycle. At the apogee (of
the eccentric) this (radius) is (equal to) 5;15 (parts), assuming that the radius
of the inclined (orb) is (equal to) sixty (parts). Its arc is then (equal to) 5
(degrees). It is thus subtracted from the mean (longitude) if the moon is
descending from the epicyclic apogee, and added to it when it is ascending,
because the upper part of the epicycle moves in the direction opposite to the
sequence of the signs.

[10] [f. 19v] (2) Having (found) the variation at the apogee to have a
certain value, then how much would it be at some other (location)? The
(apparent) radius of the epicycle at perigee was found to be greater than at
apogee by a value of 2;40 parts. A table for the motion of the epicycle was
then set up, so that it has a variation of 2;40 when the arc of the epicycle has
an equation at apogee of 5 (degrees). What would the corresponding varia-
tion be if the equation were less than 5 (degrees)? For example, the arc
which has an equation of 3 (degrees) there (i.e. at the apogee), that being
three fifths of 5 (degrees), would have a variation of three fifths of 2;40
(parts) here (i.e. at the perigee), which is 1;36 (parts).

[11] Next, if we want to find this (value of the variation at any point)
above the perigee, then we need
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TRANSLATION 83

another table: for this, once we assume that the perigee is closer to the cen-
ter of the world than the apogee by (a value) of 20;0 (parts), we say that, for
a variation of one degree at this distance (i.e. between the apogee and the
perigee), the part of the eccentric whose distance is less (than 20;0) will
have a corresponding value. Thus, when the part (of the eccentric) is 10;0
(parts) closer to the center of the world, one degree will have one half the
variation it has at the perigee. So if this (latter variation) is (equal to) 1;36, it
should be multiplied by 30 minutes, in order to obtain the required (value).
(The product) is then subtracted or added to the second equation as already
explained.

[12] [f. 20v] (3) The (third) variation due to the prosneusis (point) is the
first equation in the astronomical tables. It is (found in the following man-
ner): measure the mean longitude on the cincture of the inclined (orb), that
being the arc which falls between the beginning of Aries and the extremity
of the line issued from the center of the earth, passing through the center of
the epicycle, and ending at (this cincture). The (mean) anomaly is measured
between a point on the upper part of the epicycle through which the (above)
line passes and the moon. The second equation is (the tabular entry found)
next to it (i.e. to the value of the measured anomaly). That is either sub-
tracted or added accordingly. The position of the moon is (already) deter-
mined, if the center of the epicycle is at the apogee or the perigee; at any
other (position) it is not. Rather, in the case when the epicycle is descending
from the apogee, it (i.e. the position of the moon) is determined by adding
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TRANSLATION 85

something (to the anomaly,) namely the first equation. Its maximum value
(i.e. that of the first equation) is at the end of a line which is perpendicular
to the apsidal line, and which passes through the prosneusis [f. 21r] point,
that is a point on the apsidal line whose distance from the center of the
world is equal to the (latter’s) distance from the center of the eccentric, and
is diametrically opposite to it. Each of the two distances is (equal to) 10;19
(parts), according to a previously mentioned consideration, and the maxi-
mum value of the (first) equation is dependent on this (distance).

[13] If, (on the other hand), the epicycle is ascending (from perigee),
then (the position of the moon is determined) by subtracting, at every part,
the same (value) that was added in the other (descending) side, at parts
whose distances away from the apogee are equal.

[14] (The above) indicates that the mean epicyclic apogee, which is the
starting point of the anomalistic (motion), begins to move in the direction
opposite to the sequence of the signs, while the perigee moves in the direc-
tion of the sequence of the signs, when the center of the epicycle is at that
end of the line (which is perpendicular to the apsidal line of the eccentric at
the prosneusis point) where the epicycle would be ascending (from the
perigee of the eccentric). [f. 21v] Then (this line) coincides with the visible
epicyclic apogee and perigee, when (the center of the epicycle) is at the
apogee in line with the center of the world. If, however, (the center of the
epicycle) departs (from the apogee), then the mean epicyclic apogee slants
away from the visible (apogee), in the direction opposite to the sequence of
the signs, and conversely for the two perigees. The two diameters also coin-
cide
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TRANSLATION 87

at perigee, and then depart (away from each other). The mean epicyclic
apogee thus slants away from the apparent (one), and conversely for the two
perigees, until it (i.e. the epicycle center) reaches the extremity of the above
mentioned line [f. 22r] during the ascent (of the epicycle). The de-
termination of the position of the moon, by adding or subtracting the equa-
tion in the manner entailed by the prosneusis point, therefore, proves (the
epicycle’s existence).

[15] [f. 22v] The practitioners of this science wondered about the manner
in which one could envision: (1) uniform motion around the center of the
world, as indicated by the mean longitude not needing to be corrected by [f.
23r] the first equation, while at the same time (2) the closeness and remote-
ness with respect to the center of the eccentric remain equal, that being in-
dicated by the observable magnitude of the epicyclic radius, which was
mentioned before, and (3) the alignment of the epicyclic diameter with the
prosneusis point.

[16] The author of the Tadhkira did not fail to account for any major or
minor (detail), and yet he did not find that which was produced (by his pre-
decessors) as satisfactory. He thus posits (in the Tadhkira) three spheres for
the uniform (motion), and three more (spheres) for the prosneusis. Then he
says: this does not fully correspond to the principle by which they (i.e. the
ancients) have worked, because of the occurrence of a discrepancy of one
sixth of a degree. (The principle of Tisi) requires that the maximum value
of the variation occur at the midpoint between the apogee and the perigee,
whereas in reality it is not so.
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TRANSLATION 89

[17] He (i.e. the author of the Tadhkira), nonetheless, mentions a
method, which is based on a lemma (figure 10): (consider) that a large circle
whose center is D, and whose diameter is AB, has in its plane a small circle
whose center is Z, and whose diameter is GD, which is half AB. Point G is
contiguous with point A, and its motion (i.e. that of the small circle) is twice
that of the large one, and in the opposite direction. (Consider) a point E on
its circumference (i.e. that of the small circle), and let us assume that it (i.e.
point E) coincides initially with A. (Now) if the large (circle) moves to the
left a distance equal to arc AG, and if the small one (moves) in the opposite
direction through GE, then arc AG is equal to one half arc GE.

A
G E

z
%D

FIGURE 26
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TRANSLATION 91

[18] [f. 23v] If we join lines DE and ZE, then angle GZE is twice angle
GDA. (The former angle) is also twice angle GDE because it is exterior to
triangle EZD, and it is equal to the two interior (angles) ZED and ZDE,
which are (in turn) equal because of the equality of the two sides ZE, ZD.
The two angles GDE, GDA are thus equal, and line DE coincides with line
DA. Therefore, point E falls on diameter AB, without deviating from it.

[19] The same applies at all the positions where a triangle (EZD) can be
constructed. If this (construction) is not possible, which is (the case) when
the large (circle) moves either a quarter or three quarters of a revolution, and
the small one (moves) twice that amount, then E falls on D; [f. 24r] or,
(alternatively), when (the large circle) moves one half of a revolution, and
the small (circle moves) one revolution, then E and G (coincide) at point B.

[20] Once this is known, consider a deferent whose center is the center of
the world. The large (circle) is (embedded) in its (i.e. the deferent’s)
thickness, such that they complete a full revolution together. A small
(circle) is (embedded) in its thickness (i.e. that of the large circle), such that
their convex surfaces are tangent at a point, and the (former’s) motion is
twice that (of the latter) and in the opposite direction. (A circle which) re-
tains the position of the epicycle as mentioned above is (embedded) in the
thickness (of the small circle), such that its motion is similar to that of the
large (circle) and in its direction. (Finally), the epicycle falls inside this (last
circle).
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TRANSLATION 93

FIGURE 27

[21] The diameter of the convex surface of the small (circle) should be
greater than the radius of the convex surface of the large (circle) by the
amount of the radius of the epicycle plus the thickness of the retainer
(circle). Thus the circle which is
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TRANSLATION 95

the path of the center of the epicycle as it is moved by the large circle
(above), without considering the motion of the small circle, is the cincture
of the large (circle); and (the circle drawn by the motion) of the small
(circle), without considering the motion of the large circle, is the cincture of
the small (circle). Moreover, the diameter (of the cincture of the small cir-
cle) is equal to the distance between the two centers assuming the eccentric
(hypothesis). (On the other hand), the diameter of the first (i.e. the cincture
of the large circle) is twice as much, which is the amount of the descent and
ascent of the (epicycle) center. Thus, by this method, the motion will be
uniform relative to the center of the world, in spite of the closeness and the
remoteness (of the moon).

[22] [f. 25v] As for the prosneusis, it requires three spheres: the pole of
the first is aligned with the cincture of the epicycle, such that the epicyclic
apogee is aligned with it when there is no variation. The second is inside it
(i.e. the first sphere), such that the distance between the pole (of the first)
from the pole of the second is equal to one half of the maximum variation.
The third (sphere) is [f. 26r] inside (the second sphere); it retains the posi-
tion of the epicycle, and its pole is aligned with the first.

[23] If we assume the epicycle to be ascending from the (point) of max-
imum variation, then the distance between the pole of the first (sphere) and
the epicyclic apogee is equal to the maximum limit of the variation, and the
epicyclic apogee is east of the pole. The pole of the second (sphere) will
then be aligned with the cincture of the epicycle, (and it will fall) east of the
pole of the first sphere, halfway between it and the epicyclic apogee.
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TRANSLATION 97

[24] Thus, were it not for the motion of the second (sphere), the epicyclic
apogee would move by the motion of the first (sphere) along a circle whose
diameter is twice the value of the maximum variation, namely the large
(circle). (Moreover), were it not for the motion of the first (sphere), it (i.e.
the epicyclic apogee) would move by the second (sphere along a circle
whose diameter is) half of that (maximum variation). This path is that of the
small (circle).

[25] Consider that the first (sphere) moves like the deferent, and that the
second (moves) twice (as fast as the first) and in the opposite direction,
while the third (moves) like the first and in the same direction. The
epicyclic apogee then starts to move towards the west until the epicyclic
apogee aligns with the pole of the first (sphere) at the apogee. It (i.e. the
epicyclic apogee) then departs from (the apogee), and descends until it
reaches the (point of) maximum variation. The epicyclic apogee then starts
to move toward the east until the epicyclic apogee aligns with the pole of
the large (sphere) at perigee. It (the epicyclic apogee) then departs from
(perigee), and ascends until it reaches the first position.

[26] The author of the Tuhfa added an epicycle. It is determined by
positing an eccentric whose eccentricity is half of that which is found (for
the Ptolemaic model), namely 5;10 (parts), and in whose thickness the
epicycle is embedded, such that its upper part moves in the direction of the
sequence of the signs. (The diameter of this epicycle is) equal to the amount
of the eccentricity (of the Ptolemaic model), that is twice the distance
(between the center of the world and the center of the new deferent). The
(second) epicycle in which the moon is (carried) is in the thickness (of the
first epicycle), and the distance between their centers is 5;10 (parts as well),
such that their convex surfaces are tangent at one point. The motion (of the
second epicycle) is equal to that of the eccentric and the anomaly.

[27] [f. 26v] Let the apogee be (point) A, the center of the eccentric be B,
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TRANSLATION 99

the center of the world be G, the center of the first epicycle be D, while the
center of that carrying the planet is E. Let us first assume points D and E to
be along line AB. Then (let) the eccentric move away from the apogee, and
let the first epicycle move away from the apogee (as well) by one nychthe-
meron (a day and a night). Draw a line between (points) B and D and let it
reach Z, wherever that point may fall, and (draw) a line between G and E in
the same manner. Angle ABZ is equal to angle ZDE, since the two motions
are equal. The two supplementary (angles) are, therefore, equal, and these
are (angles) ZBG (and) EDB. Lines BD (and) GE are parallel, since if we
bisect line BD at (point) S, and if we draw the perpendicular to it which in-
tersects line GE at (point) O, and if we let angles BSO and DSO coincide,
then point B coincides with D, and point G (coincides) with E, because an-
gles DBG (and) BDE are equal, and so are lines BG (and) DE. Lines OG
and OE thus coincide. (Moreover), the distance between the two lines at
point B, that is the line which is drawn from point B perpendicular to line
BD, is equal to the distance between them (i.e. the two lines) at
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TRANSLATION 101

point D, [f. 27r] that is the line which is drawn from (point) D as mentioned
above. This is a necessary result of the coincidence of points B and D, and
the coincidence of (lines) OG and OE. The two perpendiculars thus
coincide. Therefore, lines BD (and) GE would never intersect in either one
of the two directions, since if they were to intersect in either, then they
would intersect in the other, and this is impossible for straight lines. Now if
they (i.e. the two lines) are parallel, then angle ABD is equal to AGE.

2n

FIGURE 31
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TRANSLATION 103

[28] The variation in the arcs of the (resultant) oval path is not (in itself)
objectionable, since the angles at the center remain equal, and the
(corresponding) arcs are similar despite their closeness and remoteness.
Moreover, the motion of the center of the eccentric around the center of the
world is also permissible, since its distance (from the center of the world)
does not vary.

[29] The method of the author of the Tuhfa is good and fulfills the
(principle of) uniformity. As for the prosneusis point, he talks about it at
length, but to no avail. The gist of his words is that the motion of the ec-
centric alone suffices to account for the variation of the two apogees, and
there is no doubt that this is not so.

[30] A good method has occurred to me, namely that there should be a
small epicycle (embedded) in the thickness of the anomalistic one, such that
their convex surfaces are tangent at one point. The radius (of the small
epicycle) should be (equal to) half the body of the moon plus the maximum
value of the first equation, which is 10;19 (parts) of the same units that
make the radius of the anomalistic (epicycle) sixty units, and about 52 min-
utes of the same units that make the radius of the inclined orb sixty units. [f.
27v] The rotation (of the epicycle) is completed together with the eccentric,
such that its upper part (moves) in the direction of the anomalistic
(epicycle), whereas its lower part is opposite to it. Thus if the anomalistic
(epicycle) is at the apogee, while the moon is at the epicyclic apogee of the
smaller (epicycle), then there is no equation. If, however, it departs from the
apogee, then the upper part of the smaller (epicycle) moves
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TRANSLATION 105

in the direction of the anomalistic (epicycle), and the sum of the two mo-
tions is observable until it reaches the maximum value, which is approxi-
mately one third (of a revolution) from the apogee, since the maximum
value of the equation in the smaller epicycle occurs around this limit. Next,
it (the equation) decreases until (the anomalistic epicycle) reaches the
perigee of the eccentric, in which case the moon is at the perigee of the
smaller (epicycle), and there is no equation. Next, it (the anomalistic epicy-
cle) departs (from perigee), and the equation becomes subtractive, because
the motion of the anomaly becomes slower, and because the perigee of the
smaller (epicycle) moves opposite to it until it reaches the apogee.

[31] The change in the position of the moon by adding or subtracting the
equation to the anomaly, is on that account. This (method) is the one which
I alone have (proposed), concerning which there will be no further doubt.

[32] Next, the moon has a variation, which is the difference between its
(two respective) positions on the cinctures of the inclined and parecliptic
(orbs), since their distances from the two nodes differ. This, however, is not
taken into consideration in some of the astronomical tables because of its
insignificance.
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TRANSLATION 107

[1] Chapter [6]: On the Orbs (Pertaining) to the Longitudinal Motions of
the Superior Planets.

[2] These (planets) are slower than the sun, since at their maximum
speed, during their direct motion, they come into conjunction with the sun,
which then moves ahead of them, and (the planets) rise in the east. They
(i.e. the planets) then retrograde, and they come into opposition with it (i.e.
the sun) at the middle of the retrograde motion. [f. 28r] Next, they stop
around the (sun’s) second trine, and then they move forward. Finally, they
speed up and come into conjunction with it (i.e. the sun) as was mentioned
(above).

[3] Their (i.e. the planets’ apparent) sizes are smaller around the middle
parts of the direct motion, and larger at the middle of the retrograde motion.
(Moreover), the days of their direct motion are more than the days of their
retrograde motion. Therefore, they have epicycles whose upper parts move
in the direction of the sequence of the signs.

[4] The author of the Tuhfa, however, maintains that the retrograde
motion does not (necessarily) imply an epicycle. [f. 28v] Rather, he draws
evidence (for epicycles) from the variation of the maximum value of the
equation.

[5] Moreover, if one measures (the period between one) speed and (the
next recurrence of the same) speed, (between one) slowness and (the next)
slowness, and (between one) invisibility and (the next) invisibility, then one
finds that the time for each is variable in each of the degrees of the ecliptic
orb, such that these (recurrences) move with the displacement of the fixed
stars. An eccentric which is embedded in the thickness of the parecliptic,
and which has the same motion as the fixed stars, is thus needed.

[6] [f. 29r] The motion of the eccentric of Saturn is two minutes (per
day),
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TRANSLATION 109

that of Jupiter is five (minutes per day), and that of Mars is thirty one
(minutes per day).

[7] It was (already) indicated that they (i.e. the superior planets) are in
conjunction with the sun at the epicyclic apogee, whereas they are in oppo-
sition to it at the epicyclic perigee. Thus, it is deduced that the motions of
their epicycles are equal to the difference between the mean motion of the
sun and their (respective) mean motions.

[8] They have variations: 1) (The first variation is) an arc on the cincture
of the parecliptic marked between the ends of two lines, or (between) their
(corresponding) latitude circles, which are issued from the center of the
earth, and which end at the surface of the parecliptic, such that one of them
passes through the center of the epicycle, and the other (line passes) through
the center of the planet. The maximum value (of the first variation) is an arc
whose sine is (equal to) the radius of the epicycle when it is at the mean dis-
tance, this (radius) being 6;30 (parts) for Saturn, 11;30 (parts) for Jupiter,
and 39;30 (parts) for Mars, and assuming that the radius of the deferent is
(equal to) 60;0 (parts). [f. 29v] This (variation) is the second equation in the
astronomical tables, and it is additive to the mean (longitude of the center of
the epicycle) as long as the planet is descending from the epicyclic apogee,
and subtractive while ascending towards it.

[9] 2) The radius of the epicycle is seen smaller when the epicycle is
farther than the two mean distances, and it is seen bigger when it is closer
than them. Thus, the (values) of the radius of the epicycle at the mean dis-
tance, and the increase (in its size) when it is at the nearest distance, are put
in two tables, in a manner similar to what we mentioned in the case of the
moon. The decrease in its size at the farthest distance, (together with its size
at the mean distance), are then put into
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TRANSLATION 111

two more tables for the decrease, as they were put for the increase.

[10] 3) The uniformity of the motion is around the (equant) center of the
mean motion, which is a point on the apsidal line of the eccentric, which
falls on the side of the apogee, such that its distance from the center of the
eccentric is equal to the latter’s distance from the center of the earth. The
distance of each (of the centers) is: 3;25 (parts) in (the case) of Saturn, 2;45
(parts) in that of Jupiter, and 6;0 (parts) in that of Mars. Moreover, the di-
ameter of (the epicycle which passes through) the epicyclic apogee and
perigee is in line with this point.

[11] I, however, say that it is necessary to have an eccentric, whose
center is half way between the equant center and the point which was
(originally) thought to be the center of the eccentric. An epicycle which sur-
rounds the planet-carrying epicycle is embedded in its (i.e. the eccentric’s)
thickness, such that the distance between their two centers is equal to the
distance between the center of the eccentric which we (just) posited, and the
equant center, this being 3;0 (parts) in the case of Mars.

[12] When the surrounding (epicycle) is at the (eccentric) apogee, then
the planet-carrying one is at the perigee of the surrounding (epicycle).
(Moreover), the motion of the surrounding (epicycle) is similar to that of the
eccentric: its upper part (moves) in the direction of the sequence of the
signs, while its lower part (moves) in the opposite (direction). Thus, when
the surrounding (epicycle) reaches the apogee of the eccentric, then the cen-
ter of the planet-carrying (epicycle) rides
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TRANSLATION 113

over the apogee of the surrounding (epicycle). (Therefore), the distance be-
tween the center of the planet-carrying (epicycle) and a point, which was
(originally) thought to be the center of the eccentric, is (always) the same
distance. [f. 30r] (Moreover), the movement of the (center of the) planet-
carrying (epicycle) around the equant center is uniform, since when the cen-
ter of the planet carrying (epicycle) is at the (eccentric) apogee, it is also at
the perigee of the surrounding (epicycle), and the motion of this perigee is
in the direction opposite to the sequence of the signs. Uniformity (of mo-
tion) is thus (around a point which falls) on the side of the (eccentric)
apogee, in contrast to what was mentioned (above) in the (case of the)
moon.

FIGURE 39
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TRANSLATION 115

[13] Next, it is necessary to: have either an (orb) which retains the posi-
tion of the epicycle, which moves (at a speed) equal to that of the sur-
rounding (epicycle) and opposite to its direction, or to make the epicyclic
motion equal to the (sum of the) motions of the surrounding (epicycle) and
the anomaly, as is known in the (case of the) moon.

[14] The problem of the prosneusis does not arise, because the diameter
(which passes through the mean epicyclic apogee and perigee) is in line
with a point around which the motion is uniform, namely the equant center.
The (above mentioned) variation is subtracted from the mean (longitude),
and is added to the anomaly, as long as the epicycle is descending from the
(eccentric) apogee, and conversely, if it is ascending. [f. 30v] Therefore, the
determination of the location of the planet through this procedure proves the
uniformity (of motion), and the alignment around the equant center.

[15] An objection arises against the above, (namely) that this variation is
one entity, whereas ascribing it to the cincture of the epicycle is not the
same as ascribing it to the cincture of the equant (orb). So how could this
procedure be correct?

[16] The response is that the equation angle, which is added or subtracted
from the anomaly, is the one which is (measured) at the center of the
epicycle. If, however, this angle were placed at the center of the world, then
it would be the angle that would be added or subtracted on the cincture of
the equant (orb),
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TRANSLATION 117

as is known in (the case) of the sun.

[17] Among (the points) which are specific to Mars, is that its distance
from the sun during conjunction is larger than its distance from it during
opposition; (this is so) because, (on the one hand), the minimum (value of
the) distance (between the sun and Mars) at conjunction is equal to the di-
ameter of the epicycle of Mars, [f. 31r] this being 79;0 (parts). This (occurs)
when the sun is at the eccentric apogee, and the center of the epicycle of
Mars at the eccentric perigee. (On the other hand), the maximum (value of
the) distance (between the sun and Mars) at opposition is equal to (the sum
of) the diameter of the parecliptic of the sun, this being 53, plus the thick-
ness of the complementary solid of Mars, this being 12;0 (parts), plus the
thickness of the complementary solid of the sun, this being 4. The sum is
69, and this (occurs) when they (i.e. the sun and Mars) are at the two
apogees. The above (values) are derived from the (values) of the radius of
the epicycle, and the distance between the two centers.
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TRANSLATION 119

[1] [f. 32r] Chapter [7]: On the Orbs (Pertaining) to the Longitudinal
Motions of the Two Inferior Planets. '

[2] Both (planets) come into conjunction with the sun, while at the
maximum speed of their motion, at the middle of the direct motion, and
similarly at the middle of retrograde motion.

[3] The distance of Venus from it (i.e. the sun) does not exceed 47 de-
grees, and that of Mercury does not go beyond 27 degrees. Moreover, both
of them have longer durations and smaller (apparent) sizes during direct
motion.

[4] Each of them thus has an epicycle, whose upper part moves in the di-
rection of the sequence of the signs, and whose lower part moves in the op-
posite direction. The distance from the sun is equal to the amount entailed
by the radius of the epicycle.

[5] Next, if one compares the various positions (of these planets, one
finds that) they are not similar. The epicycle should thus be (embedded) in
the thickness of an eccentric whose motion is equal to that of the mean sun,
and the center of the epicycle is inseparable from the center of the sun.

[6] Furthermore, the point at which the motion is slowest and the (slow)
duration is shortest, moves with the motion of the fixed stars. It is therefore
necessary to have a parecliptic which has the same motion as the fixed stars.

[7] [f. 32v] Next, in (the case of) Venus, all conditions occurring at a
(specific) point of the eccentric, will have contrary (conditions) occurring at
the (point) diametrically opposite to it. This is contrary to (the case of)
Mercury, since (the position of) its closest distance (from the center of the
world), which is inferred from the maximum size of the radius of
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TRANSLATION 121

the epicycle, is not diametrically opposite to (the position of) its farthest dis-
tance, which is inferred from its minimum size. Rather it (i.e. the closest
distance) is at the two trifies, where (the radius of the epicycle) is largest.
The (distance) then (increases) at the diametrically opposite position, and (it
increases) further at the (position) of its farthest distance.

[8] This (case of Mercury) is also different from (that of) the moon
where the radius of its (i.e. the moon’s) epicycle, both at the farthest dis-
tance (from the earth), and at the position which is diametrically opposite to
it, are equal. Moreover, the closest distance in the (case of the) moon is at
the two quadratures.

[9] (The above), therefore, proves that the path of the center of the
epicycle (in the case of Mercury) is not a circle, because (there are only)
two points on its circumference which are closer than the remaining points
to a point inside (his circumference), that is the center of the world. A circle
cannot be so. Its path, therefore, has an elliptical or an egg-like shape. It (i.e.
the path of Mercury’s epicycle center) thus has two apogees at which it will
be at the farthest distance, one of them being diametrically opposite the
other.

[10] It (i.e. the path of Mercury’s epicycle center) also has two ec-
centrics: one of the two is (embedded) in the thickness of the parecliptic,
and is the director, the distance of whose center from the center of the earth
is 6 (parts), (marked) on the side of the farthest distance. The other
(eccentric) is (embedded) in the thickness of the director, (such that) the dis-
tance between their centers is 3 (parts), assuming that the radius of the def-
erent is 60 (parts). The epicycle is then (embedded) in its thickness (i.e. that
of the second eccentric), and the planet is on the epicycle.
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TRANSLATION 123

FIGURE 41

[11] The first apogee is moved by the (motion) of the fixed stars. The
second (apogee) is moved by the (motion) of the director in the direction
opposite to the sequence of the signs, (and it is) the same as the (motion) of
the mean sun. The deferent moves at twice (the above speed), in the direc-
tion of the sequence of the signs.

[12] When the epicycle is at the apogees, then (in the first case) the
(distance) from the center of the world to the center of the director is 6
(parts); (the distance) from it (i.e. the center of the director) to the center of
the deferent is 3 (parts); (and finally, the distance) from it (i.e. the center of
the deferent) to the center of the epicycle is 60 (parts). The sum is 69
(parts). The second apogee, together with the center of the deferent, move
by (the motion of) the director, in the direction opposite to
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TRANSLATION 125

the sequence of the signs, whereas the epicycle moves by (the motion of)
the deferent, in the direction of the sequence of the signs. The second
apogee and the center of the epicycle then coincide at (a point which is) di-
ametrically opposite to the first apogee. (At this position,) the center [f. 33r]
of the deferent is between the center of the director and the center of the
world, and the distance from the center of the world to the center of the
epicycle is 57 (parts). Moreover, when one rotation is completed, the motion
of the center of the epicycle produces a shape whose length is 126 (parts),
and maximum width is 114 (parts). Its center is the same as the center of the
director, as in this (attached) figure (figure 43).

A

F3

g
AN

B

FIGURE 43
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TRANSLATION 127

[13] Let the farthest distance be point A, and (the point which is) dia-
metrically opposite to it be (point) B, and let the center of the world be
(point) G. From G we issue a line perpendicular to AB, such that it inter-
sects the circumference of the (above) shape at point D. Now GD is smaller
than GB, because GB is equal to 57 (parts), which is half the maximum
width, whereas GD is less than half the maximum width, since the width
decreases gradually after it passes the middle (point), which is the center of
director. Thus if (the length of) GD is marked on GB, and if a circle is
drawn (accordingly), then this circle goes out of the (confines of the above)
shape at point 7, and then it enters back at point D. This is so because if a
circle [f. 33v] is marked over an egg-like shape, such that the diameter of
the former is equal to the width of the latter at any (desired) position, then
two sections (of the circle) go out of the (confines of the egg-like) shape at
its two sides, because the width in this shape decreases more than it does in
a circle, since this shape, contrary to the circle, ends in an angle. Thus, after
passing past point D, (a line) issued from (point) G to its circumference (i.e.
that of the egg-like shape), will be shorter than GD, until it reaches its
minimum length; then it becomes longer until it reaches point 7, where it
becomes equal to line GD; then it extends until it reaches the (point which
is) diametrically opposite to the farthest distance (of the center of the epicy-
cle).
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TRANSLATION 129

[14] As for the (equational) variations, they are similar to those of the
superior (planets), since the orbs of Venus are similar to the latter’s orbs. As
for Mercury, the uniformity and alignment in it are with respect to a point
which is halfway between the centers of the director and the world. The au-
thor of the Tadhkira says: “It is not easy for me to properly visualize this
(point).” So I will mention (below) what God, may He be exalted, had fa-
cilitated for me. I thus say:

[15] The motion of the center of the epicycle is made uniform around the
center of the director, in the manner that was mentioned in the moon. We
posit an eccentric, whose center is halfway between the point which was
thought to be the center of the eccentric and the center of the director. Its
distance from the center of the director will be one and one half of a degree
(sic., i.e. 1;30 parts). Next, we posit an epicycle (embedded) in the thickness
of the eccentric, and in the thickness of this epicycle we posit the planet-
carrying epicycle, such that the distance between the centers of (the second)
and the first epicycles are equal to the distance between the center of the
eccentric and the center of the director; the motion of the first epicycle is
equal to the motion of the eccentric, and its upper part (moves) in the direc-
tion of the sequence of the signs, whereas its lower part (moves) in the op-
posite (direction). The uniformity of the motion of the center of the (planet
carrying) epicycle around the center of the director is thus entailed. (The
above) also requires that the maximum variation (i.e. equation of center) is
equal to (the value) which is required by the eccentricity of the center of the
director from the center of the world, which is six parts, whereas in reality it
is equal to (the value) which is entailed by half that (amount). Therefore, it
is deduced that the center of the epicycle has a longitudinal inclination.

[16] The method (for representing) the above model is to posit three orbs
surrounding each other, all of which encompass the director, such that they
all have the same center. The motion of the first (orb) is similar to the mo-
tion of the director, that of the second
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TRANSLATION 131

is twice as much and in the opposite direction of the first, and the third is
similar to the first and in its direction. (Moreover), the pole of the first (orb)
is at the end of the line passing through the center of the director, which is
perpendicular to the apsidal line (of the eccentric), and which is aligned
with the cincture of the director.

[17] First, let us consider the pole of the second (orb) to be west of it (i.e.
the pole of the first orb), such that it is also aligned with the cincture (of the
director); point A is a point on the cincture of the director. We want [f. 34r]
to move that point on a straight line, such that it is west of the pole of the
second orb, at a distance (which is equal) to the entire half of the maximum
inclination, that is one and a half degree; the center of the epicycle is also
aligned with it (i.e. point A). The pole of the third (orb) is in the same direc-
tion as the pole of the first.

[18] The movement of the first and the second (orbs) thus results in the
movement of point A through six degrees along a straight line, in the direc-
tion of the sequence of the signs. It then turns back and moves six degrees,
in the direction opposite the sequence of the signs, until it returns to the first
position. Similarly for all the points of the director, and also the center of
the epicycle.

[19] If the first (orb) rotates through a quarter of a revolution, then point
A coincides with the pole of the first (orb), and the center of the epicycle
reaches the apogee; (this is so) because it moves a quarter (of a revolution)
and three degrees,
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TRANSLATION 133

since the motion in variation is in the direction of the sequence of the signs;
(moreover), there is no variation (in this case), because it (i.e. point A) co-
incides with the pole of the first (orb).

[20] Now, if the first (orb) completes half a revolution, then point A will
be at the farthest eastward distance away from the pole of the first (orb), that
being three degrees. The distance of the center of the epicycle away from
the apogee will then be a quarter of a revolution and three degrees; (this is
s0) because the variation in this case is additive, since its motion (i.e. that of
the epicycle) is in the direction of the sequence of the signs.

[21] The first (orb) then moves a quarter of a revolution, at which time
point A coincides with the pole. The center of the epicycle will be diametri-
cally opposite to the apogee; (this is so) because it (i.e. the center of the
epicycle) moves away from its mean-distance (position) through a quarter
of a revolution less three degrees, since the motion of the variation is in the
direction opposite to the sequence of the signs. Here (too), there is no vari-
ation.

[22] Next, point A becomes westerly, until it reaches the first situation,
namely the westward end. (The distance) between the point which is dia-
metrically opposite to the apogee and the center of the epicycle will thus be
a quarter of a revolution less three degrees. (This is so) because the variation
is subtractive, since its motion is in the direction opposite to the sequence of
the signs.

[23] This produces the uniformity (of motion) around a point which is
halfway between the center of the world and the center of the director.
Alignment is also obtained with respect to this point.
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TRANSLATION 135

[1] [f. 34v] Chapter [8]:

[2] The moon has one fixed (inclination in) latitude, and it has (already)
been mentioned before.

[3] The superior planets have two inclinations: the first is the inclination
of the inclined (orb) away from the cincture of the parecliptic. If the cinc-
ture of the deferent is assumed to pass through the (center of the) world,
(then) the inclined (orb) is a circle which is marked on the surface of the
parecliptic, such that its center is the center of the world. This inclination is
fixed, and it amounts to two and a half degrees in (the case of) Saturn, one
and a half degrees in (the case of) Jupiter, and one degree in (the case of)
Mars.

[4] The second is the inclination of the diameter, (which connects) the
(true) apogee and the (true) perigee (of the epicycle), away from the cinc-
ture of the inclined (orb), since it (i.e. this diameter) only falls in the plane
(of the inclined orb) or in the plane of the cincture of the ecliptic, when the
center of the epicycle is at one of the two nodes. Apart from those (nodes),
the apogee inclines in the direction of the cincture of the ecliptic, and the
perigee in the opposite (direction).

[5] Let us assume that the head is at the beginning of Aries. Thus if the
(center of the) epicycle (falls) on it, then there is no (second) inclination. If
(the center of the epicycle) departs from (the head), then the (epicyclic)
apogee inclines south of the inclined (orb), which is the direction of the
cincture (of the ecliptic), until it (the epicycle) reaches the beginning of
Cancer (ninety degrees from the node,) where the maximum inclination
(occurs). It (i.e. the inclination) then decreases until it reaches the beginning
of Libra, where there is no inclination. If then (the center of the epicycle)
departs (from the beginning of Libra), then the (epicyclic) apogee inclines
in the direction north of the inclined (orb), which is the direction of the
cincture (of the ecliptic), until (the epicycle) reaches the (point of) maxi-
mum (inclination) at the beginning of Capricorn. Next, (the inclination) de-
creases until it reaches the first condition at the beginning of Aries.
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TRANSLATION 137

[6] Note that the maximum of this inclination at the center of the epicycle
is 4;30 (degrees) for Saturn, 2;30 for Jupiter, and 2;15 for Mars. At the
center of the world, however, the inclination of the apogee is less than the
inclination of the perigee, since the former is farther (than the latter) from
the center of the world. Moreover, the northern (inclination) is less than the
southern one, because the (deferent’s) apogee is in the north. [f. 351] Its
maximum (value) is for Saturn.

Saturn Jupiter Mars

North  South N. S. N. S.
Max. Incl. 0;26 0;28 0;24 0;25 0;22 0;27
of apogee
Max. Incl. 0;33  0:35 0;35  0;38 322 656

of Perigee



138 TEXT

o "W o (V) syl e iy [BYAY S [V]
s Sl ol ey Y8 #) oL ol i gpy  Jiall
s oty o U olass (¥ 2] opidl oy o 1Ly
el 0 g o8 WS Jlddl oy o ddday

(Had ol LY wie Jeall e Wl 550 sl S [A]
EIRP NP SE LINURY LS ok 1] (S ol vade Lol 3, Uaady
P UFOR ST

ade iU o 52 1 2By - Jad | ol 2ol o] 2 s (4]
5 Vs Jb oy ol b L il o 5 (SLRYI S,
wie T ooy 13 Lyt 0 5 (Wl Sl I T I 2 Ly
Jet o3 0¥ sy ol ) L Lo (L) Joas ol ol
ik Yt ot o 031 by o] by o Ly L
Aol 1385 Ltz o 5 Ldlad oad g g0 iy

v i 5 Waay | 2 5,050 ysudl 58 8 [V ]

o) & piadly 5,000 UL ppaddl 3 Jee T(Y) VY]

(7] i (2 G ug e IV (V)
(g e 2SI 5T
(2] s chgmys
[C] a0+ ;;,a;.u‘
[G) W7 oo 1Y (D)



TRANSLATION 139

[7] The two inferior planets have two inclinations: (1) The inclination of
the inclined orb away from the parecliptic, and it is not fixed. The northern
inclination decreases until they (i.e. the inclined and the parecliptic orbs)
coincide; next, the southern (inclination) equals the first (northern in-
clination); it will then decrease until they (i.e. the inclined and parecliptic
orbs) coincide; (finally) the northern (inclination) returns as it was (in the
first position). This (cycle covers) one whole revolution.

[8] The center of the epicycle for Venus, therefore falls either on the
parecliptic, during coincidence (between the parecliptic and the inclined
orbs), or always to its north. As for Mercury, (the center of its epicycle
would fall) either on it (i.e. the parecliptic), or always to its south. (This is
produced) by assuming that the inclined (orb) has a longitudinal motion,
such that its rotation would be completed together with the (motion in) lati-
tude.

[9] We (now) assume that one of the two nodes is (at) the beginning of
Aries. (Let) point A be a part of the inclined (orb) which falls on it (i.e. the
beginning of Aries) at the time of coincidence (between the parecliptic and
the inclined orbs, and (let point) B be (the point which is) diametrically
opposite to it. That (point) which is adjacent to (the beginning of) Cancer,
namely G, inclines towards the north, and (point) D (inclines) towards the
south. (Point) A then moves in the direction of the sequence of the signs,
and it becomes northerly, while (point) B (becomes) southerly. Now, when
A reaches the beginning of Libra, then coincidence takes place (again).
(Next), that (point) which is adjacent to (the beginning of) Cancer, which is
now (point) D, inclines towards the south. That (point) which is adjacent to
the beginning of Capricorn, now being (point) G, inclines towards the north.
Point A then moves towards (the beginning of) Capricorn, and it thus
becomes northerly, while B (becomes) southerly. This is always the case.

[10] The center of the epicycle for Venus thus (corresponds to) point A,
and that of Mercury (to) point B.

[11] (2) (The second inclination is) the inclination of the diameter of the
epicycle which passes through the (epicyclic) apogee and perigee, for it
does not
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TRANSLATION 141

fall in the plane of the inclined (orb) except when the center of the epicycle
is at either the (deferent) apogee or perigee. These (deferent apogee and
perigee) are located halfway between the two nodes. If, however, (the center
of the epicycle) departs from the (deferent) apogee, then the (epicyclic)
apogee of Venus inclines towards the north, while the perigee (inclines) to-
wards the south. If it departs from the perigee, then the opposite (is the
case). [f. 35v] The opposite (holds) in the case of Mercury.

[12] The maximum value of this inclination with respect to the center of
the epicycle is: two and a half degrees for Venus, and six and one quarter
degrees for Mercury. (The corresponding values) with respect to the center
of the world are as follows:

Venus Mercury

Max. Incl. 1;2 1;45
of Apogee

Max. Incl. 6;23 4:4
of Perigee

[13] There is no difference between the (above values) in the north or
south directions.

[14] (3) (The third inclination is) the inclination of the diameter (joining
the two points)



142 TEXT

Vs Ul b 8 o g5 Sl Ll e i s ¢ i)
4,0 3L L opadiall s 5 padl 38 N0 e VI el
(Sl gl Tl Gkl sl i s L Lals s s
S lall oy f il Jedl Il Sl ey
Sy s Sl e LYY o] 5 e o LYY ] copd]
I ol i pcaty ol Al iy o Jell L Lo Y
& Jedl JI plballs copdl JI Sl Jt o g Y1 sl
ol I e o5 ¥ b Iz ol JI sl 35 15,3
-Jﬂ‘cé’ﬂ"}-‘””.

slbe s .ule)gugMQ)%uswlaig‘uj (Vo]
oSl e g 2Ny LG

e Gl o) s o madl de 1y T ULy [P 11 1V)
VIR FN[PRTS » {RLCSY PN (VR B SN T JUR 1
dadl S Ll ol ddhis e LIl Bydnys . sl e e
oo ialelize e sy Laaly 391 5 e iy * Y

(o 1] cdain Sl 2,8

() chin Sl 15l

[z 1) poll e sl

] pall zpuiall

(o] Gkl 5 5 Ll san I 108/ °



TRANSLATION 143

of the epicycle (which are) at the mean distance (from the apogee and
perigee), with respect to a plane which is parallel to the cincture of the
parecliptic. (This diameter) is neither in the plane of the inclined orb, nor in
that of the parecliptic, except when the center of the epicycle is at one of the
two nodes. If it (i.e. the center of the epicycle) departs from (either one of
the two nodes), and if in the case of Venus (the center of the epicycle) is
moving towards the (deferent’s apogee), then the lagging section (of the
epicycle), that is the eastern one, which is (also) called the evening one, in-
clines towards the north, and the leading section, that is the morning one,
towards the south. The opposite (holds) in the case of Mercury. (The incli-
nations continue to increase) until they reach the (deferent) apogee, where
the maximum inclination (is obtained). They then start to decrease until they
vanish upon arriving at the other node. The evening (section) of (the
epicycle of) Venus then inclines to the south, and the morning one to the
north, (and conversely) for Mercury, until they reach the (point which is)
diametrically opposite the (deferent) apogee. (The inclinations) then de-
creases until the first situation obtains.

[15] Note that the first node is called a head in the case of Venus, and a
tail in the case of Mercury, and conversely for the other (node).

[16] [f. 36r] These latitudes were only posited by observing the superior
(planets) while the center(s) of epicycle(s) were at their farthest distance
(from the earth), and also (at) the closest distance, and (then noting) in
which position of the epicycle(s) the planets were (located). They (i.e. the
planets) were invariably found north of the cincture of the ecliptic (while
the center of the epicycle was) at the farthest distance, and south of it at the
closest (distance). Moreover, two diametrically opposite points on
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TRANSLATION 145

the cincture of the ecliptic were determined, such that whenever the center
of the epicycle (falls) on one of them, while the planet (falls) at either the
(epicyclic) apogee or perigee, it (the planet) has no latitude. (On the other
hand), when the center of the epicycle (falls) on any other point between the
(above) two, while the planet (falls) at either the (epicyclic) apogee or
perigee, then the inclination of the (epicyclic) apogee is less than the incli-
nation of the perigee. It was thus deduced that the deferent has an inclina-
tion away from the cincture of the ecliptic, which is fixed in both the north
and the south (directions), and that the two points (mentioned above) are the
two nodes.

[17] Indeed, if it (i.e. the center of the epicycle) were at one of the two
nodes, then (the planet would fall) in the plane of either the inclined or the
parecliptic (orbs). If, however, (the center of the epicycle) crosses them (i.e.
the nodes), then the (epicyclic) apogee would incline towards the ecliptic
orb, and the perigee (would incline) in the opposite (direction). Had this not
been (the case), the distance of the (epicyclic) apogee away from it (i.e.
from the ecliptic) would not always be smaller than the distance of the
perigee.

[18] [f. 36v] The author of the Tadhkira posits for the second inclination
three spheres which encompass the epicycle, such that their center is its (i.e.
the epicycle’s) center. (Moreover), the cincture of the first one (of the above
spheres) is in the plane of the cincture of the inclined (orb). We draw a cir-
cle which passes through the two poles of the epicycle, (such that) the pole
of the first (sphere falls) on this circle, while the pole of the third is imme-
diately above the pole of the first. The pole of the second (sphere) is such
that its distance from the pole of the first is equal to half the maximum value
of the inclination, and so is (its distance) from the pole of the epicycle.

[19] We first assume this (pole of the epicycle) to be north of the pole of
the second (sphere), and similarly (we assume) this (latter pole to be north)
of the pole of the first (sphere). (Let) the center of the epicycle (fall) be-
tween the head and the tail. The first (sphere) moves
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TRANSLATION 147

like the deferent, while the second moves twice (as fast) and in a direction
opposite to that of the first. The third (sphere) moves like the first one, and
in the same direction. The pole of the epicycle thus moves on the straight
line, and so does each one of its parts, including the (epicyclic) apogee.

[20] [f. 37r] If, (on the other hand), we assume that the pole of the first
(sphere falls) in the plane of the cincture of the inclined (orb), such that the
epicyclic apogee approaches it until it coincides with it, and then it moves
away (from it), then the required (still) obtains.

[21] The author of the Tuhfa makes the (value of the) second inclination
fixed as well, by positing another sphere which he calls the inclining
(sphere). To account for uniformity, he posits a sphere in the thickness of
the deferent, which he calls an encompassing (sphere), such that its motion
is like that of the deferent, and its upper part (moves) in the direction of the
sequence (of the signs). (He) then (posits) an inclining (sphere) inside it (i.e.
inside the encompassing sphere), such that the distance between its center
and the center of the encompassing (sphere) is equal to the distance between
the center of the deferent and the center of the world. Its motion is twice as
much as the (motion of) the encompassing (sphere), and in the opposite
direction. The epicycle (is also posited) inside (the inclining sphere), such
that their centers are the same. Its motion is equal to the motion of the
encompassing (sphere) plus the (motion in) anomaly, (such that) its upper
part (moves) in the (direction of the sequence of the signs.

[22] The cinctures of the epicycle and the inclining (sphere) intersect.
(Let) line AB be the intersection (line) which is common to both of them.
(Let) point G (fall) midway between A and B, on the cincture of the
inclining (sphere), and point D midway between B and A. Thus the half of
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TRANSLATION 149

the epicyclic cincture which falls with AGB (on one side) is north of the in-
clining (sphere), whereas the half which (falls) with BDA (on the other side)
is south of it. The maximum (value of the) distance between them (i.e. the
cincture of the inclining sphere and the epicycle) equals the value of the
second inclination.[f. 37v] The cincture of the inclining (sphere of the
above model falls) in the plane of the inclined orb.

[23] We first assume that the center of the epicycle falls between the two
nodes, at the middle of the southern half, while the epicyclic apogee is at its
maximum southerly inclination away from G. It (i.e. the epicyclic apogee)
is thus (located) between the inclined (orb) and the cincture (of the pareclip-
tic). If the deferent then moves through a quarter of a revolution, then the
center of the epicycle reaches one of the nodes. The inclining orb also
moves through a quarter of a revolution. Line AB thus coincides with the in-
tersection (line) which is common between the parecliptic and the inclined
(orb), and point B becomes the farthest point of the cincture of the epicycle,
away from the center of the world. It is thus an epicyclic apogee, and the
diameter of the morning and evening (sections of the epicycle falls) in the
(plane of the) parecliptic, on the condition that the angle of intersection be-
tween the cinctures of the inclined and parecliptic (orbs) be equal to the an-
gle of intersection between the cinctures of the epicyclic and the inclining
(orbs).

[24] If the center of the epicycle departs from the node, then it falls on
the northern half with respect to the parecliptic. If then it (i.e. the center of
the epicycle) moves through a quarter of a revolution, and if the inclining
(sphere) also moves through a quarter (of a revolution), then point D of (the
cincture of) the inclining (sphere) becomes the farthest point from the center
of the world. (The point) of the cincture of the epicycle (which falls on the
same side) with it (i.e. with point D),
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TRANSLATION 151

namely the (epicyclic) apogee, is south of D. But point D is north of the
parecliptic. Therefore, the (epicyclic) apogee (falls) between the (cinctures
of the) inclined and parecliptic (orbs). By (using) this method, the
(epicyclic) apogee inclines in the direction of the parecliptic, and the perigee
in the opposite direction.

[25] Take note that the morning and evening diameter does not fall in the
plane of the (cincture of the) inclined (orb), rather in the plane of the pare-
cliptic, or in the plane of a circle parallel to it.

[26] [f. 38r] The method of the author of the Tadhkira does not produce
the transmission from parallelism (between the morning and evening diame-
ter and the plane of the parecliptic) to coincidence, and then back from the
latter to the former.

[27] The method of the author of the Tuhfa contradicts the (principle of)
parallelism, since he places that (morning and evening) diameter in the
plane of the inclined (orb). It (i.e. the diameter) is not parallel to the cincture
of the parecliptic, because of the mentioned fact that the (different) points of
the inclined (orb) have different inclinations. Thus, the inclination of the
center (of the epicycle) will not be equal to the inclination of the end (point)
of the diameter. (Furthermore), it (i.e. the method of the author of the Tuhfa)
does not produce coincidence, except if the angle of intersection of the
cinctures of the inclining (sphere) and the epicycle are equal to the angle of
intersection of the inclined and parecliptic (orbs). This is not the case, since
the second inclination at the center of the epicycle is different from the first
inclination.

[28] The two methods necessitate that the motion through quadratures
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TRANSLATION 153

[f. 38v] be (measured) with respect to the center of the eccentric, and not
(with respect to) the center of the world.

[29] I have devised a good (alternative) method, namely that the first in-
clination should not be fixed. Three spheres are proposed instead to move
the center of the epicycle to the north and to the south: the cincture of the
deferent thus falls in the surface of the parecliptic. The center of the large
(sphere) and its pole (also fall) in the (surface of the) parecliptic. The
distance of the center of the small (sphere), from its center (i.e. that of the
large sphere), and the distance between their poles, is equal to half the max-
imum value of the first inclination. The center of the retainer (sphere) and
its pole are aligned with the center of the large (sphere) and its pole.

[30] We next assume three spheres encompassed by the (above) three,
(such that) they encompass the epicycle, and their centers coincide. The
distance between them (i.e. these centers) and the center of the first small
circle is as mentioned above. The distance between the pole of the second
large (sphere) and the pole of the second small (sphere) is equal to half the
maximum value of the second inclination, and so is the distance between the
epicyclic apogee and the pole of the second small (sphere). The pole of the
second retainer (sphere) is aligned with the pole of this (latter) large
(sphere).

[31] Next, the motion of each of the two large (spheres) is equal to that
of the deferent. The motion of the rest of them (i.e. the spheres) is as
(already) introduced.

[32] First, we place the center of the first small (sphere) north of the cen-
ter of the first large (sphere), while the rest of the centers are placed north of
the center of the first small (sphere). The (epicyclic) apogee is south of the
pole of the second large (sphere), and the pole of the second small (sphere)
falls halfway between them. (Next), the morning and evening diameter is
placed parallel to the plane of the parecliptic. The center (of the epicycle)
thus moves along
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TRANSLATION 155

a straight line, and the diameter moves from parallelism to coincidence, and
back from the latter to the former. (Moreover), the (epicyclic) apogee moves
along a straight line, in a direction opposite to that of the motion of the
center. The second inclination is thus produced, such that the (epicyclic)
apogee is (always inclined) towards the parecliptic.

[33] [f. 39v] As for the problem (pertaining to) the motion through
quadratures, we do not admit that it arises, nor that the (resulting) discrep-
ancy is perceivable.

[34] (When) they observed the two inferior planets at (deferent) apogee
and perigee, and at the (epicyclic) apogee, they found that, during (all) four
situations, Venus was (always) north (of the parecliptic), and Mercury south
(of it). It was thus deduced that the inclination is not fixed, as was (already)
introduced.

[35] Furthermore, the latitude of the planets at (epicyclic) apogee and
perigee does not vary. Rather, the northerly (latitude) of Venus has one
(fixed) value, and so does the southerly (latitude) of Mercury. (Moreover),
the maximum values (of the latitudes of the two planets) are found at the
(deferent’s) apogee and perigee. It is thus deduced that this (latitude) is not
composite. Rather, it is the maximum (value) of one (of the two inclinations
coupled) with the absence of the other. It is not possible, (however), that
this be the maximum (value) of the second (inclination) with the absence of
the first one, for (had this been the case), the inclination of the (epicyclic)
perigee would be greater than the inclination of the apogee. It is thus
concluded that the opposite holds, (which obtains) if the (epicyclic) apogee
and perigee are in the plane of (the cincture of) the inclined (orb). The
(deferent’s) apogee and perigee are then
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TRANSLATION 157

halfway between the two nodes, and the position of the nodes is so deter-
mined.

[36] The (two inferior planets) are found to be in the morning or evening
(portions of the epicycle) when (the centers of their epicycles) are at either
one of the two nodes, where they fall in the plane of the parecliptic. If they
(i.e. the centers of the epicycles) are at (deferent) apogee or perigee, then the
evening (portion of the epicycle) of Venus is north (of the parecliptic),
(when the center of the epicycle) is at (deferent) apogee, and to the south at
perigee. The opposite (holds in the case of) their morning (portions of the
epicycles). The opposite (also holds) in the case of Mercury.

[37] [f. 40r] The third (inclination) is thus deduced, (such that) it is ad-
vanced at the two nodes, and at its maximum between them.

[38] (To account) for the first (inclination in) latitude, the author of the
Tadhkira posits three orbs encompassing the deferent, which entail the
(successive) coincidence and opening between the cincture of the deferent
and the cincture of the parecliptic. The manner (in which the above three
spheres function) is obvious after what was mentioned (above). Their center
is taken to be the center of the world, so that the two coincidences and the
two maximum (inclinations) are with respect to it.

[39] (To account ) for the inclination of the epicyclic apogee and perigee,
he (i.e. the author of the Tadhkira) posits three more (spheres) surrounding
the epicycle, as mentioned above (in the case) of the superior planets. (He
also posits) three more (spheres to account) for the deviation (inhiraf).
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TRANSLATION 159

[40] I say, (however), that these (latter) three (spheres) and those
(former) three cannot be (joined) together, since the three which are (used)
to account for the second inclination entail that the pole of the epicycle
moves on a straight line, along the circle which passes through the two
poles of the epicycle and the epicyclic apogee and perigee, while the three
(spheres) which are (used) to account for the deviation necessitate that the
pole of the epicycle moves on a straight line, along the circle which in-
tersects the first circle at right angles. It is indeed strange that this (point)
escaped the attention of the author of the Tadhkira.

[41] As for the author of the Tuhfa, he rejects the (principle of) coinci-
dence and opening of the inclined (orb), and chooses another method
through which the resulting center of the epicycle would be northerly, in
(the case of) Venus, and southerly, in (the case of) Mercury. He (first) as-
sumes that the cincture of the deferent (falls) in the plane of the parecliptic.
He then posits three spheres encompassing the epicycle, (such that) the
center of the large (sphere) is north of the parecliptic, in (the case of) Venus,
and south of it, in (the case of) Mercury. Its distance (i.e. that of the center
of the epicycle) away from the parecliptic is equal to half the first
inclination. Next, the distance [f. 40v] of the center of the small (sphere)
away from the center of the large one is half the above (distance), which is
equal to its distance away from the center of the epicycle. The center of the
retainer (sphere falls) on the center of the large one.

[42] The large (sphere) moves twice as fast as the deferent, but its mo-
tion is like a millstone. The small (sphere) moves twice as fast (as the large
one), and in a direction opposite to it. The retainer (moves as fast) as the
large one, and in the same direction.

[43] First, in (the case of Venus) we place the center of the small
(sphere) north of the center
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TRANSLATION 161

of the large one. The center of the epicycle is (also placed) north of the cen-
ter of the small (sphere). In (the case of) Mercury, the (above centers) are
placed south (of each other). The center of the epicycle thus moves along a
straight line. It (i.e. the center) moves away from the parecliptic (through) a
distance equal to the maximum value of the inclination, and then (the cen-
ter) arrives back (at the parecliptic).

[44] (The above model), however, has a flaw (fasad) in it, namely that all
the points of the epicycle, including the epicyclic apogee and perigee, move
with the center (of the epicycle) in latitude. The second inclination is thus
produced. (The above model) has still another flaw which will be
mentioned (below).

[45] (Alternatively), we base (our model) on the (principle of) coinci-
dence and divergence, as is known from (the case of) the three orbs which
we have mentioned. We then posit an inclining (orb), as in the Tuhfa, such
that its cincture falls in the plane of the inclined (orb), and (the distance)
between its cincture and the cincture of the epicycle is equal to the second
inclination. We first assume that they (i.e. the centers of the epicycle and the
inclining orb fall) at (deferent) apogee. The present position of the inclining
orb, however, is opposite to its position in (the case of) the superior planets.
In the latter, the two extremities of the intersection (line), which is common
to both the epicycle and the (cincture of the) inclining (orb), are (located at)
the two mean distances (away from the center of the world), when the
epicycle is (halfway) between the two nodes. Here (i.e. in Sadr’s model),
however, (the two extremities are located at) the maximum and minimum
distances (away from the center of the world), at the same position
(mentioned above).

[46] Let us illustrate the above configuration in (the case of) Venus: (let)
point A be the closest point of the inclining (orb), which is the epicyclic
perigee, and point B the farthest point of this (orb), which is the epicyclic
apogee. (Both points fall) in the plane of the inclined orb, since, in this
(position), the first inclination is maximum, while the second inclination is
nonexistent.
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TRANSLATION 163

(Let point) D be its eastern extremity (i.e. that of the inclining orb). The
point of the epicycle which is adjacent to it is U, and it is inclined to the
north. (Let point) G be its western extremity. The point of the epicycle
which is adjacent to it is E, and it is inclined to the south.

[47] Next, the deferent moves through a quarter of a revolution, until the
center of the epicycle reaches one of the two nodes. [f. 41r] The inclining
orb then moves through a quarter of a revolution, (such that) its upper part
(moves) in the direction opposite to the sequence of the signs. The evening
northerly (extremity), namely (point) O, thus becomes a northerly epicyclic
apogee, while the morning southerly (extremity), namely (point) E, becomes
a southerly epicyclic perigee. Line AB, which is the common intersection,
falls in the plane of the inclined and the parecliptic (orbs), since the two
(orbs) coincide. Point A is thus westerly, while B is easterly.

[48] Next, the deferent moves through a quarter of a revolution, until the
center of the epicycle reaches (deferent) perigee. The inclining (orb) then
moves through a quarter of a revolution. Point A thus becomes an epicyclic
apogee, and B a perigee. (Moreover, point) G becomes easterly, and (point)
E, which is now an evening southerly (extremity), will be adjacent to it.
(Point) D becomes westerly, and (point) U, which is now a morning
northerly (extremity), will be adjacent to it.

[49] Next, the deferent moves through a quarter of a revolution, until it
(i.e. the center of the epicycle) reaches the other node. The inclining (orb)
also moves through a quarter of a revolution. (Point) E, which is the evening
southerly (extremity), thus becomes a southerly epicyclic apogee.
(Moreover), point U, which is the morning northerly (extremity), (becomes)
a southerly epicyclic perigee. (Line) AB
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TRANSLATION 165

also coincides with the parecliptic and inclined (orbs). Point A will thus be
westerly, and B easterly. (Finally, the deferent) returns to the first position.

[50] It is evident, therefore, that had there been no coincidence and un-
folding, as is (the case) in the Tuhfa, then the inclining (orb) would have to
fall in the plane of an imagined circle, whose distance from the parecliptic is
equal to the first inclination. (This is so) because if its cincture (i.e. that of
the inclining sphere) did not fall in its plane (i.e. that of the imagined circle),
then the maximum value of the first inclination, and the nonexistence of the
second (inclination), would not be at (deferent) apogee. If, (however), it (i.e.
the inclining orb) were to fall in its plane (i.e. that of the imagined circle),
then, at the two nodes, the common intersection would not fall in the plane
of the parecliptic. [f. 41v] This is the flaw (which we) promised (to
mention).

[51] It is also evident that the maximum values of the second and third
inclinations are equal to the distance between the cincture of the epicycle
and the cincture of the inclining (sphere), and this is one value. Therefore,
this entails that the second and third inclinations are equal. It is possible,
however, to (respond by) saying that (the above) is true, but the difference
only appears because the inclination of the epicyclic apogee appears smaller
than the inclination of (the points which are located at) the mean distance,
since it (i.e. the inclination of the apogee) is farther away from a center
(from which the inclination is measured). Therefore, if (the difference is)
equal to the value entailed by the remoteness and closeness (of the extremi-
ties of the epicyclic diameter from the center of the world), then the appar-
ent difference is on (account of) it (i.e. this difference). If, (however), it is
not, then we can assume the cincture of the epicycle, to be such that it
moves closer to the cincture of the inclining (orb), and then moves away
from it, as a function of the (motion through) quarters of revolutions. (This,
we can do) by positing three spheres encompassed by the epicycle, as was
mentioned earlier.
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TRANSLATION 167

[52] Note also that observation of the planets at (deferent) apogee is not
possible, and so is the (observation of the) two inferior planets at the
(deferent’s) perigee, due to their conjunction with the sun at those instances.
Hence, they are observed around the ends of the time of invisibility, and the
beginnings of the time of visibility. The approximate conditions are then
extracted at (deferent) apogee and perigee by calculation. Knowledge be-
longs to God.
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TRANSLATION 169

[1] Chapter [9]: On Sectors, Direct Motion, and Retrograde Motion.

[2] The cincture of the eccentric is the orbit of the center of the sun or of
the epicycle. The cincture of the epicycle is the orbit of the center of the
planet, and its center is the center of this [f. 42r] orbit.

[3] Each (orbit) is divided into four sectors by means of the line (passing)
through the farthest and closest distances, in each (of the above orbits), and
by means of the line (passing) through the two mean distances. With re-
spect to distance these are: in the eccenter, the two points, such that the two
lines issued from the center of the world and the center of the epicycle to
each of them, are equal; In the epicycle, the two points of intersection
between the cinctures of the deferent and the epicycle.

FIGURE 49

[4] With respect to motion they are: in the eccenter the two points, such
that the line passing
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TRANSLATION 171

through the center of the world perpendicular to the first line (i.e. the line
passing the farthest and closest distances) ends at them; In the epicycle, the
two points on the circumference of the epicycle reached by two lines issued
from the center of the world without piercing the epicycle.

FIGURE 50

[5] Note that the point of intersection of the line (passing) through the
two mean distances, and the line (passing) through the apogee and the
perigee, is not the center of the epicycle, rather it is (a point) below it (i.e.
the center). Let (us assume for the sake of argument that) it be a center. Let
this (point) be B [fig. 49], the (point at the) mean distance G, and the center
of the world A. Then the side AG of triangle ABG is greater than AB, since
the former is the hypotenuse of the right angle.



172 TEXT

o gl 30 "y ol by eo T ladis ace Joaiis [1]
Foo LSS Lyl 53l o 1 iyl il Jamy LY (3sls s
Lol S pae¥I lally [58Y #] i e o 5 0 sli . JoY
3o e phiel 2 o s ebaall

o A el so s bl v > o oS S e o ol Wy [V
955 arms s 2 g 0 poad)] L e Sk RS
il i o e el s o

il [BYA 2] pamadl asl 5 olS 131 8,1 3 [A)
P EPEL P I SO E X EL ORI 5T JURNTPAp I (PO | PO
AWl S0 o sl £ L [BEY 1] 5o

L ¥ aadl g s 2 sl s L Lagendy 4]
L Ciasy Wl 580 TS e 5 5 e o Jamiad ]y 5,00 sy
L/ Onda ¥ [YAY G

5 eatll e oy s a8 sl b5 iy [V -]
b Cia g il o3 o pdad B U3 L L3 o)

(7] =l ool

(o] Joad 1 Joai |

() go i

(1] ot 3 by cpan 153
(O oo ) chin LU S 0 °



TRANSLATION 173

[6] We now mark on it (i.e. on AG) an amount (equal to the length) of
AB. Let this be AD. We then join BD. Angle ABD is acute, since it is (only)
a portion of the right angle. Thus, angle ADB is also acute, since it is equal
to the first one. Therefore, angle BDG is obtuse. And since the biggest side
is the chord of the biggest angle, therefore line BG is greater than line BD.

[7] Now, had B been the center, then BG would be a radius. BD would
then be a radius plus something else, since D (falls) outside the circumfer-
ence of the epicycle, while G is (its point of intersection with the line which
is) tangent to it. Therefore, BD would be greater than BG. This is a
contradiction.

[8] Next, if the planet is at either one of the two mean distances (which
are determined) with respect to motion, then its anomalistic motion is not
visible at the center of the world, because its motion is directly above [f.
42v] a line which is issued to it (i.e. to the planet) from the center of the
world.

[9] The maximum epicyclic equation is at these two points (i.e. the mean
distances). This is an arc between the mean distance and the line (passing)
through the apogee and the perigee, (such that this arc is measured) on a cir-
cle whose center is the center of the world. Its sine (i.e. that of the above
equation) is (equal to the length of) half the line (passing) through the mean
distances.

[10] The radius of the epicycle is estimated to be a certain amount. The
maximum equation in the zijes is then found to be an arc whose sine is that
amount. It is thus deduced that the above length is (equal to) half the line
(passing)
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TRANSLATION 175

through the mean distances. In reality, (however), (this latter line) is not
(equal to) the radius of the epicycle, rather it is smaller, since it does not
pass through the center (of the epicycle). Its angle (i.e. the angle subtending
half the line passing through the mean distances) is, however, greater than
the angle of its radius (i.e. the angle subtending the radius of the epicycle),
especially in (the cases of) Mars and Venus.

[11] If it is named half (the diameter) of the epicycle, then the dispute is
not over the convention. However, a defect in calculation results from it,
because the line (passing) through the apogee and perigee [f. 43r] is a real
diameter, which means that the radius of the epicycle does not have one
value.

[12] (Moreover), the radius of the epicycle is not understood to mean the
real one, namely the base of an isosceles triangle, whose two equal sides are
issued from the center of the world, (such that) one of them (reaches) to the
center of the epicycle, and the other one to its circumference. (The above is
true) because the latter line does not reach the mean distance, especially in
(the cases of) Mars and Venus. The former line is indeed much larger than
the line which reaches the mean distance, since the (first) line is equal to the
radius of the inclined orb, that is sixty (parts), while the mean distance line,
which I extracted by calculation for Venus, is approximately 45 (parts).
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TRANSLATION 177

[13] [f. 43v] Moreover, the line (passing) through the two mean distances
separates the upper and lower parts of the epicycle, whose directions of
motion are different. In the (case of the) moon, the motion of the lower part
(of the epicycle) is in the direction of the sequence of the signs. The motion
of the moon is thus fast with respect to the motion of the deferent alone. Its
maximum speed is at the true epicyclic perigee, where the anomalistic
motion appears faster because the chord of the arc of motion is
perpendicular to the line which joins the center of the world and the planet.

[14] (In) the upper part (of the epicycle the situation) is in the reverse.
There the motion is slowest, because of what was mentioned (above).

[15] In (the case of) the wandering planets, [f. 44r] the opposite holds. It
(i.e. the planet) is retrograde in its (i.e. the epicycle’s) lower part. So let us
explain the cause for this (retrograde motion). Note that if a line is issued
from the center of the deferent to the planet such that a part of it is the chord
of the arc of the cincture of the epicycle, then the ratio of the (motion in)
anomaly to the motion of the deferent is: (1) either equal to the ratio (of the
section) of that line, which is between the center of the deferent and the
planet, to one half of that chord, where the planet is stationary; or (2)
smaller (than that ratio), where it (i.e. the planet) is slow; or (3) greater (than
that ratio), where it (i.e. the planet) retrogrades. (The above is true)
irrespective of whether or not the chord is a diameter.

[16] (First, let us consider) the case when it (i.e. the above chord) is a di-
ameter, that is when the planet is at either the (epicyclic) apogee or perigee.
Let point A [fig. 52] be the center of the epicycle. AB is its radius, and so is
AG. Let the planet move through one degree along the epicycle, that being
an arc
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TRANSLATION 179

whose chord is BG. Also, let D be the center of the deferent, and DE be a
line which joins the center of the deferent and the planet, (when the latter
falls) at the epicyclic perigee, for example. Let lines DZ and DE be equal,
such that angles D and A are equal, DZ is double AB, and DZ double AG.
Then, according to the sixth figure of the sixth book (of Euclid’s Elements),
all the (corresponding) angles of these two triangles (i.e. triangles DEZ, and
ABG) are equal. Once the angles are equal, then according to the third figure
(of the same book), the sides are proportional, and BG is half the base EZ. A
degree on the cincture of the epicycle is thus equal to half a degree on the
circle whose radius is DE. This circle moves with the motion of the
deferent. Therefore, the epicycle should move [f. 44v] two degrees in the
direction opposite to the deferent, so that it (i.e. motion of the epicycle) is
equivalent to one degree on that circle (i.e. the deferent), and so that the
planet appears to retrograde. If the motion of the epicycle increases beyond
two parts, then (the planet) appears to retrograde. If it decreases, then (the
planet appears to be) slow.
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TRANSLATION 181

FIGURE 52

[17] T say, however, that this rule is approximate, and not precise.
Because, if the planet is at the epicyclic apogee, it is as in the following
figure (see fig. 53). Let it (i.e. the planet) move through the length of an arc
whose chord is BG. Line AB (in this figure) is the radius of the epicycle, and
so is AG. DB is the line which joins (the center of the deferent and the
planet), as is DG. Each of these two (lines) is double the line AB, or the line
AG. We then bisect DB at point S, and DG at O. Now had two degrees on
the epicycle been equivalent to one degree on that circle (i.e. the deferent),
then angle
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TRANSLATION 183

A would have been double angle D. This is impossible, because if (the first)
angle were double (the second), then one should be able to produce another
angle at point D, which is equal to the first one, by (simply) issuing another
line, namely line DT, (such that it is) equal to lines DO or DS. We then join
TO and TS. SO would thus be half BG, and line TS would be equal to line
SO. Their sum would then be equal to line BG. DT would also be equal to
AB, and DO equal to AG. (Moreover), angle TDO equals angle A.
Therefore, line TO equals line BG, and line TO would be equal to (the sum
of) the two lines TS, and SO. This, (however), is impossible.

FIGURE 53
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TRANSLATION 185

[18] It seems, therefore, that this approximate rule is allowed, only be-
cause neither the apogee, nor the perigee has an extension in which the
(above-) mentioned difference could be detected.

[19] Moreover, what was mentioned implies the indivisible part, because
the stationary position cannot be assumed in such a way that it would have
an extension, [f. 45r] for if it did, then some of the parts (of that extension)
would be closer to the center of the deferent. Some of the lines issued from
it (the center of the deferent) to those parts would thus be of shorter or
longer (length), and the ratio of these (lines) to the radius of the epicycle
would not be equal to the ratio of the (anomalistic) motion to the motion (of
the deferent).

[20] If, (on the other hand), it (i.e. the chord of motion) is not a diameter
(of the epicycle), which occurs when the planet is at (some point) other than
the epicyclic apogee or perigee, then the chord of the arc of motion is not
perpendicular to the line joining (the center of the deferent to the planet).
Rather, (it is) oblique, in contrast with (the case) when it (i.e. the planet) is
at one of the above (two points). We thus assume A to be the center of the
deferent [fig. 54], and BG the chord of the arc of the motion of the epicycle,
which has the same appearance as line BE when (observed) from A, such
that AB is equal to AE. Now, if the chord, which is line BG, is assumed to be
the diameter of a varying circle, then it is moved by the epicycle. So, if the
planet passes
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TRANSLATION 187

past the oblique line, that is BG, as a result of the motion of the epicycle,
such that line BE intersects this (latter) circle at its perigee, then the chord,
which is (also) BG, is equivalent to the diameter (of the epicycle) when the
planet is at the epicyclic apogee or perigee.

FIGURE 54

[21] Let point A be the center of the deferent. Let the epicycle move in
one nychthemeron through arc BG, which appears as (arc) BE at the center
of the deferent. We then assume that D is
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TRANSLATION 189

the center of an imaginary circle, such that BG is its diameter. This circle
travels in one nychthemeron through BE. It can thus be deduced that if BG
is not the diameter of the larger circle, then it is the diameter of the small
circle, where the motion of the planet is (measured). Angle BDE is then the
angle of motion of the planet with respect to the small circle which is seen
at the center of the deferent. These are inquiries which are hard to attain in
the Almagest, and I have (just) explained them through methods which can
be easily grasped. Indeed, He is the Facilitator of every difficulty.

[22] If the epicycle is replaced by the eccentric, then we extend a line
from the center of the concentric to its cincture, such that it reaches the
planet. We then extend it (i.e. the line) in the other direction, such that it
becomes a chord of the eccentric, irrespective of whether it (i.e. this chord)
is a diameter, which is (the case) when the planet is at either the apogee or
perigee, or whether it is not a diameter, which is (the case) when it (i.e., the
planet) is elsewhere. We then assume that the radius of the eccentric is
sixty, and (the distance) between the two centers is ten, and that the motion
of the concentric is six degrees.

[23] Now, if the ratio (of the motion) of the eccentric to the motion of the
concentric is equal to the ratio of
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TRANSLATION 191

(the distance) of that chord (measured) between the center of the concentric
and the planet [f. 45v] to its half (i.e. half the chord), then it (i.e. the planet)
would (appears to) stand still. If it (i.e. the ratio) is either less or greater,
then only the motion of the concentric (when the ratio is less), or that of the
eccentric (when the ratio is greater) appears to be slow.

[24] If the stationary point is at either the apogee or the perigee, then
only the motion of the concentric in the (part) above (the perigee), or that of
the eccentric in the (part) below the apogee, appears (to slow). If,
(however), it (i.e. the stationary point) is between the two (i.e. apogee and
perigee), then above it (i.e. the stationary point) the ratio (of the motions)
decreases (with respect to the ratio of the lines), and below it (i.e. the sta-
tionary point) the ratio increases. Thus, if direct motion is with (reference
to) the concentric, and if retrograde motion is with (reference to) the ec-
centric, then the former (i.e. the direct motion) is in the (part) above (the
stationary point), and the latter (i.e. the retrograde motion) is in the (part)
below. If (the above is) reversed, then the opposite (is true).

[25] [f. 46r] Therefore, if the motion of the eccentric is either five or
seven (degrees), then the stationary points are (respectively) at the perigee
or the apogee. If it (i.e. the motion) is six (degrees), then the stationary point
is at the mean distance, whereas what was mentioned (above applies) when
(the planet) is either above or below (this position). If (on the other hand,
the motion of the eccentric) is less (than six degrees) and more than five, or
more than (six) and less than seven, then (the position of the stationary point
can be found) by calculation.

[26] If, however, the motion of the eccentric is less than five (degrées),
then no station or retrogradation will be observed, rather what appears is the
motion of the concentric less that of the eccentric. If it (i.e. the motion of the
eccentric) is more than seven (degrees), then no station [f. 46v] or ret-
rogradation will be observed, rather what appears is the motion
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TRANSLATION 193

of the eccentric less that of the concentric.

[27] The proof (for the above, in the case) when the planet is at the
perigee of the eccentri¢, is (as follows): let A [fig. 56] be the center of the
concentric, and AB be its radius, that being sixty, and so is AG. Line BG is
the chord of the motion, and that is six degrees. The eccentric moves
through five degrees, whose chord is line DE. (The distance) between the
center of the concentric and the perigee is fifty. Two triangles are thus ob-
tained, such that their sides are proportional. Their angles are equal, accord-
ing to the fifth figure of the sixth book of the book of Euclid. Therefore, the
angles of the motions of the concentric and the eccentric (appear to) be
equal at the center of the concentric. The planet is then stationary.

B

FIGURE 56
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TRANSLATION 195

[28] If, (however), the motion of the eccentric increases, then retrograde
motion results. Slowness results if it decreases.

[29] Now if it (i.e. the planet) is at its apogee (i.e. that of the eccentric),
then triangle ABG remains as it was, while each of the two sides of triangle
ADE are seventy, and its base is seven. The angles are thus equal.
(However), if the motion of the eccentric increases, then the motion of the
concentric is not apparent, because, in contrast to the situation at the
perigee, direct motion (results) from the motion of the eccentric. If it (i.e.
the motion of the eccentric) becomes less than seven and greater than five,
then retrograde motion is entailed.

[30] If it (i.e. the planet) is at any other (position), then the chord is
treated as a diameter, as mentioned above.

[31] A problem, (however), arises in this (case), namely that this proof
requires that the position of the station be at the mean distance based on lin-
ear measure. The fact that (the length of) half the chord in this (case) is less
than sixty thus entails that the station is not in this position.

[32] [f. 47r] What they (i.e. the predecessors) mentioned in their books
was the retrograde motion at the perigee, because this is what actually
(happens). However, since retrograde motions at the eccentric and epicyclic
apogees were (theoretically) possible, I mentioned them in order to com-
plete the possible categories, and to explicate the condition of the moon at
epicyclic apogee.

[33] Next, in the Tadhkira, he equated the epicycle and the eccentric,
saying: “Among the things which are related to this discussion is that we
assume the eccentric to have a concentric mover.
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TRANSLATION 197

Let the ratio of the radius of the eccentric to (the distance) between the two
centers be equal to the ratio of the radius of the (concentric) deferent to the
radius of the epicycle. Let the two concentrics move with two uniform mo-
tions in the direction of the sequence of the signs, and the eccentric in the
opposite (direction). (Also) let the epicycle be such that it moves in the di-
rection of the sequence of the signs when it is at its farthest distance. The
motions of the (last) two (circles, i.e. the eccentric and the epicycle) are also
uniform.” After this, he (i.e. the author of the Tadhkira) mentioned the ra-
tios which entail retrograde motion and the rést (of the motions) as already
illustrated.

[34] In some other copies (, however,) I noticed a variant in the wording
(of the above quotation) from the Tadhkira, and a replacement by the fol-
lowing sentence: “let the ratio of the line joining the center of the concentric
and the perigee of the eccentric to the radius of the eccentric be equal to the
ratio of the line joining the center of the concentric and the epicyclic perigee
to the radius of the epicycle.”

[35] [f. 47v] I say (in response): he (i.e. the author of the Tadhkira) had
postulated as a condition the similarity (tashabuh) between the motions of
the eccentric and the epicycle. If what was meant by tashabuh is equality,
that is the arcs of motion should be equal, then the sentence which was sub-
stituted would be correct, while the first one would be false. If, (however),
what was meant is that they (i.e. the arcs of motion) would appear at the
center of the world to be equal, then the first sentence would be correct, and
not the altered one. Indeed, after comprehending what I have mentioned
(earlier), this concept should be clear. And God knows best.
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TRANSLATION 199

[1] [f. 48r] Chapter [10]: On Parallax.

[2] It (parallax) is detectable only in the (case of the) moon. Thus, if two
lines are issued, (one) from the center of the world and (the other from the
point) of vision to its (i.e. the moon’s) center, and are extended till the eclip-
tic orb, then the position (with respect to) the first is the true position, while
(that of) the second is the apparent one, which is always closer to the hori-
zon. The arc falling between them (i.e. .the two positions) along the altitude
circle is the parallax, while the (corresponding) angle which results at the
center of the moon is the angle of parallax.

[3] It (parallax) vanishes at the zenith, and its maximum is at the horizon.
(The parallax results) because the radius of the earth has a considerable di-
mension (with respect) to the orb of the moon, and the visible part of the
latter is less than (its) half.

[4] Parallax appears in both longitude and latitude: if the planet (moon) is
on the midheaven circle of visibility, then it (i.e. parallax) is only in latitude.
[f. 48v] If, (however), it (i.e. the moon) is easterly, then the apparent
longitude is greater than the true, because the apparent is closer to the earth,
and succession (of the signs) is from the west to the east. If it is westerly,
then (the apparent longitude) is less (than the true longitude).

[5] If (the moon) is on the ecliptic, and if the (ecliptic) passes through the
zenith (of the observer’s locality), then (the parallax) is only in longitude. If,
(however, the ecliptic) does not pass through it (i.e. the zenith), then the
apparent longitude is as
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TRANSLATION 201

mentioned above. The apparent latitude will then be in the direction of the
hidden pole of the ecliptic.

[6] If (the moon) is not on it (i.e. the ecliptic), then (there are two cases):
(1) (the ecliptic) is either passes through the zenith, in which case the longi-
tude is as mentioned above. The apparent latitude will then be greater than
the true one.

[7] (2) Or (the ecliptic) does not pass (through the zenith). Now if the
true latitude (of the moon) is on the side of the hidden pole of the ecliptic,
then the same (will apply). If, (however), it (i.e. the moon) is on the side of
the visible pole, then there are three cases): (1) if (the moon) is between the
zenith and the ecliptic, then the apparent (latitude) is either nonexistent, or
less than the true altitude and on its side, or equal to the difference between
the parallax and the true (latitude) [f. 49r] but on its opposite side.

[8] The first division (of the last three also) has three possibilities: the
apparent (latitude) is either equal to the parallax, in which case the planet
appears (to fall) on the ecliptic. The apparent latitude will then be nonexis-
tent.

[9] Or the apparent (latitude) is less than the true, in which case it (i.e.
the apparent latitude) is less than the true and on the same side. (This is) as
(in the case) when the true latitude is northerly, say two degrees, and it falls
between the zenith and the ecliptic, while the apparent (position) is one
(degree from the true position). It (i.e. the one degree) is subtracted from the
two degrees, and the resulting apparent (latitude) is one degree, which, like
the true one, will be north of the ecliptic.
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TRANSLATION 203

[10] Or the apparent latitude is greater than the true, as (in the case)
when the true (latitude) is two northerly degrees, on the side of the zenith,
and the apparent position is three (degrees away from the true). The
apparent (latitude) will thus be one degree to the south of the ecliptic.

[11] If the true (position) is in the zenith, then there is no parallax.

[12] If it (i.e. the true position) is not on the zenith, but on the side (of the
zenith) which is opposite to the ecliptic, then the true (latitude) is greater
than the apparent.
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TRANSLATION 205

[1] Chapter [11]: On the Conditions of the Two Luminaries (the Sun and
the Moon).

[2] The moon appears to have these (different) forms because its light
comes from the sun. Almost half of it is thus luminous, and almost half of it
is facing us.

[3] Thus, if it (i.e. the moon) is in opposition to the sun, then the lu-
minous (part of the moon) faces us. It then appears to us as if it were the
surface of a (plane) mirror, although it is a hemisphere, because the
closeness and remoteness of (its) different parts are not detectable at a great
distance. All the points (on the surface of the moon) appear to be equidistant
(from a point on the surface of the earth).

0D e
00 (L C
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FIGURE 59
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TRANSLATION 207

[4] If it (i.e. the moon) is at quadrature from the sun, then its luminous
half will be divided, and it will appear as half a (plane) mirror. [f. 49v] (This
is s0) because it is bounded by two arcs, one of which is (part) of the circle
which separates that (part of the moon) which faces us from (the part) which
does not face us. This arc appears to be curvilinear, as it actually is. The
other one is an arc of the circle which separates the luminous and the dark
(parts of the moon). This (latter) arc appears as a straight line, because every
arc that falls, together with its versed sine, in the plane of the beam of sight,
will appear as this arc, for the above mentioned (reasons).

[5] Before (the first) quadrature, however, the part which appears at
quadrature as half a (plane) mirror will be divided into two parts: a lumi-
nous (part) and a dark one. This (latter) dark part is bounded by two lines:
the first is the above straight line, and the other one is a curved line which is
adjacent to the luminous (part). The reverse is (true) after the (first) quadra-
ture.

[6] At conjunction (with the sun), the dark half (of the moon) faces us.
Hence we do not see it.

[7] If, during its motion, (the moon) falls (in a position) such that the
earth comes [f. 50r] between (the moon) and the sun, then it will be
eclipsed. Its apparent color is not its original color, rather a second light
(coming) from the luminous celestial bodies is reflected towards it by the
sphere of vapor. (This second light) is not reflected during the waning of the
moon, because the second light then makes acute angles, like the angle
ADB, while during
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TRANSLATION 209

eclipse it (makes) an obtuse one, like angle GDB in the following diagram
(see fig. 60). (Moreover), the two lines subtending an obtuse (angle)
resemble a straight line more than the two subtending an acute (angle) do.
(Furthermore), the strongest light is the one which arrives from the luminary
(the sun) along a straight line.

tinosphe
Moon Earth Sun
B U
D

tmosphes
Sun @ m
w

D

FIGURE 60

[8] The shadow of the
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TRANSLATION 211

earth is found to be conical, since when the moon is farther away from the
earth, the duration of its eclipse is less than (it would be) had the width (of
the shadow) been equal. Thus, the sun is larger than the earth, and the latter
(is larger) than the moon.

[9] Moreover, it is maintained that if the sun is at the apogee, then the tip
of the cone reaches the orb of Venus. If, [f. 50v] it (i.e. the sun) is at the
perigee, (the tip of the cone) will not (reach this orb).

[10] Consider a circle on the cone parallel to its base, which we call the
shadow circle. Let its center fall on the cincture of the ecliptic, and let its
diameter at every distance be equal to one and three fifth the diameter of the
disc of the moon. Thus if the radius of the latter is 15 minutes, then the ra-
dius of the former is 24 (minutes), [f. 51r] and the difference between the
two is 9, while their sum is 39. Now, if the latitude of the moon is either
equal to or greater than this (sum), then it will not be eclipsed, whereas it
will be eclipsed if it is less than that.

[11] If it (i.e. the latitude of the moon) is greater than 24, then less than
half (the moon) will be eclipsed. If (the latitude is) equal (to 24), then half
(the moon will be). If it is less (than 24) and more than 9, then more than
half. If it were 9, then all (the moon will be eclipsed), without duration (of
totality). And if less (than 9), then (all the moon will be eclipsed), and (the
totality) will have a duration.
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TRANSLATION 213

[12] One half of a sixth [i.e. 1/12] is called a digit (isba*). If (used in a)
general (manner), then (it refers) to the diameter, whereas, when qualified,
(it refers) to the celestial body.

[13] If the moon falls between us and the sun, then a solar eclipse occurs.
Because of parallax, it (i.e. the solar eclipse) could occur in certain locations
and not in others. This is opposite to the lunar eclipse in which there is no
regard for (parallax).

[14] Now, at the time of the apparent conjunction, which is adjusted in
longitude due to it (i.e. parallax), if the apparent latitude, that is the one
which is (also) adjusted in latitude due to parallax, is either greater than or
equal to (the sum of) their radii (i.e. the sun and the moon), then it (i.e. the
sun will not be eclipsed, while if (the latitude) is less, then (the sun) will be
eclipsed.

[15] Its (i.e. the sun’s apparent) diameter is found to be between 31 and
34 minutes, whereas (that of the moon ) is between 29 and 36 (minutes).
Thus if (the apparent latitude of the moon) is greater than the radius of the
moon, then less than half the sun will be eclipsed. If (the apparent latitude)
is equal (to the radius of the moon), then half (the sun will be eclipsed). If
(the latitude) is less (than the radius), but more than two and a half minutes,
then most (of the sun will be eclipsed). If (the latitude) is not more than
(two and a half minutes), and if the (apparent) size (of the moon) is greater
(than that of the sun), while the latitude is either equal to, or less than the
difference (between the two radii), then all of (the sun will be eclipsed). [f.
51v] Otherwise, (if in the last case the apparent size of the moon is less than
that of the sun, then) most (of the sun will be eclipsed). (Finally), if there is
no latitude, then the whole of the sun will be eclipsed, with or without dura-
tion, or a ring of light will be left.

[16] The lunar eclipse limit is
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TRANSLATION 215

a distance between the sun and one of the two nodes, at the time of
opposition, of 12 degrees.

[17] The solar eclipse limit is either when the sun is past the head, or
before the tail, at a distance of 12 degrees (from either), or (when the sun is)
on the opposite sides (of the nodes), at a distance of seven degrees (from ei-
ther one). (This is so) because the parallax brings the moon closer to the sun
in the former (case), and (further) separates them in the latter (case).

[18] [f. 52r] It is thus possible to have two (successive) lunar eclipses
which are (only) five months apart. The first (occurs) after one of the two
nodes, while the other would (occurs) before the next one. (Consider, for
example,) the case when a lunar eclipse takes place, while the sun is
(around) the end of Capricorn, and the head (ascending node) is at four de-
grees (Capricorn). If next the sun moved through five zodiacal signs, and
the head (moved) eight degrees in the direction opposite to the sequence of
the signs, then the resulting distance between it (i.e. the sun) and the tail
(descending node) will be 12 degrees. A (second) lunar eclipse could thus
occur. The same (applies) for two solar eclipses.

[19] Neither of the above (solar eclipses) would, however, be total.
(Moreover), it is not possible to have two (successive) lunar eclipses which
are seven months apart: (consider) the closest (possibility) when the first
(lunar eclipse) occurs before one of the nodes. Let the sun travel slowly
through 200;5 degrees, and the head through 11 degrees in the direction op-
posite to the sequence of the signs. The sun will then move outside the lunar
eclipse limit.

[20] [f. 52v] It is possible to have two (successive) solar eclipses which
are seven months apart, but only if the first occurs before the tail, and the
second after the head.
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TRANSLATION 217

[21] (Furthermore), it is possible to have both a lunar and a solar eclipse
in one month. Neither two lunar, nor two solar eclipses, (however), can oc-
cur in the same month, except (if two solar eclipses occur) in two locations,
such that the directions of their latitudes are opposite.

[22] Note that the beginnings of immersion and of clearance in a lunar
eclipse are from the east side (of the moon), whereas in a solar eclipse they
are from the west side (of the sun), because they (i.e. the immersion and
clearance) result from the movement of the moon.
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TRANSLATION 219

[1] [f. 53r] Chapter (12): On Visibility and Invisibility.

[2] If the superior planets move out of the glare (of the sun), they (rise)
from the east. Their rising then advances gradually, until they reach opposi-
tion (to the sun), whereupon they will rise at sunset, and are seen throughout
the night. Their (rising) will then take place during the day, and advances
gradually, (during which time) they (i.e. the planets) are seen during part of
the night, until they rise in the west. They then become invisible.

[3] If the two inferior planets, during their direct motion, move out of the
glare (of the sun), then they will move ahead of the sun, and they will rise in
the west. They thus appear in the west after sunset. Next, they retrograde,
and they move into the glare (of the sun). (Finally), they appear from the
east.

[4] (Now, for an observer) in the fourth climate, if Venus retrogrades into
the glare (of the sun) in Pisces, then it neither becomes invisible in the
morning nor in the evening. (This is so) because it is at the epicyclic
perigee, where its (apparent) size increases. Moreover, the inclination of its
epicyclic perigee begins at the deferent’s perigee, which is (in) Sagittarius,
and it reaches its maximum at one of the two nodes in Pisces, where the first
inclination vanishes. (At this point), however, the inclination of its epicyclic
perigee will attain its maximum northerly value; it thus rises before (the
point which has) its (i.e. Venus’s latitude) degrees, and sets after it.

[5] If, (however, Venus) moves into the glare in Virgo, during its direct
motion, then it becomes invisible for sixteen days. (This is so) because it is
at the epicyclic apogee, where its (apparent) size is smaller.
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TRANSLATION 221

[6] In the Tuhfa, (the above phenomena) was also attributed to the length
of the rising time of Pisces, and the shortness of the setting time of Virgo,
because Pisces has a long rising time and short setting time, and conversely
for Virgo. This, however, is disputable, because the longness of the setting
time of Pisces is countered by the shortness of its rising time, and the short-
ness of the setting time of Virgo is countered by the length of its rising time.

[7] [f. 53v] (It is) also (mentioned) in it (the Tuhfa), that during direct
motion (Venus) has slow elongation from the sun, since it is only due to
anomalistic motion. (This is) in contrast to elongation during retrograde mo-
tion, which is due to both the (motion of the) center and the anomalistic
motion. This (t00), is disputable, because the mean position (of Venus) is
similar to the mean position of the sun, which means that, during both ret-
rograde and direct motions, (Venus) only elongates (from the sun) by a
value which is equal to the anomalistic motion. (What is relevant) here,
however, is something else, namely that, at epicyclic perigee, the anomaly
appears to be larger than it does at epicyclic apogee.

[8] Mercury, (on the other hand), is not visible in the evening around the
beginning of Libra, due to the smallness of its setting time, neither (is it
visible) around its (deferent) apogee, because the evening diameter will then
be at its farthest southerly distance. It thus sets before (the point which has)
its (latitude) degree. (Moreover), it (i.e. Mercury) has no matutine
(visibility) around the beginning of Aries, due to the shortness of its rising
time, neither (is it visible) around the point which is diametrically opposite
to its (deferent) apogee, because the morning diameter is at its farthest
southerly distance. And God knows best.
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TRANSLATION 223

[1] [Chapter 13] Adjustments (Regarding) Topics Related to the Earth
and other (Matters). '

[2] Since the earth is spherical and in the center, then the foot of a person
standing on its surface (points) to the center, which is the invisible (part of
the firmament), whereas his head (points) towards the circumference, which
is the visible (part of the firmament). (This is true) from all directions (on
the surface of the earth).

[3] The zenith of a (person) walking on the (surface of the) earth falls at
different points at different times. Consider three people at one locality, and
let the first walk around the earth towards the east, away from the west,
while the second (walks in the) opposite (direction). Let the third stay (in
the original locality). If then they count the days from one specific day to
another specific day, then a certain number (would correspond) to the one
who does not move, while that (same number) plus one (would correspond)
to the one (heading) east, and that (number) less one (would correspond) to
the one (heading) west. (This is so) because one nychthemeron for the per-
son (heading) east is smaller than the corresponding (nychthemeron) for the
one who is not moving, by a value which is equivalent to the motion of the
former. Now, if the diminutions are added, then they amount to one whole
revolution above the number of days for the one who does not move. [f.
54r] (The nychthemeron) for the person heading west is greater (than for the
one who does not move). The number of his days is thus one (day) less than
the number of days for the one who does not move.

[4] This is difficult to understand. People thus wonder: how could the
same day be a Thursday for one person, a Friday for another, and a Saturday
for yet a third.

[5] Now if we imagine that the (celestial) equator intersects the earth,
then a circle called the (terrestrial) equator will be formed on it. The inhab-
ited (portion of the earth) falls in the northerly quarter (of the globe).
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TRANSLATION 225

The practitioners of this art wonder about the cause (of the above phe-
nomenon). It is mentioned in the beginning of this book, however, that the
location of the sea must be closer to the center of the world, so that water
settles in it, and not flow in the other directions of the earth. The reason is
thus the elevation of raised localities, and the depression of the location of
water. Indeed, (everything) is created for a reason by the One Who created
all animals in elevated localities. The author of the Tadhkira expressed it
eloquently when he said: the reason is nothing but the Divine Providence.

[6] Next, the inhabited (portion of the earth) is divided by parallel lines
into seven climates. So let us list the (hours of the) longest days, and the lat-
itudes of the climates, in the following table:
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TRANSLATION

Hours of the | Latitude of | Hours of the | Latitude of
longest day | the longest day | the middle
at beginning | beginning at the middle
First Climate | According to | According to
some 12;0 some 0;0 13;0 16;37
According to | According to
others 12;45 | others 12;40
Second 13;15 20;27 13;30 24,40
Third 13;45 27;30 14;0 30;40
Fourth 14;15 33;37 14;30 36;22
Fifth 14;45 38;54 15,0 41;15
Sixth 15;15 43;23 15;30 45;21
Seventh 15;45 47;12 16;0 4852
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TRANSLATION 229

[7] Beyond the seven climates the longest day and (its corresponding)
latitude is as follows:

Latitude Hours of the Latitude Hours of the
longest day in longest day in
every latitude every latitude

54 17 Complement of | 24

the maximum
inclination

58 18 67;15 One month

61 19 69:;45 Two months

63 20 73,30 Three months

64,30 21 78;30 Four

65 22 84 Five

66 23 Quadrature Six months
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TRANSLATION 231

[1] Chapter [14]: On the Characteristics of the Northern Quarter (of the
Earth).

[2] Its longitude is half a revolution. It (i.e. the northern quarter of the
earth) starts at the coast of the Western Sea. According to some (it starts) [f.
54v] at the Fortunate (Khalidat) Isles, which are west of the coast by a
(longitudinal) distance of ten degrees. Its (the quarter’s) middle on the ter-
restrial equator is the dome of the earth (Qubbat al-Ard).

[3] The beginning of latitude is the equator, where the (daily) rotation (of
the sun) is wheel-like (i.e. sphaera recta). The horizon circle (for a locality
on the equator) bisects all the day circles, because it passes through the two
poles of the equator. Therefore, the day and the night will always be equal.
Moreover, every point (on the celestial sphere) has a rising and a setting,
and the duration of its visibility equals to the duration of its invisibility.
Now, according to the Tadhkira, if there is a discrepancy between the two
(above durations), then this is a result of the variation in the second motion
in (either one of) the two hemispheres, and this (variation) is not detectable.
I say, (however), that the second motion does not vary, rather what varies is
the ascensions of the arc of motion, and the durations of both visibility and
invisibility differs (accordingly).

[4] Furthermore, there is another cause for the variation of (the durations
of) the night and the day, namely that the true position of the sun
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TRANSLATION 233

always varies. Therefore, the ascensions of the arcs of true motion vary due
to two changes: the variation of these arcs, and then the variation in the as-
censions.

[5] Next, the sun passes through the zenith (when the zenith is in turn) at
the two equinoctial points twice, and the poles of the ecliptic then fall on the
horizon. The cincture (of the ecliptic) thus intersects the horizon at right
angles. (Moreover), at the two solstices, it (the sun) moves away (from the
zenith) by an amount equal to the obliquity of the ecliptic. Thus, at these
(positions), eight seasons are obtained. (Furthermore), since the horizon
circle is one of the declination circles, therefore, [f. 55r] the rising amplitude
of a point on the cincture of the ecliptic equals its declination, and the same
for its setting amplitude.

[6] It is maintained that its regions (i.e. those of the equator) are the most
moderate, because the sun moves quickly away from the zenith, since the
variation in the declination is most rapid at the two equinoctial points,
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TRANSLATION 235

in contrast to (the case) when the zenith is at the solstice. (It is also main-
tained that) although the passage (of the sun) through the zenith (of the lo-
cality) is a cause of heating, its duration (in this position) is more effective
(in this heating). A

[7] (The above argument) is, (however), rejected, because if we consider
a region in which the altitude of the sun in the summer is equal to its altitude
during a winter at the equator, then the heat of the summer (of this region) is
extreme. The winter of the equator would thus be equally (hot). So imagine
what its summer would be!

[8] (One may respond to this latter argument) by denying that (the sum-
mer of those regions is similar to the winter of the equator), since the heat of
those regions could result from the length of the day. This, however, is not a
strong (argument), since the length of the day affects its end, whereas the
heat appears earlier (during the day).

[9] The author of the Tadhkira thus says: if what is meant by temperate
(climate, i‘tidal) is the similarity of conditions, then the equator is more
temperate. If, however, the equivalence of the qualities is meant, then (the
equator) is not (the most temperate part of the earth).

[10] In the case of (localities) which do not fall on the (terrestrial) equa-
tor, and whose latitudes are not a (full) quadrant, the rotation (of the eclip-
tic) is wobbly (hama’ili). If then a star is situated on the equator, the time of
its visibility will be equal to the time of its invisibility. Now, (consider a
star) which is located away from it (the equator): if it (the star) is on the side
of the visible pole, such that its altitude is equal to or less than the altitude
(of the pole of the equator), then (the star) never sets. If, however, (the
distance between the pole of the equator and the star) is more (than the alti-
tude of the pole), then (the star) will set. Its day arc will then be greater [f.
55v] than its night arc by double the value of the equation of daylight. If
(the star falls) on the side of the invisible pole, then the opposite (holds).

[11] The two points which are equidistant from the equator,
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TRANSLATION 237

from either side, are such that the time of visibility of one of them is equal
to the time of invisibility of the other.

[12] The equation of daylight is one half the difference between (the
lengths of) the day of a locality and the day at the equator. For points on the
ecliptic orb, it is the difference between the oblique ascensions (of those
points) and the equator. (This equation) can be determined in two ways: (1)
let a declination circle pass through the center of the planet when it falls on
the eastern horizon, at some point in the northern zodiacal signs. A
(spherical) triangle is thus obtained below (the horizon of) the earth, such
that one of its sides is the rising amplitude. The second (side) is an arc of the
declination circle (marked) between the beginning of Cancer--(assuming
that it is the ascending point on the horizon)--and the equator. The third
(side) is the equation of daylight. Now if the above point reaches the west-
ern horizon, then another declination circle will pass through it. A (second)
triangle is then obtained below the (horizon of the) earth, such that one of its
sides is the setting amplitude , and the two other (sides) are as mentioned
above. The arc on the equator is therefore the equation of daylight, and the
day of the locality exceeds the day of the equator by the value of both
(eastern and western equations). (The above is true) because, (for a locality)
on the equator, the above point (the sun) rises and sets together with the
point of intersection of the declination circle and the equator. Each one of
the two (equations of daylight) is therefore half the difference (between the
day at the locality and the day at the equator).
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TRANSLATION 239

[13] Let us draw only one declination circle that passes through the ver-
nal and autumnal equinoxes, when the star is at the eastern horizon. (The
declination circle) intersects the day circle of the planet, which is a circle
parallel to the equator, at two eastern and western points above the horizon.
Two arcs are thus marked on the day circle, such that they fall between the
two points of intersection and the east and west (points) of the horizon.
Each of these (two arcs) is an equation of day light. (The above is true) be-
cause, (for a locality) on the equator, [f. 56r] (the star) rises and sets to-
gether with the two points of intersection. The two arcs are thus equal to the
value of the day of the locality, less the day of the equator, and each one of
them will be half that (value).

[14] The latter arc is equal to the arc of the equator (obtained) by the first
method, because if a declination circle is issued according to the first
method, and the second one is issued according to the second method, then
the above arcs will fall between them. But the two (arcs) are parallel, there-
fore, they are equal.

[15] If, (on the other hand), the star is in the southern zodiacal signs, then
by the first method, the two triangles will be above the (horizon of) the
earth, whereas by the second (method) they will be below it. The day arc of
the equator thus exceeds the day arc of the locality by (the value) of the two
arcs mentioned. Either one of them will therefore be one half of the
difference.
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TRANSLATION 241

[16] If a day circle falls on the side of the visible pole, such that its dis-
tance from the equator is equal to the latitude of the locality, then it will be
tangent to the prime vertical at the zenith. If (the distance) is greater (than
the latitude), then (the day circle) will not be tangent (to the prime vertical),
and it will not reach the zenith. If smaller, then (the day circle) will intersect
(the prime vertical) at two points: one easterly, and the other westerly.

[17] Next, the localities which have latitudes fall in (different) categories:
(1) Those whose latitudes are less than the obliquity of the ecliptic. (There)
the sun passes through the zenith at two points (along the ecliptic) whose
declination is equal to the latitude of the locality. The midday shadow will
then fall on two (different) sides, and the seasons of the year will not be
equal.

[18] (2) (The second category of localities comprises) those whose
(latitudes) are equal (to the obliquity of the ecliptic). (At those localities)
the sun passes [f. 57r] through the zenith once, and one of the two poles of
the ecliptic will be permanently visible, with the other permanently invisi-
ble. (Furthermore, these two poles will fall) on the horizon when the solsti-
cial point crosses the zenith. (Moreover, meridian) shadows will always be
cast towards one direction.

[19] In the above two latitudes, every (star) which is either permanently
visible or permanently invisible will rise and set due to the second motion.
(Moreover), some (of the stars) which have a rising and a setting become
permanently visible or permanently invisible as a result (of this second
motion).
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TRANSLATION 243

[20] The above will not at all be entailed at latitudes different from the
above two. (Consider) a permanently visible (star): if the complement of its
latitude is equal to, or less than the difference between the latitude of the lo-
cality and the obliquity of the ecliptic, that is if the distance (of the star)
away from the visible pole of the ecliptic is equal to, or less than the latter’s
altitude, then (the star) neither rises nor sets. If (this distance is) more (than
the latitude), then (the rising and setting of the star) will occur.

[21] [f. 57v] (3) (The third category of localities consists of) those whose
(latitudes) are greater than (the obliquity of the ecliptic), and less than its
complement. The highest altitude of the sun is equal to the sum of the
obliquity of the ecliptic and the complement of the latitude of the locality.
The lowest altitude then equals the difference between the complement of
the latitude of the locality and the obliquity of the ecliptic.

[22] Next, if the difference between the latitude of the locality and the
obliquity of the ecliptic is greater than the latitudes of the planets, then none
of these would pass through the zenith. (Moreover), some astrologers main-
tain that no prophet would emerge in such localities. If, (on the other hand),
the latitude of a planet is equal (to the obliquity of the ecliptic), then it (i.e.
the planet) will pass once (through the zenith). If (the latitude is) less, then
(the planet passes through the zenith) twice.

[23] Both the equation of daylight, and the rising amplitude increase
when the latitude increases.
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TRANSLATION 245

[24] [f. 58r] (4) (The fourth category of localities consists of) those
whose (latitudes) are equal to the complement (of the obliquity of the eclip-
tic). The day circle of one of the two solstices is permanently visible. The
pole of the ecliptic (also) passes through the zenith. Therefore, the cincture
(of the ecliptic) coincides with the horizon, and the beginning of Cancer
falls on the north point, while the beginning of Aries falls on the east point.
The other two (opposite signs) [f. 58v] fall (on the points which are) dia-
metrically opposite to these two (points). Thus, (the signs) between the be-
ginning of Capricorn and the beginning of Cancer never rise in the eastern
half of the horizon, whereas (the signs) between the beginning of Cancer
and the beginning of Capricorn rise with (every) complete rotation of the
equator.

[25] (5) (The fifth category comprises those localities) whose (latitudes)
are greater than the complement (of the obliquity the ecliptic), and less than
a (full) quadrant. Let us assume this (latitude) to be seventy (degrees). The
portions of the ecliptic whose northern declination is equal to or greater than
twenty (degrees) are permanently visible. These are Gemini and Cancer.
Those (portions of the ecliptic) whose southerly declinations are the same
are permanently invisible. These are Sagittarius and Capricorn. The
remaining eight (signs) rise with the rotation of the equator.
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TRANSLATION 247

[26] The pole of the ecliptic (also) traces a day circle around the pole of
the world, which is bisected by the meridian circle. The prime vertical di-
vides each (of the above two halves) into two parts: the two northerly parts
are equal, and so are the two southerly ones. Moreover, each of the former
is larger than each of the latter. Now as the pole moves through each of
these sections, two signs will rise. Let us first assume that the pole of the
ecliptic falls on the meridian circle, towards the north. [f. 59r] The begin-
ning of Cancer is then at its maximum southerly altitude, on the meridian
circle, whereas the beginning of Libra falls on the eastern horizon. The two
other (opposite signs) fall (on the points which are) diametrically opposite
to these two (points). Both Libra and Scorpio will then rise forward (as they
move) from the east point towards the south point. The beginning of Cancer
(also) moves towards the west, while the visible pole of the ecliptic (moves)
to the east. (Moreover), during this same time, both Aries and Taurus will
set forward, (as they move) from the west point to the north point. This is so
because if Scorpio rises, then the beginning of Sagittarius falls on the hori-
zon, and this will be the latter’s maximum altitude, since it does not rise. It
(i.e. the maximum altitude of the beginning of Sagittarius), however, can
only fall on (the side of) the south point of the altitude circle. Therefore,
(the beginning of Sagittarius) is itself the south point. The beginning of
Gemini then falls on the north point, and (the portion of the ecliptic) be-
tween it and the beginning of Sagittarius will be visible on the western
(horizon), since the pole (of the ecliptic) is
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TRANSLATION 249

easterly, (and it falls) on the prime vertical. (Moreover, the pole of the
ecliptic falls on the prime vertical) because the latter’s poles fall on the
ecliptic.

[27] Now since the above portion of the day circle of the pole (of the
ecliptic) is greater (than the following portion of the same circle), and be-
cause this day circle is parallel to the equator, therefore the rising of both
Libra [f. 59v] and Scorpio corresponds to the rising of more than a quadrant
of the equator. Also, as a quadrant of the equator rises, the beginning of
Libra arrives at the meridian. Then, after that, the beginning of Gemini rises
from the northern horizon, and what follows it will thus rise, instead of its
own other end, because it (i.e. Gemini) is permanently visible. Taurus, and
after it Aries, thus rise backwards, (as they move) from the north point to
the east point. (On the other hand), Scorpio, and after it Libra, set back-
wards, (as they move) from the south point to the west point. (The begin-
ning of) Aries then falls on the east point, while the beginning of Libra
(falls) diametrically opposite to it. The beginning of Cancer falls on the
(side of the) northern (point on the) meridian circle, at its lowest altitude,
where its altitude above the horizon is equal to the difference between the
obliquity of the ecliptic and the complement of the latitude of the locality.

[28] (The following) succession (in the motion of the pole of the ecliptic)
at this point is from the east to the west. The pole of the ecliptic falls on the
southern (part of the) meridian circle. Its distance from the zenith is equal to
the latitude of the beginning



250 TEXT

S palb g Laghlin sy Jod by 53l gkl 'l ol
Ty ) a by i b o5 L 3] L Jaall gy o0 JS1 (YN
e i ieally ol o Tangy o ST b a3 i )1 )
s g J5YI

S py e e Jrasy Loy o Jod | ol lday 5/ [¥4]
ol 1k J i) Zb e Lyl L ySias cpd | [YY 2]
WOy [IRTE YN SR UITH AL S E) Ol ol 3l e
i ) ol 3h e LuySoas a1 Gl J1 llid] 3T 4,
i e Jall oy JUetl B e N1 ol Slas Jletd]
S gl by« S8 madl e pUI A 11 Gty g
BT g Lalb ool liny/ (57N £ " &yl U1 5 515
Jaall gy o

Il 3B o el ] ol y I sl o gy 5 (Y]
PR VO X o P RV B FRORETE TPRY EPENO R S PV T
o Jaadl ) o AT g L vl B J) gt | R
OB LS Loy el

(o 0] oy s
(z] SR '
(o ) A 3Ll JJ:‘.J'/ r



TRANSLATION 251

of Cancer. The rising of both Taurus and Aries, and the setting of the (two
signs which are) diametrically opposite to them, thus correspond to the
rising of less than a quadrant of the equator. (The above is true because) at
this point half (the equator) has risen, namely (the portion) between the au-
tumnal and the vernal (equinoxes), while more than a quadrant has (also)
risen with the (corresponding rise) of Libra and Scorpio. Therefore, less
(than a quadrant of the equator) corresponds to these two (signs, Aries and
Taurus).

[29] Next, the beginning of Aries, together with what follows below (the
horizon of) the earth, namely the end of Pisces, also rise backwards (while
moving) from the east point to the south point. On the other side, the begin-
ning of Libra, together with what follows above (the horizon of) the earth,
namely the end of Virgo to the beginning of Leo, set backwards (while
moving) from the west point to the north point. The beginning of Leo thus
falls on the north point, while the beginning of Aquarius (falls) on the south
point. The visible half [f. 60r] of the ecliptic is then easterly, and the pole of
the ecliptic (falls) on the western (part of the) prime vertical. (Moreover),
the rising of the above two signs corresponds to (the rising of) less than a
quadrant of the equator.

[30] Next, (the signs) between the beginning of Leo and the beginning of
Libra rise forward, (as they move) from the north point to the east point, and
(the signs) between the beginning of Aquarius and the beginning of Aries
set (as they move) from the south point to the west point. (The above rising
and setting) corresponds to (the rising) of more than a quadrant of the
equator. One whole revolution is thus completed, and the initial (position)
will be reproduced.
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TRANSLATION 253

[31] It is, therefore, evident that four signs, namely from the beginning of
Leo to the beginning of Sagittarius, rise forward and set backwards, while
four other (signs), namely from the beginning of Aquarius to the beginning
of Gemini, will backwards and set forwards. (Moreover), the time for the
forward rising and setting is greater than the time for the backward rising
and setting.

[32] (6) (The sixth category of localities consists of) those whose
(latitudes) are equal to a quadrant. The two poles of the equator then fall on
the zenith and nadir, while it (the equator) coincides with the horizon. The
(daily) rotation (of the sun) is like a millstone. The northern part of the
ecliptic is permanently visible, while the opposite (half) is permanently in-
visible. (Moreover), the period when the sun is in the visible part is the day-
time. Therefore, the increase of the daytime over the nighttime results from
slowness (of the motion of the sun) in the apogee half, and this is nine days
of our days.

[33] Because (in the above case) a declination circle is an altitude circle,
the altitudes and depressions of the points of the ecliptic are equal to their
declinations.

[34] Dawn and twilight last about fifty days of our days, because during
these (days) the sun travels through fifty degrees [f. 60v] away from the
vernal equinox. Its declination is thus 18 degrees, and if the arc between the
sun
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TRANSLATION 255

and the horizon (which is measured) along the altitude circle is 18 degrees,
then they (i.e. the twilight and the dawn) are visible.

[35] A star rises or sets as a result of the first motion, rather than the sec-
ond, while an eastern (star) is distinguished from a western one by the for-
mer rather than the latter. Thus, if a star moves into Aries at any position on
the horizon, then it becomes a rising (star), while if (it moves) into Libra in
the same manner, then it becomes a setting (star).

[36] Moreover, every star which has no latitude is visible through one
half of a revolution (of the ecliptic). If (the star) has a latitude on the side of
the visible pole (of the ecliptic), and if (this latitude) is less than the oblig-
uity of the ecliptic, then its visibility is longer than its invisibility; otherwise,
(the star) is permanently visible. (In the case of those stars) which have a
latitude in the opposite direction, if (this latitude) is less than the above
mentioned value, then its invisibility is longer (than its visibility);
otherwise, (the star) is permanently invisible.
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TRANSLATION 257

{1] Chapter [15]: On Ascensions and Transits.

[2] Every arc on the cincture of the ecliptic rises with an arc of the equa-
tor. That (arc) is called equal degrees, and these (degrees) are their ascen-
sions.

[3] On the (terrestrial) equator, the quadrant which falls between the
equinoctial (point) and the solstice rises with the (corresponding) quadrant
(of the ecliptic), because when the former quadrant rises, the equinoctial
point falls on the zenith. The ecliptic and the equator then pass through the
two poles of the horizon, and the horizon also passes through their poles,
and intersects them at right angles. [f. 61r] (Moreover), the quadrant (of the
ecliptic) which is opposite (the above one) is similar to it, because (in both
cases,) the end point (of the two quadrants) is one.

[4] Next, (arcs of the ecliptic which are) less than a quadrant away from
the equinoctial point are greater than their ascensions, because the ascen-
sions are perpendicular to the horizon, and an arc of the ecliptic is thus the
hypotenuse of the right angle. The remaining parts (of the ecliptic) to the
solstices are therefore less than their ascensions. Moreover, (arcs of the
ecliptic which are) less than a quadrant away from the solstice are less than
their ascensions, because the remaining parts (of the ecliptic) to the
equinoctial (point), below (the horizon of) the earth, are greater than their
ascensions, the former being the hypotenuse of a (spherical) triangle below
(the horizon of) the earth. The hypotenuse of a right angle is
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TRANSLATION 259

greater (than the other sides of a right angle triangle), except in a sphere
where it is (equal to) a quadrant, in which case it could be equal to the other
side (of the spherical triangle), which is itself equal to a quadrant.

[5] It is thus clear that every quadrant which incorporates the equinoctial
point is greater than its ascension, while (a quadrant incorporating) the
solstice is less. Moreover, the ascensions of any two equal arcs, which are
equidistant from one of the four points (i.e. the solstices and the equinoxes),
are equal.

[6] The meridian of any locality is one of the horizons of the equator.
The transit of the ecliptic and the equator through it (i.e. the meridian) is
thus similar to the ascension at the equator. The same rule applies for the
declination circles. (Moreover), descensions are similar to ascensions.

[7] [f. 61v] In the case of inclined horizons, one half (of the ecliptic
falling) between the two equinoxes ascends with (the corresponding) half
(of the equator), rather than a quadrant with a quadrant. (Now), consider a
(spherical) triangle above (the horizon of) the earth, such that its vertex is
one of the two equinoxes: if the arc of the ecliptic is on the side of the
visible pole, then it is greater than its ascension, because the former is sub-
tended by an (obtuse) angle, while the latter is subtended by an acute one.
The remaining part of half (the ecliptic) is thus less than its ascension. If
(the arc of the ecliptic) is on the other side, then it is less (than its ascen-
sion), and the remaining part of the half is greater (than its ascension).
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TRANSLATION 261

[8] The ascensions of any two equal arcs, which fall on the two sides of
an equinox and are equidistant from it, are equal, as are the ascensions of
Pisces (equal) to those of Aries, and Taurus to Aquarius, and so on. (This is
true) because: if the beginning of Aries is above (the horizon of) the earth,
namely point A, and if (the distance) from it to the horizon along the ecliptic
is AB, while the ascension (of this latter arc) is AG, then a triangle ABG is
produced, such that arc BG is an arc on the horizon. If next we assume that
the beginning of Aries is below (the horizon of) the earth, and that (the dis-
tance) from it to the horizon along the ecliptic is (an arc) ED which is equal
to arc AB, such that ED is southerly, while AB is northerly, [f. 62r] then if
ED ascends, GD of the equator ascends with it. (Moreover), the latter
(ascension) is (equal to) the ascension of the former.

FIGURE 84

[9] Let us imagine from the above the diagram incorporating straight
lines which are
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TRANSLATION 263

the chords of the arcs on the sphere, such that EG is the chord of an arc on
the horizon, and so is GB, and point G is the ascension of the equator. It is
required (to prove) that AG equals DG. (Now), angle A equals angle D, and
angle AGB equals EGD, since these are opposite (angles). (Moreover), side
AB equals side DE. Therefore, side AG equals DG. Otherwise, if one (of the
latter two sides) is greater than the other, and assuming that this greater one
is AG, then it will exceed the length of DG, say by AT. We then join TB.
(Now), angle A equals angle D, and line AB equals DE. If then AT were
equal to line DG, then each of the corresponding remaining angles would be
equal. Angle ATB would thus be equal to angle DGE, which is impossible
because angle DGE is equal to angle AGB, which would mean that angle
ATB is equal to angle AGB,
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TRANSLATION 265

which is (in turn) impossible since the former (angle) is exterior to triangle
BTG, and an exterior angle is greater than either one of the opposite interior
ones.

A

FIGURE 85

[10] If next it is maintained that the above is not granted in the case of a
sphere, then I say (in response) that we have discussed (the case) when the
side is less than a quadrant of the sphere; the proof only holds in that case,
and not when it is a quadrant. For (angle) ATB is greater than angle BGT.
(To illustrate this) let us extend BT to S, and bisect TG at point O. Join BO
and extend it to
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TRANSLATION 267

point K, such that KO is equal to BO. (Also) join KT. Now in triangles BOG
and KOT, side GO is equal to side TO, and side KO is equal to side OB.
Angles BOG and TOK are equal because they are opposite (angles). The one
triangle is thus equal to the other, and the remaining (two) angles (of the
first triangle) are equal to the remaining angles (of the other triangle), each
angle being equal to its opposite. Angle BGO is equal to angle KTO. (The
latter) is only a part of [f. 62v] angle STG, which is (in turn) equal to angle
ATB, since these two (last angles) are opposite. Therefore, BGT is less than
the exterior (angle) BTA, and accordingly, the latter is greater than the
former.

FIGURE 86
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TRANSLATION 269

[11] The above holds if no side (of the spherical triangle) is a quadrant.
If, however, (one of the sides) is, then let line BT be a quadrant, and let
point B be a pole (of the ecliptic). Now line TG is an arc on the ecliptic,
therefore, line BG is a quadrant too. If we mark OK on the other side (of
BO), such that it is equal to line BO, then it (i.e. point K) reaches the other
pole. If then we join TK, then this line does not bisect angle STG, because
line KT coincides with line ST, since line BT is perpendicular to the ecliptic,
being itself issued from the pole (of the ecliptic). If (a line is) issued (from
point 7) in the other direction, then it reaches the pole, and it coincides with
line TK.

T

G

FIGURE 87
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TRANSLATION 271

[12] Let the ascension of an arc AB be equal to the ascension of an arc
DE. If arc AB is reduced by arc AT, while arc DE is reduced by arc ZD
which is equal to AT, then, according to the above proof, the ascensions of
these (last two arcs) are equal. Therefore, the ascensions of the remainders
from (the subtractions) are also equal.

[13] Next, the ecliptic is divided into two parts: the middle point of the
first (part) is the equinoctial point, such that, if a star crosses (this point), it
(i.e. the star) falls on the side of the visible pole. It (i.e. this part of the eclip-
tic) is greater than its ascensions. The other part (of the ecliptic) is
diametrically opposite (the first part), and it is less than its ascensions. (On
the other hand), the ascensions of northern arcs in the northern horizons, are
equal to the ascensions of the opposite southern arcs in the southern hori-
zons. Similarly, for the ascensions of the southerly (arcs in the northern
horizons). (Moreover), the ascension of any arc in any horizon is equal to
the descension of its opposite.

[14] [f. 63r] It has already been mentioned in the fourth category, (where
the latitude of the locality is equal to the complement of the obliquity of the
ecliptic), that the ascension of one half of the ecliptic is the whole of the
equator. The latter is thus the descension of its opposite (i.e. of the other
half of the ecliptic). (Moreover), this opposite has no ascension, because it
ascends in no time. Therefore, the former half (of the ecliptic) has no de-
scension, because it descends in no time.

[15] The ascensions of the fifth category, (where the latitude of the local-
ity is greater than the obliquity of the ecliptic, and less than a quadrant),
were also mentioned, so we will not repeat them (here).

[16] As for the transit of the meridian, it is visible in the case (of a star)
which has no latitude. In the case of (a star) which has a latitude, if it (i.e.
the star) transits (the meridian) while the two poles of the ecliptic fall on it
(the meridian), then (the star)



272 TEXT

s B gl ] oS Il Lk g Loy i o 8
oo Sl 131 1YY O] ol 550 oY ey day g LS5
i 51 e g camas (S I i)
s oo il o1 Y T e B S,SUG Ll
I Lde 6 Lt a3 0,8 Il g Loy iy dony rand
Sy oSS I 1508 2] e o 31 13155001 0z
e L 8 SHNU Ol chas 350 e By casm s
e e S 05908

Ghis (It oS ol allall Il s of el o3/ VY]
Lo s ol cieatdl b (B 1] (L3, oS o) alall 1
ot 0L Ol [BYA o WY G B0 #1 7 by ey
Tl oS ol e | e 5L ol Ll b g plday
oy T g U PR SUR | Y STV PRI AL RS L S Y
Y lghlie g5

(2] % bl razys . lay/

[z] 02 '

() chin Sl g |

g 1) gt sl i A/

(o111 ehlls () e ot o Lol o s Lol ©
(0] L i3 8

[o o] Leolie : gt "



TRANSLATION 273

transits with its (longitude) degree. If (the star) transits (the meridian) when
the pole (of the ecliptic) on whose side (this star) falls is easterly, then (the
star) transits after its (longitude) degree. (This is true) because, if a latitude
circle is issued from the eastern pole to the star, and if (another latitude cir-
cle is issued) to the degree (of the star) while it falls on the meridian, then
the star is east of it (i.e. the meridian), being closer to the pole than its own
degree. Therefore, (the star) transits after its degree. If (the star) transits
while the above pole is westerly, then (this star) transits before its degree.
(This is true) because, if (latitude) circles are issued from it (the pole) to the
star, and to its degree while it falls on the meridian, then, in that case, the
star is west (of the meridian). Therefore, (the star) transits before (its de-
gree).

[17] Next, note that if the visible pole of the world is the northern one,
and if the visible pole of the ecliptic is easterly, [f. 63v] then the southern
half (of the ecliptic) ascends, and the part (of the ecliptic) whose midpoint is
the autumnal (equinox) culminates. If (the pole of the ecliptic is) westerly,
then the opposite (parts of the ecliptic) ascend and culminate. (On the other
hand), if it (the visible pole of the world) is the southerly one, and if the lat-
ter (pole of the ecliptic) is easterly, then the northern half (of the ecliptic)
ascends, and the part (of the ecliptic) whose midpoint is the vernal
(equinox) culminates. If (the pole of the ecliptic is) westerly, then the oppo-
site parts of the ecliptic ascend and culminate.
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TRANSLATION 275

[18] The descension and ascension (of stars for localities at the terres-
trial) equator is similar to the transit at other (localities). (A star) which as-
cends when the two poles of the ecliptic fall on the horizon ascends with its
degree. Similarly, for the descension. (A star) which ascends while the pole
(of the ecliptic) on whose side (this star) falls is invisible, ascends after its
degree. (A star) which ascends while (the above pole) is visible, ascends be-
fore its (degree). Being invisible will then be similar to being easterly, since
the ascension of the invisible is similar to the culmination of the easterly.
The rule for the descension is the converse (of the rule for the ascension).
(The above is true) because if latitude circles are issued from the invisible
pole (of the ecliptic) to the star, and to its degree while it falls on the hori-
zon, then it (i.e. the latitude circle) reaches (the star) while it is below the
horizon. If this is the eastern horizon, then the star would not have ascended
yet. If it is the western horizon, then it would have descended. (On the other
hand), if the latitude circles are issued from the visible pole to it (i.e. the
star), and to its degree while it falls on the horizon, then it reaches (the star)
while it is above the horizon. (The star) would thus have ascended in the
east(ern horizon), and it would not have descended in the western one.
Similarly, for the inclined horizons.

[19] Next, (a star) which ascends before or after its degree at the equator,
will descend in a similar manner, because the arcs of day and of night of the
star are equal, and so will those of the degree (of the star). (Moreover), if (a
star) ascends while the pole (of the ecliptic) on whose side it falls is visible,
[f. 64r] then (this star) descends while (the pole) is
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TRANSLATION 277

invisible. If (the star) ascends while (the pole) is invisible, then it descends
while (this pole) is visible.

[20] The above is contrary to the (case of the) inclined horizons: if the
latitude (of the locality) is greater than the obliquity of the ecliptic, then one
of the two poles of the ecliptic is permanently visible. A star whose latitude
is on the side of this (visible pole) ascends before its degree, and descends
after it. The converse (is true) in the case of (a star whose latitude is) oppo-
site (to the above). If, (on the other hand), it (i.e. the latitude of the locality)
is less (than the obliquity of the ecliptic), then a star which ascends and de-
scends while the pole (of the ecliptic) on whose side (this star) falls is visi-
ble will be the same (as above). The converse (is true if the pole) were in-
visible.

[21] Next, at the terrestrial equator, the northern pole of the ecliptic is
visible during the ascension of the half (of the ecliptic) whose midpoint is
the vernal (equinox), and during the transit of the southern half (of the
ecliptic) through the (part of the meridian which is) above (the horizon).
The southern (pole of the ecliptic) is visible during the opposite ascension
and transit.

[22] In the Tuhfa (it is stated that): “if the degree of ascension of the star
falls between the degree of the sun and the point symmetrical with it, then
(the star) ascends during the day. If (the degree of ascension of the star) falls
between the point symmetrical (with the degree of the sun) and this degree,
then (the star) ascends during the night. If the degree of descension is
between the first two (points), then (the star) sets during the night. If (the
degree of descension) is between the last two (points), then (the star)
descends during the day.” He (i.e. the author of the Tuhfa) only refers to the
degree of ascension of the star, and does not refer to the degree of the star,
because (a star) may rise before or after its degree.
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TRANSLATION 279

[1] Chapter [16]: On Time.

[2] The speed and slowness of the sun vary; the ascensions (of the arcs)
through which the sun moves during a true nychthemeron also vary, the lat-
ter being the period for the return of the sun during its daily rotation to the
point of its departure, namely to a point which has a specific position with
respect to some location, [f. 64v] such as a point on either the meridian or
the horizon. (Having realized this,) they (i.e., the ancients) assumed a non-
varying time (measure) for the determination of the mean motions, namely
the mean (solar) day. This (mean day) is the period for the return (of the
sun) to its (departure point) during mean motion, and this is the period for
the rotation of the equator, plus the period for motion through an arc of it
which is equal to the (arc of) mean motion. The above point was chosen to
be the one on the meridian, which is the horizon (of a locality) at the equa-
tor, because the difference between the degrees of the ecliptic and the as-
censions are the same at all localities. (On the other hand), they (i.e. the an-
cients) did not consider the ascensions and descensions for a specific local-
ity.

[3] Now since the difference between the true and mean (days) is accord-
ing to the above two (variations), then note that from the middle of
Aquarius to the middle of Taurus, and from the middle of Leo to the middle
of Scorpio, the degrees of the ecliptic are greater than the ascensions. In the
other two arcs, (however), (the degrees of the ecliptic) are less. (Moreover),
the mean distance (of the sun from the earth) is around the end of Pisces.
Thus if the sun moves from that point
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TRANSLATION 281

to the middle of Taurus, then two decreases are compounded: the decrease
of the ascension, and (the decrease) of the motion. Next, (from the middle
of Taurus) to the middle of Leo the ascensions are additive, and the motion
subtractive. [f. 65r] The decrease of the ascension is thus restored, while the
decrease of the motion remains. Next, (from the middle of Leo) to the
(other) mean distance, which is around the end of Virgo, two decreases are
also compounded. The motion then increases, while the ascensions de-
crease. But the decrease continues to exceed the increase, until they become
equal around the beginning of Scorpio. This is the point where the mean day
is equal to the true day. Next, the increase of the motion exceeds the
decrease of the ascensions till the middle of Scorpio. Thus if (the sun)
passes beyond it (i.e. the middle of Scorpio), then the increases become ad-
ditive till the middle of Aquarius. The ascensions then decrease while the
motion is increasing, until they become equal at the end of Aquarius. At this
point the true and mean (days) are also equal. Next the true (day) becomes
less than the mean one.

[4] It is thus clear that, from around the end of Aquarius to the beginning
of Scorpio, the true (day) is less than the mean, and conversely in the other
section (of the ecliptic). Now if we start at around the end of Aquarius, then
the equations of the days [f. 65v] with their nights (i.e., equation of time)
should be subtracted from a complete revolution. As for
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TRANSLATION 283

(the section) from around the end of Aquarius to around the beginning of
Scorpio, since the true (day) is less than the mean one, and since the mean
motions are determined based on the (length of the) mean (day), therefore,
the latter should be reduced in order to obtain the mean motions in true
days. In the other section (of the ecliptic), the decreases of the days that
passed from around the end of Aquarius to the beginning of Scorpio add up
at this (beginning). The sum (of the above days) is eight months. The cumu-
lative decreases are eight degrees of time and three degrees of time.
Therefore, the mean motion at the beginning of Scorpio should be reduced
by the share of these equatorial degrees, namely one minute and eighteen
seconds, in order to determine the true middle of the first (day) of the ninth
month, which is (in turn) ahead of the mean (middle) of the first (day) of the
ninth month by eight and a fraction degrees of time. Next, after the begin-
ning of Scorpio, the above reduction gradually diminishes, and what is sub-
tracted from every day will be less than what was subtracted at the begin-
ning of Scorpio, until these reductions vanish after the completion of one
full revolution, which is around the end of Aquarius. The true and mean
(days) thus become equal. If, (on the other hand), we start at the beginning
of Scorpio, then the reverse holds. The calculators, however, opted for the
first (starting point).

[5] Next, once the nychthemeron is known, you should know its parts,
and that which is composed of it.
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TRANSLATION 285

The most commonly accepted is that the arc of daylight is either half a revo-
lution, or that plus or minus double the equation of daylight. In reality,
however, the day is from the time of rising of half the body of the sun to the
time of setting of that half. The latter, however, is greater than the former by
the ascensions (of the arc of the ecliptic) through which the sun moves,
during the above time, as a result of its own (yearly) motion. [f. 66r] If a
(complete) revolution, that is 360 degrees, is divided by 24 hours, then 15
(degrees of) time are obtained. Next, each degree of time is divided by four,
so that (the result) is one sixtieth of an hour, that is a minute whose hour is
equal to 15 degrees of the said degrees. In reality, however, an hour is more
than 15 degrees of time, because the sun moves (during this hour). Thus, if
the anomaly of its mean motion (i.e. that of the sun) is calculated, it will be
approximately two minutes and a half. An hour is then 15 degrees of time
plus this fraction. As for the anomaly of its true motion, there is no control
over it. The above parts are equal hours. If, however, each of the two arcs
(i.e. the arc of daylight and the arc of night) is divided by twelve, then each
part is an unequal hour, each of which is one half of one sixth of either the
day or the night. The degrees of (the hours of either one of the two arcs) are
thus different, and their numbers are equal, and conversely for the equal
hours.

[6] The year may be a solar one, and this is 365 days plus a quarter (of a

day)
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TRANSLATION 287

less a fraction. Its months may be determined by the displacement of the sun
through the zodiacal signs. Among the northern (signs, the motion of the
sun in) Gemini takes 32 days, and 31 (days) in each of the remaining ones.
In the southerly (signs), each of Sagittarius and Capricorn is 29 (days),
while the remaining ones are 30 (days). For if the sun moves through a
quadrant of the eccentric, starting from the apogee point, then the difference
is 2;15 (degrees), and the sun moves through it in approximately two days
and a quarter (of a day). This is the difference between the time taken (by
the sun) to move through one quadrant of the eccentric and one quadrant of
the parecliptic. The same is true in the fourth sector. The sum is
approximately four days and one half (of a day), which is the difference
between the motion through one half of the eccentric and one half of the
parecliptic. The difference between the motion through the two parts of the
parecliptic, that is the apogee and perigee portions, (and motion through the
two parts of the eccentric) is thus twice the above, and this is approximately
nine days.

[7] The months may be taken to be thirty (days) each, [f. 66v] leaving
five days which are called epagomenal (days). Moreover, every four years
one day is added, and this is called a leap (day).

[8] The year, (on the other hand) may be assumed to have 365 days, such
as the Yezdegird (year). Its months are thirty (days) each, plus five
epagomenal (days), and it has no leap (days). (A year) can also be a lunar
one, and this is 354 days and a fifth and a sixth of a day. Each year thus has
354 days, and
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TRANSLATION 289

every three years a leap day is added. Moreover, every thirty years another
day is added, so that, (as a result), in thirty years there is eleven leap days.
Its months are determined by sighting the new moon. They can also be
determined on the average to be one month of 30 (days), and the next of 29
(days).
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TRANSLATION 291

[1] Chapter [17]: On Dawn and Twilight.

[2] Simple and clear air does not accept light, rather the dense (air),
which is the sphere of vapor (atmosphere), does. If, at the end of the night,
the parts of the latter which are illuminated by the sun approach the
observer from the east, then the shadow cone inclines to the west. Dawn
becomes visible. The first to appear is the false (dawn), and it is far from the
horizon, whereas (the parts) close to it (i.e. to the horizon) are dark.

[3] Consider a plane which is perpendicular to the horizon, and which bi-
sects the sun and the earth and the shadow (cone), such that one of the two
halves is northerly while the second is southerly. Triangle ABG [fig. 93 in
the commentary] is obtained. The head of the cone is A, and its base,
namely the diameter of the earth, is BG. One of the two sides, namely the
ray line which is tangent to the upper part of the cone, is AB, while the other
(side), which is tangent to its lower (part), is AG. Line AB is thus the middle
line of the parts which are illuminated in width. If then a perpendicular is
issued from the observer (to line AB), then the location (of their
intersection) is closer to
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TRANSLATION 293

the observer than the rest of the points of line AB. It (the above intersection)
is thus the first to appear, in contrast to what is close to the horizon. For
(those parts) of the sphere of vapor which are farthest from the horizon are
less dense than the parts which are close to it. So if the light is weak, then it
affects the less rather than the more dense. The dense and dark air thus con-
ceals in this case.

[4] Many people have claimed that the false (dawn) is followed by dark-
ness. If this were true, then the reason would be that towards the end of the
night vapors rise [f. 67r] on the eastern side (of the horizon), while light is
such that it could not yet affect them (the vapors). The false (dawn) thus
disappears before the true dawn rises. This lasts for a little time, and as soon
as the light becomes stronger, the true (dawn) rises. Therefore, the first
would be an extending false (dawn), followed by a true one which gradually
changes from white to redness. Twilight is opposite (the dawn).

[5] At the equator, and when the sun is at the equinoctial point, the dura-
tion of either (dawn or twilight) is one hour and a fifth. (This is true) be-
cause the equator is the altitude circle, and the beginning of the visibility of
the dawn is when the distance between the sun and the horizon along the al-
titude circle is eighteen degrees. (Moreover), eighteen degrees of the equa-
tor rise in one hour and a fifth.
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TRANSLATION 295

(If the sun) does not fall on the equinoctial point, then (the degrees) are
more. [f. 67v] (Furthermore), if any two points (on the ecliptic) are
equidistant from the equinoctial point, then the duration of either (dawn or
twilight) at these two (points) will be equal.

[6] The above are the characteristics of the terrestrial equator. As for the
inclined horizons, (such as a locality) in the fourth climate, (the duration of)
each of them (i.e. dawn and twilight) while the sun is at the summer solstice
is two hours, whereas it is one hour and a third when the sun is at the oppo-
site (point). (This is true) because, in the latter (position), the arc of the day
circle of the sun which is below the (horizon) of the earth is close to being
vertical. Its rising is thus faster.
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TRANSLATION 297

[1] Chapter [18]: On the Determination of the Line of Midday (i.e. Local
Meridian), and the Azimuth of the Qibla.

[2] (We first) take an instrument for leveling the ground. This can be a
longitudinal (piece) of wood having four parallel surfaces, such that we
carve a tube on its surface, and then plug its (i.e. the tube’s) two ends in this
manner (figure 94). (The instrument) can also be a wooden triangle having
this shape (figure 95), such that line AB is equal to line AG, and line AD is
equal to line AZ. BG is then bisected at point E, and a plumb line is
suspended from A, such that it falls between lines BG and DZ.

A
y/ | Vi)
G E B
/[ v\
Z D
FIGURE 95 FIGURE 94

[3] In order to level the ground, the (first) instrument is placed on it, and
the tube filled with water. Now, if [f. 68r] the water does not tilt in either
one of the two directions, then the ground is level. When
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TRANSLATION 299

using the triangle for leveling, if the plumb line does not incline away from
point E, then the ground is level. (Furthermore), it is better to place a board
which has a plane surface, and then level (the board) as mentioned above.

[4] The board is secured to the ground with gypsum. Next, a circle is
drawn (on it), and its center pierced. A needle or a spindle is then inserted in
the hole. The latter will be perpendicular if its head is equidistant from three
points on the circumference.

[5] We then measure by means of an astrolabe the altitude of the sun,
while it is easterly, such that either the shadow (cast by the spindle extends)
beyond the circumference of the circle, or the head of the shadow falls on
the circumference. The (crossing point of the) shadow is marked on the cir-
cumference. Next, we measure a similar altitude, while the sun is westerly,
and make another mark. We then bisect the arc which falls between the two
marks, and the diameter issued from this midpoint to the other side (of the
circle) is the meridian line. If, (on the other hand), each of the two
(resulting) halves was bisected, and if another (line) was issued from the
middle of one of the two halves to the middle of the other, then (this line) is
the east-west line. (The latter line) falls in the (plane of the) prime vertical.
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TRANSLATION 301

[6] Alternatively, one can observe the time when the shadow enters into
the circle and exits from it, mark the location of its entrance and exit, and
bisect (the arc) that falls between them. [f. 68v] (Moreover), the measure (of
the spindle) which is chosen for this method, namely the method of ob-
serving the entrance of the shadow into the circle and its exit from it, is
equal to one quarter of the diameter. The shadow at the time of entrance and
exit is thus equal to twice this measure. (The above choice is made) because
the movement of the shadow at both the beginning and the end of the day is
fast, and its head is dispersed and hard to discern. (Moreover), at around
midday, its motion (i.e. that of the shadow) is slow. (On the other hand), the
motion is fast, and it (i.e. the shadow) is not dispersed at around the above
mentioned measure.

[7] The above procedure [f. 69r] is preferable when the sun is at the
solstice, rather than at the equinoctial point, so that no detectable variation
in declination may occur due to the proper motion of the sun while it is
moving between the two (equal) altitudes. For when the sun is at the
equinoctial point, the declination varies during every nychthemeron by 24
minutes of time degrees by which the variation in the declination between
the easterly and westerly altitudes is calculated. If, (on the other hand), the
sun is at the solstice, then the variation does not exceed one minute in three
days. (Moreover), the altitude (at midday) only varies with the declination.
For if
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TRANSLATION 303

the declination is added to, or subtracted from the altitude of the equator,
then the midday altitude will be obtained. (Furthermore), our purpose is to
extract the meridian line, which is the middle of the time of rising and set-
ting due to the daily motion, and that is found from the altitude of the sun.
Thus, had the variation of the altitude been a result of merely the daily mo-
tion, then the procedure would have been correct. If, however, the variation
was due to the consideration of some other factor, namely its (i.e. the sun’s)
proper motion, then there would be some error in the procedure.

[8] On the other hand, the summer (solstice) is preferable to the winter
one. For the day circle of the sun (at the summer solstice) is almost vertical.
The decrease and increase of the altitude due to the daily motion is thus
faster. Moreover, the air is clearer, and the detection of the shadow is easier.

[9] Furthermore, if the measure (of the spindle) is taken equal to one
quarter of the diameter (of the circle), as mentioned above, then the time at
which the shadow equals double (the measure) is around the time of mid-
day, and the shadow will be slow. If, (on the other hand), the measure is
taken less than one quarter, such that the shadow is greater than double the
measure as it enters into and exits from the circle, then the head of the
shadow will be dispersed. Therefore, the above procedure is preferable at
the summer solstice.

[10] As for the gibla azimuth, if the difference between Mecca and the
locality is only in latitude, then the azimuth is along the meridian line. (In
the case when the difference is) only in longitude, it is maintained (by
some) that (the azimuth) is along the east-west line. This, however, is re-
futed because, if the longitudes are different, then the east-west lines will
not be united. Thus if the longitude of Mecca is less than the longitude of
the locality,
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TRANSLATION 305

then the former falls to the right of the west point of the locality. If (on the
other hand, the longitude of Mecca is) more (than that of the locality), then
(the former falls) to the left of the east point (of the locality). (This is true)
because, when the latitudes are equal, and when the longitude of Mecca is
less (than that of the locality), then the line [f. 69v] which passes through
the zenith of the locality and the zenith of Mecca will be parallel to the ter-
restrial equator. (Moreover), the east line ends at the terrestrial equator.
Therefore, Mecca will be to the right of that line. A similar (argument) also
applies when the longitude (of Mecca) is greater (than that of the locality).

[11] Now (in the case) when the difference is in both (latitude and longi-
tude), the method (for finding the azimuth of Mecca) by means of the Indian
circle is (as in the following example): consider the longitude of Mecca,
may it be honored by God, which is 67;10 (degrees) when measured away
from the cost (of the encompassing sea), and the longitude of Bukhara
which is 86;55 (degrees); the difference is approximately 20 (degrees). We
count (this difference) from the north point towards the west, and make a
mark. Similarly (we count this difference) from the south point towards the
west, and make another mark. We then connect the two (marks) by a
straight line parallel to the meridian line. (Next), we consider the latitude of
Mecca, which is 21;40, and the latitude of Bukhara, which is 39;55; the
difference is 18 (degrees) and a fraction. We count (this difference) from
the east point, and similarly from the west point, towards the south. We then
connect the two (marks) by a straight line parallel to the east-west line. The
two lines thus intersect. We issue a line from the center of the circle to the
intersection (point), and this will be the azimuth of the qgibla.
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TRANSLATION 307

[12] Since the differences in longitude and latitude (in the above exam-
ple) are almost equal, the (direction) of the gibla will be slightly inclined to
the west between the west and the south, and will not be exactly in the
middle. I have found that (inclination) to be three degrees. The (angular)
distance between the setting point of spring and the azimuth of the gibla is
thus be 42 degrees, whereas it is 48 degrees between the setting point of the
winter and the azimuth of the gibla.

[13] [f. 70r] (The method of finding the azimuth of Mecca) by means of
the astrolabe (is as follows): let the sun fall on the point which passes
through the azimuth of Mecca, namely on 23 (degrees) of Gemini, or 7
(degrees) of Cancer. Since the declination of each of these two points is
21;40 (degrees), which is equal to the latitude of Mecca, therefore, if the sun
passes through either one of them, then it will pass through the zenith of
Mecca. We then place that point on the meridian line, and mark the location
of the pointer to the beginning of Capricorn on the rete. Next, we count the
difference in longitudes to the left side of the position of the mark, which is
20 (degrees) in Bukhara. We make a mark at it. We then place the pointer at
the beginning of Capricorn on this (latter) mark, and we check the
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westerly almucantars of latitude on which the degree of the sun falls. This
altitude (of the sun) is then observed. When its westerly altitude becomes
equal to the above (measured) value, we set up a piece of wood or a plumb
line. The shadow of the wood or of the plumb line is (along) the azimuth of
the gibla. And God Knows best.

[14] The composition (of this book) was completed on the noon of
Wednesday, the sixth of Rabi* al Akhir, of the year seven hundred and forty
seven, at the quarter of Shar‘abad in the city of Bukhara, may God preserve
it, together with all the lands of the Muslims, from harm and danger.
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CHAPTER 1

[2] The first quotation on lines 2 and 3 Of this paragraph is from the
Qur’an, (50, 6). The one on line 4 is from Qur’an, (33, 46). The last sen-
tence of the paragraph is a rephrasing of Qur’an, (67, 5).

[4] The Arabic title of the book is Ta'dil Hay’at al-Aflak. The word
ta‘dil means modification or adjustment in the sense of straightening out.
The purpose of this work is thus to produce a revised and corrected astron-
omy, after solving the problems encountered in previous works on the sub-
ject.

The Arabic word used for enlightening is tabsira, probably alluding to a
work by Baha’ al-Din al-Kharaqi (d. A.H. 533, A.D. 1138/9), called al-
Tabsira fi ‘llm al-Falak (see Suter 276, p.116). The Arabic word for re-
minding is tadhkira, this time alluding to the celebrated work of Nasir al-
Din al-Tasi (d. A.H. 672, A.D. 1274), called al-Tadhkira fi ‘Iim al-Hay’a,
which was compiled on A.H. 659 (= A.D. 1260/61) (see Saliba, “First
Ptolemaic Astronomy,” 1979, p. 575).

[5] The definition of the science of astronomy put forth in this section
clearly separates its subject matter from the subject matter of Aristotle’s On
the Heavens. Although Aristotle’s work addresses mainly the question of
the nature of motion, he perceived it as one which also deals with the con-
figurations, quantities, and directions of such motions ( see for example,
Aristotle, On the Heavens, Book I, chapter 3; Book II, 2, 9, 12). A similar
work by Ibn Sina (d. A.H. 528, A.D. 1037) is clearer on making a distinc-
tion between essence and configuration. Ibn Sina’s famous al-Shifa’ in-
cludes a section “On the Heavens and the World”, in which he clearly as-
cribes the science dealing with occurrences of specific configurations, mo-
tions, or quantities to a mathematical discipline rather than a physical one
(see for example, Shifa’, part 2, pp. 37, 47, 48).

More subtle, however, is the divergence of Sadr’s definition from those
of Tadhkira (mentioned above) and al-Tuhfa al-Shahiyya of Qutb al-Din al-
Shirazi (d. A.H. 710, A.D. 1311). In the Tadhkira, astronomy is only de-
fined by its subject matter, without an independent statement as to its nature
as a science. According to Tisi, “the subject of astronomy is the upper and
lower simple bodies with respect to their quantities, qualities, positions, and
intrinsic motions” (see Tadhkira , p. 90). The difference between these two
definitions is not a simple question of arrangement of terms, but a basic
one; Tusi’s reference to “simple bodies” automatically excludes compound
bodies which Sadr wants to include, such as the different layers of fire, air,
and earth. Moreover, had Tisi not restricted his definition to “simple bod-



314 COMMENTARY

ies” he would have included the meteorological phenomena, which, accord-
ing to Sadr, is the subject of a different science. More generally, Tusi uses
“qualities” (kayfiyya) instead of “configuration” (hay’a), and although the
latter is subsumed within the former, the word “qualities” would extend the
scope of concern of the science of astronomy to include questions that be-
long to the fields of physics or even metaphysics (see MS A, f. 1v, 2r).

In the Tuhfa, Shirazi defines astronomy as a “science (‘ilm) through
which one would know (yu ‘rafu fihi) the numbers of the upper bodies and
their configurations, their positions and the causes of their variations, the
quantities and directions of their motions, and the measures of distances and
bodies...” (see Tuhfa, f. Ov, 1r). In the commentary to his work, Sadr objects
to this definition on the grounds that the word ‘IIm implies a knowledge of
general principles from which the knowledge of particulars follows; the
above definition, however, does not specify these general principles.
Moreover, Sadr posits that the science of astronomy is, in contrast to
medicine, nothing but the direct knowledge of the particulars, and not the
knowledge of some general principles from which such particulars are de-
duced (see A, f. 2r).

The subject matter of astronomy is, according to Sadr, defined as those
bodies under the constraints of specific configurations, in contrast to defin-
ing astronomy as the study of bodies together with their configurations. The
difference is that the configurations are contingent on the bodies and are not
the subject of inquiry by themselves.

While in the Tuhfa the principles of astronomy are said to be geometrical
and physical (see Tuhfa, f. 11), the Tadhkira includes the additional meta-
physical principles that “need to be proved” (see Tadhkira , p. 90); yet
when Tisi proceeds to explain these “definitions and principles,” he sub-
sumes them under two headings, namely geometrical and physical princi-
ples (Tadhkira , p. 92).

[6] The word “line” here is used to mean any line, whether straight or
not.

The notion that a plane is generated when one line intersects another at
each of its parts means that it is not enough to have two lines intersect to
have a plane, but rather a plane is the space which is generated by two such
lines. Similarly, solid bodies are generated by the intersection of surfaces
and lines.

[7] The definitions of plane and solid, attributed to others, in this para-
graph, are apparently ones with which Sadr is not satisfied, since they are
not consistent with the definitions proposed in the preceding paragraph.

[8] If the concept of limit (intiha’) is used in a general sense to mean a
bordering body or figure, then a solid would end in a plane, and the plane
would end in a line or a point; hence, the solid could be said to end in a
plane, line, or point, or simply in other than itself.



COMMENTARY 315

[9] This definition of line derives from the Tadhkira (see Tadhkira , p.
98). In it the Arabic word used for “points in the same direction” is
tahadha, which is difficult to translate. According to Sadr’s commentary,
this definition of a straight line is apparently a circular one. Also objection-
able is the definition of the Tuhfa (see Tuhfa, f. 1r), since the ray of sight
comes out of the ocular soul which is a spot, and not a point. Therefore, the
middle of a straight line, which has no width, could not cover its end, even
if it falls along the ray of sight, since the field of vision within this ray is
wider than a straight line.

[11] The objection raised in this paragraph against the definition of the
plane angle in the Tuhfa (see Tuhfa, f. 1v) is ta the use of the term configu-
ration (hay'a), since, according to Sadr, an angle, be it plane or curved, is a
surface which has a specific position, and hence has a specific dimension.
This means that while the angle itself can be measured, and consequently
can be divided, the configuration, which is a quality or property, admits nei-
ther measurement nor division. Therefore, a specific configuration of an an-
gle is a resultant property of the angle, and not the angle itself.

[13] The word curved, translating Arabic mustadir, is intended here to
distinguish this kind of line from a straight line, otherwise the definition of
a circle would be logically circular. The intended definitions are illustrated
in figure 1.

pioy)

Vers
Diameter Sign

FIGURE 1

[15] The word orb in this paragraph is a translation of the Arabic word
falak. The same word may occasionally be translated as a circle or a sphere
whenever it is used in that sense ( for a discussion of the meaning of the
word, see Ragep’s discussion in Tadhkira , pp. 378-9).
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The definition of the orb in this paragraph needs further clarification. If
the orb was transparent, then it cannot include any opaque body such as the
earth, or even a planet, which are both defined as opaque. This, however,
would mean that if the sphere of the planet is taken away from the spherical
orb, then the orb would not be spherical any longer. A clarification ex-
pounded in the commentary is to posit that sphericity results from the con-
vex and concave surfaces of the orb, even if the matter lying between them
is not of the same nature (see A, f. 4r). These surfaces would be parallel
when they include the earth, as distinguished from the two non-parallel sur-
faces of the complements--discussed later--or the surface of the epicycle
which does not include the earth. And yet the epicycle is an orb.

[16] The traditional division of bodies into simple and compound is re-
peated in this paragraph. The simple nature of planets is, however, doubted.
According to Aristotle the heavens and the stars are made of the fifth ele-
ment ether which is of a simple nature (see Aristotle, On the Heavens, 11, 7).
A similar argument is maintained in Tuhfa (see Tuhfa, f. 7r), whereas in
Tadhkira the simplicity is maintained without the mention of ether (see
Tadhkira, p. 98). One reason for rejecting this principle, according to Sadr,
is that we see spots on the face of the moon; for if the moon were of a sim-
ple nature, then there would be no variation in its appearance (see the earlier
section of the Ta‘dil as in W, f. 186r-187r). Moreover, the objections re-
ferred to in the text are raised in regard to the sphericity of simple bodies. If
such bodies were simple, then all their parts should be equidistant from the
center. But in the case of a solid sphere such parts are not equidistant. One
could then say that solid spheres could not be simple bodies, and only the
outer shell of the sphere would be so. Apparently, the author wishes to de-
fine such spheres as simple despite this objection.

[17] The complete quotation from the Tadhkira is as follows: “the mo-
bile is said to be self-moved if its principle of motion cannot become posi-
tionally separate from it. If it does separate from it, the movement is as-
cribed to the mobile” (see Tadhkira, p. 100). Sadr objects to this formula-
tion because if the principle of motion is not positionally separate, then this
means that it is positionally contiguous, which would thus exclude the case
when a principle of motion has no position, or rather when it is not posi-
tionally defined (see A, f. 4v).

(18] In the commentary, the author spells out what he means by the word
“restriction” by saying that the principle of natural motion is more general
than the specific classification into linear and/or circular (see A, f. 4v). We
thus have what seems to be a proper understanding of the revolutionary im-
plications to the Aristotelian model brought about by Tusi’s couple, where
linear motion can be produced as a result of two circular motions (on this
subject see infra, De Vaux, and Kennedy, 1983, pp. 88-9; on this interpreta-
tion of the importance of Tusi’s couple and its utilization by Copernicus,
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see Hartner, 1973). Therefore the natural motion of elements is not neces-
sarily linear, and neither is the motion of celestial bodies necessarily circu-
lar, but a combination of both may occur.

[19] The movement of the orbs, according to Aristotle (On the Heavens,
I1, 8), Shirazi (Tuhfa, f. 7r-7v), and Tusi (Tadhkira, p. 100) is voluntary.
The proof of this hypothesis, as Sadr understands it, is that the motion of the
orb is neither natural nor by compulsion, and hence it must be voluntary.
Sadr finds this proof extremely weak (see the earlier section of Ta‘dil as in
W, f. 179r-186r). The author proceeds, however, to say that such a distinc-
tion is not essential for the astronomer, since it is only important to differen-
tiate between those orbs which are moved by other orbs, and those which
are not. This statement can be seen as an attempt to avoid addressing the
physical, or even metaphysical, problematic question of the nature and
cause of celestial motions. The author immediately proceeds, however, to
address this question. An example of orbs moved by other orbs is the en-
compassed orb which is moved by the encompassing one. This example,
however, is itself problematic, since such a movement is necessitated in ei-
ther one of two cases: the first case is when the encompassed orb is eccen-
tric. In this case, the two orbs are physical bodies, and their complementary
surfaces are not parallel. Therefore, when one of these bodies moves, the
second one must follow in motion. If such motion does not follow, then the
two solid bodies would cut through each other, or the surfaces of the sphere
would be deformed.

The second case in which the movement of the encompassed orb be-
comes necessary is when the pole of the encompassed orb is attached to and
seeks a specific point on the encompassing one. Thus if the encompassing
orb moves, then the pole of the encompassed one follows the point which it
seeks, and thus moves with it the whole orb.

Sadr objects to the above hypothesis on the ground that if the encom-
passing orb is simple in nature, then no point in it would be different from
its other points, such that it alone would be sought by the pole of the en-
compassed orb. Moreover, if this hypothesis is granted, then we still need to
explain the motions of the orbs of such planets as Saturn whose poles are
not attached to any point of the great orb. Thus the movement of the orb of
Saturn does not directly follow as a result of the movement of the great orb,
nor does it follow indirectly as a result of the intermediary movement of the
zodiacal orb, since the poles around which both orbs rotate coincide (see A,
f. 5r).

[20] Shirazi also objected to the hypothesis explained in paragraph 19
(see Tuhfa, f. 391, 39v, and Nihava, f. 33r, 33v, 34r). In its place he pro-
poses that the cause of motion is the strength of the soul of the encompass-
ing orb. Thus if this soul is strong enough, then it will move the encom-
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passed orb irrespective of whether the orbs are eccentric, or whether the
poles of the latter orb are attached to some specific point of the former one.

[21] Sadr rightly notices that Shirazi’s assumption of voluntary souls
does not explain how the motion is uniformly transmitted from one orb to
the other. Moreover, Sadr adds that, according to Shirazi’s hypothesis, since
the encompassed orb has its own motion ,it must have its own soul. But the
soul of the encompassing orb is also attached to the encompassed one.
Therefore, the encompassed orb would have two souls, which, according to
Sadr, is a hypothesis that no one would maintain. If, on the other hand, the
soul of the encompassing orb were not strong enough, then, contrary to
what Shirazi maintains, a physical instrument would be needed to impart
motion.

[22] Having noted that Shirazi’s method does not explain how the
movements of the planets by their parecliptics are possible, when these
parecliptics are concentric with the great orb, Sadr moves to propose that
the only solution to this problem is to assume that the parecliptics them-
selves are eccentric. If the eccentricity is small enough, Sadr maintains, then
the difference in motion between the parecliptic and the great orb, as seen
from the earth, would not be detectable. Yet if we were to accept this posi-
tion of the author, then it would be impossible to explain the movement of
the planets by their parecliptics, since these no longer represent the ecliptic
itself, which is the source of motion in the first place. Moreover, to have an
eccentric parecliptic is a contradiction in terms, since the parecliptic, by def-
inition, is an orb that represents the ecliptic and is concentric with it. Thus,
no matter how small this proposed eccentricity is, it cannot be theoretically
accepted, and Sadr’s proposition does not constitute a solution for the above
problem.

According to Sadr’s proposed solution, only one parecliptic is needed to
represent the great orb, and each planet has a separate eccentric orb embed-
ded within it. Each of these planets thus has an individual motion caused by
the same parecliptic. The moon is an exception, because its parecliptic is the
orb of its nodes, and these nodes have a separate motion which is different
from the motion of the great orb. The two surfaces of the upper complemen-
tary solid of the great orb, which is the space between the great orb and its
eccentric parecliptic, are not parallel. On the other hand, the two surfaces of
the moon’s special parecliptic are parallel. Therefore, the resulting configu-
ration does not have parallel surfaces, and the movement of the great orb is
thus transmitted, through the moon’s special parecliptic, to the moon itself.
The complementary solids are not orbs; rather they are spaces enclosed be-
tween surfaces of different orbs. The total number of orbs is seven orbs em-
bedded within the great one.

[23] This section is problematic and incomprehensible. Implied in it,
however, is the notion that fixed stars do not necessarily belong to one sur-
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face, and that some stars may fall below Saturn. Furthermore, this means
that stars and planets may be embedded at different distances within the
great orb, thus allowing for the intermingling of spheres, which accounts,
according to Sadr, for the second motion, presumably of the parecliptic of
Saturn. This assumption is contrary to what is known about Saturn.
Moreover, it is not consistent with what Sadr himself elaborates in the rest
of his astronomy (see infra, the discussion of Saturn).
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CHAPTER 2

[3] The first proof which Sadr gives for the sphericity of the celestial orb
is that the paths of the stars, during their daily rotations, describe circles
which are parallel to each other, and which have the north pole, or rather the
polar axis, as their fixed axis of rotation. That such paths are circular, and
that these circles are parallel, could easily be verified by simple observa-
tion. Moreover, the closer a star is to the pole, the smaller the described cir-
cle would be. A cylindrical shape is ruled out, since the described circles
under such an assumption would be equal in size. As further evidence for
the sphericity of the celestial orb, Sadr adds that the visibility of the above-
mentioned circles varies in accordance with the specific properties of the
sphere. A star in the vicinity of the pole never becomes invisible. In other
words, the circle which this star describes does not intersect the local hori-
zon, and thus it is always in the visible half of the celestial sphere. On the
other hand, a star which is farther away from the pole, and whose path in-
tersects the local horizon, becomes visible only for a part of its rotation, and
invisible for the rest of it. As we move away from the pole, the section of
the circle which is invisible increases in size, until it reaches a point where
the visible and the invisible sections become equal. The circle thus de-
scribed is the circle of the equator. Beyond this circle, the invisible part be-
comes larger than the visible one, and finally the whole circle disappears.
Two small circles of the celestial sphere, which are equidistant from the
equator, are symmetrical around the center of the sphere, and it can easily
be shown from that point how the visible part of the first of these circles,
i.e. the part above the horizon, equals the invisible part of the other circle,
i.e. the part below the horizon.

Further evidence given by Sadr for the sphericity of the celestial orb, is
the gradual, or rather uniform rising and setting of the stars. It is not clear,
however, how such a point can be taken as evidence for sphericity. More
relevant is the observation that the bodies of stars have equal apparent sizes,
which implies that they are equidistant form the center of the world, and
that they are located on the surface of a sphere. Sadr notes, however, that on
the horizon, stars appear to be bigger due to vapors; in other words, Sadr
wrongly attributes this phenomena to refraction, while in fact it is nothing
but an optical illusion.

Final evidence for the sphericity of the celestial orb is that one half of the
orb is always visible to an observer on the earth. There is, however, accord-
ing to Sadr, an exception to the above rule. In his commentary, Sadr men-
tions that this exception is in the case of the orb of the moon, since less than
one half of this orb is actually visible (see A, f. 6v). This is due to the paral-
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lax phenomenon which is negligible for the stars and the planets. In the case
of the moon, however, the ratio of the radius of the earth to the distance
between the earth and the moon is large enough to be sensed by an observer
at the surface of the earth. Hence, the apparent position of the moon as it
crosses the local horizon, is lower than its true position. Moreover, the part
of the orb of the moon that is seen is actually less than half of it. (on paral-
lax theory in Islamic astronomy, see Kennedy, 1983, pp. 164-184).

Before moving to the next paragraph, it may be useful to say a word
about Sadr’s method of addressing the question of sphericity. Although
there are clear similarities between this chapter and the corresponding chap-
ter in Ptolemy’s Almagest (see Almagest, Book I, sections 3-7), Sadr seems
to be working more along the lines of Tuisi and Shirazi. He first incorporates
Tusi’s procedure without explicitly mentioning his name, then he raises
some questions that are not answered in this approach, and finally he intro-
duces Shirazi’s method, together with what he finds objectionable about it.
As in Tisi, Sadr differs from Ptolemy in that he only uses observational ev-
idence to address the question of sphericity (on the difference between Tisi
and Ptolemy, see Tadhkira, p. 382). Ptolemy, on the other hand uses obser-
vation to suggest the possibility of sphericity, but his proofs are based more
on physical principles pertaining to the qualities of ether and the difference
between circular and rectilinear motions.

[4] As in Tusi, Sadr gives as a first proof for the sphericity of the earth,
the earlier rising and setting of the sun in an eastern locality as compared
with a western locality (see Tadhkira, p 103-5). Sadr, however, adds that
the proof for the above is the difference in the times of the midpoint of the
same lunar eclipse. A similar addition can be found in the Tuhfa (see Tuhfa,
f. 8v). The proof is as follows: since a lunar eclipse takes place when the
earth falls between the sun and the moon, then the midpoint of this eclipse
is observed by different observers in different localities on the earth at the
same time. Now if the occurrence of such an eclipse is taken as a time ref-
erence, then the setting of the sun in an eastern locality is further away from
the time of the eclipse than its setting in a western locality. This proves that
the setting of the sun in an eastern locality is earlier than in a western one.
And similarly for the rising of the sun. Therefore, the earth cannot be flat,
since the times of rising and setting would then be the same for all locali-
ties, and thus the line along the surface of the earth, which passes through
the east and west points, cannot be rectilinear.

Next, Sadr states that a traveler toward the north, along the north-south
line, notices an increase in the culminating altitude of a northerly star, and
in the depression of a southerly star, and conversely for a traveler toward
the south. This is so because as one heads north, the north pole comes closer
to the zenith, which is right above the observer, and a northerly star thus
approaches this zenith, and appear to have a higher altitude. Therefore, the
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line along the surface of the earth, which passes through the south and north
points, is not rectilinear.

Finally, if one travels along some intermediary direction, that is along a
line which falls somewhere between the east-west and south-north lines,
then the above effects are compounded.

[5] Sadr notes rightly, however, that the above argument does not con-
clusively prove that the earth is spherical, for it is still possible to have the
distance between the north and south points longer than the distance be-
tween the east and west points. Thus we may have either an oval or a
lenticular shape instead of a sphere.

It is clear that Sadr, in the preceding few paragraphs, is not expressing
his own point of view, in as much as he is presenting the general point of
view as expounded by Tiisi. After mentioning his reservations, Sadr moves
on to explore the proofs given in the Tuhfa.

[6] In the Tuhfa (see Tuhfa, f. 8v-11v), Shirazi proceeds in reverse; he
first uses arguments similar to those already introduced to prove that the
earth is spherical. Next, he builds on this first step to prove, “through obser-
vation,” that the surface of the celestial orb is parallel to that of earth, and
that it too is spherical. Shirazi’s method is as follows: consider two locali-
ties of equal latitudes and varying in longitudes. Let the difference in longi-
tude between these two localities, measured along the celestial orb, be some
amount x, and let the distance between the two localities, measured along
the surface of the earth, be some amount y. Next consider two other locali-
ties which have equal longitudes and different latitudes. Let the difference
in latitude between these be x’, and the distance between them be y'. Shirazi
maintains that the ratio of x to y is equal to the ratio of x'to y’, thus proving
that the surface of the celestial orb is parallel to that of the earth, and is
therefore spherical.

[7] Sadr objects to the above method by noting that, even if we were to
believe that the land surveyors actually made such measurements, and ob-
tained such results as the ones claimed in the above paragraph, we still can-
not prove that all other measurements that we may make in other localities
on the surface of the earth, would yield the same results. This reservation
seems to apply to the northerly localities which were not accessible to peo-
ple due to the extreme cold weather which prevails in them (see A, f. 7v).
Thus to account for such localities, Sadr maintains that one further point
needs to be added, namely that a traveler moving toward the north, along
any great circle which passes through the south and north poles, records a
change in the altitude of the pole which is equal to the change of the depres-
sion of a star as measured from the zenith of the respective locality of this
traveler. If this were so, then the parts of the celestial orb which correspond
to the parts of the earth which are not inhabited, and thus not surveyed,
must be spherical.



COMMENTARY 323

[8] Sadr raises in this paragraph another objection against Shirazi’s
method; the above qualification introduced by Sadr applies only to the ce-
lestial orb, and does not apply to the earth, since it is still perceivable that
those parts of the earth which were not surveyed may be longer or shorter
than those parts which were proven to be spherical. And even in the case of
the celestial orb, we cannot rule out the possibility that this orb has the
shape of a polygon which approximates a circle, but is not one, or that the
surface of the celestial orb might have certain indentations which cannot be
detected by an observer on the earth.

One thus has the impression that, although neither Tusi nor Shirazi re-
sorted to physical arguments to infer the sphericity of the earth and the ce-
lestial orb, they nonetheless had such arguments in their minds. Sadr, on the
other hand, seems to rely solely on observational evidence, which eventu-
ally makes him doubt, though not reject, this long accepted hypothesis of
sphericity.

[9] The contents of this paragraph are self explanatory. It is"worth men-
tioning, however, that this proof for the sphericity of the surface of the wa-
ter is not the proof given in Ptolemy’s Almagest, nor is it the main proof in
either the Tuhfa or the Tadhkira. Sadr’s objection to these proofs is dis-
cussed in the next paragraph.

[10] As mentioned above, Sadr is responding here to the proof given by
Ptolemy (see Almagest, 1, 4, p. 41), which is also used by Tusi (see
Tadhkira, p. 105) and Shirazi (see Tuhfa, f. 9r). Sadr, in this paragraph,
wrongly denies that the convexity of the surface of the water affects visibil-
ity. He adds that the change in the appearance of a mountain results from
the fact that we see objects smaller at far distances; thus at such distances
we think that we only see the tip of a mountain, while in reality we see the
whole of the mountain, but in smaller size. Moreover, Sadr invokes the no-
tion of optical illusion when he claims that the vapor of the sea obscures the
bottoms of the mountains.

[11] In this and the following paragraphs Sadr makes a passing reference
to the theoretical principles, both physical and mathematical, which were
used by his predecessors, and hastens to reject them. He first dismisses the
argument for the sphericity, based on the physical principles, as irrelevant,
since such an argument only applies to a simple body which is left to its
nature. The surface of the earth is neither simple, nor is it nor is it left to its
nature.

[12] The mathematical argument that the proportion pf the indentations
of the surface of the earth to its size is negligible, and does not detract from
the fact that the earth is spherical, is one to which Ptolemy alludes (see
Almagest, 1, 4), and which is picked up and elaborated in both the Tadhkira
(see Tadhkira, p. 105) and the Tuhfa (see Tuhfa, f. 9r). According to Sadr,
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the approximation of the earth to a sphere is in itself equivalent to saying
that it is not one.

[13] If the above mentioned approximation is simply to say that the ce-
lestial phenomena, which are observed from the surface of the earth, do not
change as a result of the indentations along this surface, then Sadr rightly
concedes that such approximation is valid.

[14] Having presented the evidence for the sphericity of both the celes-
tial orb and the earth, Sadr moves here to prove that the earth is located at
the center of the celestial sphere. To establish this centrality, Sadr, like his
predecessors (see Almagest, 1, 5; Tadhkira, p. 105; and Tuhfa, f. 11v-12r),
proceeds to prove that the earth is simultaneously the midpoint of the east-
west line, the south-north line, and the line between the above and the be-
low. The first point is inferred from the fact that, for any star that rises and
sets, the time from its rising until it reaches its highest point (that is, when it
crosses the meridian circle,) is equal to the time from this highest point until
the setting of the star. The fact that, when the sun is at the equinox, the
westward shadow which is cast by the rising sun coincides with the east-
ward shadow which is cast by the setting sun, proves that the sun is half
way between the south and the north points. This is also inferred from the
coincidence of the shadows cast by the rising when the sun is at a certain
position and by the setting when the sun is at a position which is symmetri-
cal to the first one with respect to the equinox. Finally, the fact that half the
celestial sphere is always visible, indicates that the earth is halfway between
the above and the below of the sky. A more general proof for the centrality
of the earth, according to Sadr, is that the earth eclipses the moon when the
latter has no latitude, and is in opposition to the sun. Sadr implicitly as-
sumes in this last proof that the lunar eclipse takes place when the moon
and the sun are diametrically opposite; so for the earth to fall between the
two, it must coincide with the center of the celestial sphere. Sadr, however,
does not verify this assumption, and does not supply enough justification
for ruling out the possibility that the moon and the sun may not be in the
ecliptic plane. (For an illustrated proof of the above, see Pedersen, pp. 39-
42))

[15] This is the second reference that Sadr makes to the parallax phe-
nomena in this section (see paragraph [3] above). Similar proofs are given
by Ptolemy (see Almagest, 1, 6), Tusi (see Tadhkira, p. 107), and Shirazi
(see Tuhfa, f. 12r).

[16] Sadr’s proof that the earth is stationary is the simple fact that when
we throw a stone into the air, it falls back onto its original point of depar-
ture. Sadr is obviously referring to a stone which is thrown vertically up-
wards. The differences in the proofs given by Sadr’s predecessors are of
interest, and may be indicative of the process of thinking of these as-
tronomers. Ptolemy, on the one hand, proves that the earth is stationary by
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employing the Aristotelian theory of gravity (for the original theory see
Aristotle, On the Heavens, 11, 14; on Ptolemy’s use of this theory see
Almagest, 1, T; and Pedersen, pp. 43). He then rejects the idea that the earth,
together with the layer of air surrounding it, could be rotating, since in this
case a stone thrown vertically upward would fall back onto its original posi-
tion, while in reality it does not. It has already been noted that this argument
is weak, and it confuses vertical motions with projectiles (see Pedersen, p.
44). This discrepancy in Ptolemy must have been noted by Tiisi, who rejects
the whole notion of proving the stillness of the earth from an observation
such as that of the stone. Indeed, Tusi adds, the stone might fall back onto
its original position due to the concomitance of the air and the earth. This
phenomena would be similar to that of the concomitance of the ether to the
celestial sphere, which accounts for the motion of comets. Thus, according
to Tasi, the only way to prove that the earth is stationary is by using the
physical principle of the rectilinear tendency of the earth, which implies that
the earth, by nature, cannot have a circular motion (see Tadhkira, pp. 107).
Shirazi rejects this last proof for several reasons; he first states that the prin-
ciple of concomitant motion (mushdya‘a) between the ether and the celes-
tial sphere is not permitted, and that the motion of the comets is due to a
soul rather than to such concomitance (see Tuhfa, f. 15r). Next he states that
had this principle of concomitance been valid, then the movement of a
heavier object would have been smaller than that of a lighter one (see
Tuhfa, f. 15v). Moreover, the argument of the natural philosopher, accord-
ing to Shirazi, is not valid, since even if the nature of the earth does not en-
tail its rotation, it can still rotate by compulsion. Thus the only valid proof is
an observational one, namely that of the stone which, when thrown verti-
cally upward, falls back onto its original position. Sadr, on the other hand,
uses an argument similar to that of Shirazi to show that the principle of con-
comitance does not hold. The major difference between the two, however,
is in that, while the latter resorts to observational evidence only because the
physical evidence would not apply, the former’s choice seems to be a mat-
ter of preference and approach.

[17] In the preceding paragraphs Sadr addressed the question of the
sphericity of the celestial orb, the earth, and the water. A number of reserva-
tions that Sadr had concerning some of the common theories were pointed
out in the above commentary. In this section, Sadr has some more reserva-
tions to express; he starts by stating that it is problematic to say that the
earth is in the middle. This is so because the surface of the water has to be
equidistant from the center of the world, by virtue of its fluidity. Moreover,
in order that the water does not flow and cover the surface of the earth, the
sum of the earth and the water taken together should be either equidistant
from the center of the world, or the water should be closer to the center.
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Thus the sum of the earth and the water, taken together, constitutes one
sphere, whose center is the center of the world.

It is not clear whether Sadr considers this last suggestion of one whole
sphere as a solution of the above problem, or whether he is simply restating
it, since we still have two contradictory propositions, namely that the center
of the water should be the center of the world, and that the center of both
the earth and the water should be that center as well. It is clear, however,
that Sadr does not approve of considering the center of the earth alone to be
the center of the world.

[18] Sadr seems here to be responding to an argument which maintains
that the excessive heat of the sun would curve the water and prevent it from
flowing.

It is not clear to the me who the argument in this paragraph refers to. As
far as I could tell, there is no such idea promoted in either the Tadhkira or
the Tuhfa, nor could I find a parallel view in the Almagest.

[19] The idea of this paragraph is of little importance to the subject of
this chapter, and it seems to be mentioned simply on account of its
strangeness, which is exactly why it was also mentioned by both Tisi and
Shirazi (see Tadhkira, p. 107; and Tuhfa, f. 10r).

[20] This paragraph, and the two to follow, have their parallels in both
the Tadhkira and the Tuhfa (see Tadhkira, p. 111-3, and Tuhfa, f. 19v-20v).
The major difference between these corresponding sections, however, is
that they are subsumed in the above two works under the chapter on the
“arrangement and order of heavenly bodies’, while in Sadr they follow the
discussion of the earth. This different order is not without significance, for
the question of the elements and their different combinations could easily
lead the author into the domain of the physical sciences which he tries to
avoid. Nevertheless, Sadr could not simply neglect mention of those ele-
ments, since he includes them in his definition of the science of astronomy,
and also because of the well established tradition before him which sets the
paradigms for his work.

At first, Sadr seems to pick up one paragraph from the Tadhkira and the
next from the Tuhfa. A close examination, however, indicates an attempt by
Sadr to complement whatever is missing in one by additions from the other.
Moreover, some subtle modifications of the borrowed ideas are quite re-
vealing of Sadr’s attempts. One example of such a modification is the au-
thors reference to the mixed layer of air and fire, in which comets are found.
The Arabic word for “are found” is “takan”. The corresponding word used
by Tusi is “tatakawwan”, which means “are formed” instead of “are found’.
It is my belief that this difference is not a simple scribal error, but rather an
intended deviation in which Sadr describes the phenomena of comets, with-
out attending to the Aristotelian question of how or where such comets are
formed.
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[21] This section is not found in the Tadhkira, and is an abridged version
of the corresponding section in the Tuhfa (see Tuhfa, f. 11v-12v), and al-
though it hints at the related but not equivalent problem of the height of the
atmosphere, it does not directly address this problem. The approximation of
the height of the atmosphere to seventeen leagues, which is equal to fifty
one miles, is very close to the figure given by Shirazi in the Nihaya, which
is 51;58 miles (on “The Height of the Atmosphere..” see the article by
George Saliba in King and Saliba, pp. 445-466).

[22] It is partly understandable that Sadr does not dedicate a separate
section to introduce the different planets, since this is the concern of most of
the remaining part of the work, and since these planets are discussed in de-
tail in the following chapters.
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CHAPTER 3

[1] The material covered in this section under the title “on circles” is
covered in Ptolemy’s Almagest under the title “that there are two different
primary motions in the heavens” (see Almagest, 1, 8). In the Tadhkira, the
same material is covered in two different chapters entitled “concerning the
well-known great circles” and “concerning the circumstances that occur due
to the first two motions, and the situation of the fixed stars” (see Tadhkira,
pp. 113-29). These correspond to two similar chapters in the Tuhfa (see
Tuhfa, f. 211-50r). This difference further illustrates the difference in ap-
proach among the four authors; at one extreme is Ptolemy’s concern with
motion, while at the other extreme is Sadr’s concern with the geometric
representation, and in between is a rather balanced concern with both issues
in question.

[2] The outer sphere in figure 2 is the great orb. This orb rotates daily
from the east to the west around the axis SON. Point O is the center of the
great orb, and is thus the point where the earth is located. Point N is the
north pole, and point S is the south pole. The great circle which rotates
around center O, and which is perpendicular to the axis of rotation is called
the equator circle; this is circle AEBW. A point on this circle completes a
full revolution in approximately one full day and night. The word
“approximately” is used because what we observe as one day and night is
the difference between the rotation of the sun, together with the great orb,
around the axis of rotation, and the smaller motion of the sun along its own
path (see infra).

/ E

Y

Great Orb

FIGURE 2
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Any point on the great orb would inscribe, as a result of the daily rota-
tion of this orb, a small circle which is parallel to the equator circle. CDF is
one such circle, and is called a day-circle.

In the corresponding sections in the Tadhkira and the Tuhfa (see
Tadhkira, p. 113, and Tuhfa, f. 21v), the authors start by saying that the
cincture of the first motion is the great circle which is called the equator cir-
cle. This definition of the equator is made without explicit mention of the
motion of the great orb, although it is the motion that is being referred to. A
possible reason for this evasive definition might be the attempt to avoid ad-
dressing the question of whether the great orb and the ecliptic orb coincide
or not (see infra).

[3] The outer sphere in figure 3 is the ecliptic orb. This orb is the sphere
which carries the fixed stars, and it rotates around axis /0J from the west to
the east, that is in a direction opposite to the above mentioned daily rota-
tion. The great circle which rotates around center O, and which is perpen-
dicular to axis /0J, is called the zodiacal belt, or the ecliptic circle; this is
circle GEHW. According to ancient astronomers (i.e. Ptolemy), a point on
this circle completes a full revolution in thirty six thousand years (i.e. a pre-
cession of 1 degree/100 years; see Pedersen, p. 248,), whereas latter as-
tronomers had determined this period to be twenty four thousand years (i.e.
1 degree/66 years).

Winter
Solstice

Summer
H Solstice

FIGURE 3

It is usually assumed that the great orb and the ecliptic orb are the same
(although strictly speaking they are not), in which case the equator circle
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and the ecliptic circle intersect, as in figure 3, at the two points E and W. A
point on the equator thus rotates in the direction of EAWB, while a point on
the ecliptic rotates in the direction of WGEH. Moreover, Line EW passes
through the center O. Point E is called the vernal equinox and point W is the
autumnal one. When a planet which is moving along the ecliptic crosses
point E, it passes to the north of the equator; and when a planet crosses
point W, it passes to the south of the equator. Point H, which is the midpoint
of the section of the ecliptic that is north of the equator, is called the sum-
mer solstice, and point G, which is the midpoint of the section that is south
of the equator, is called the winter solstice.

Here also, the corresponding section in the Tadhkira and the Tuhfa (see
Tadhkira, pp. 113-5, and Tuhfa, f. 21v, 22v, 34r) refer to the cincture of the
second motion rather than to the motion of the ecliptic orb. Thus in these
two works the ecliptic and the equator circles always intersect, whereas in
Sadr, these two circles only intersect if the ecliptic and great orbs are as-
sumed to coincide. One may thus note with Sadr that the question of repre-
sentation is not a definite and final one, and that there could be alternative
representations.

[4] The outer sphere in figure 4 is the great orb, which coincides with the
zodiacal orb. Circle GEHW is the ecliptic, and circle AEBW is the equator.
With two points we divide each quadrant of circle GEHW into three equal
parts. The ecliptic circle is thus divided into twelve equal parts by twelve
points, through which six great circles can be drawn perpendicular to the
ecliptic circle. These six circles all intersect at the poles I and J, and one of
them passes through the poles of the equator circle and through the two
solstices; this is circle IGSJHN. The inclination of the ecliptic is defined as
the arc of this last circle which lies between the equator and the ecliptic cir-
cles, that is either arc AG or arc BH. It is clear from the figure that the
above two arcs are also equal to arcs IN and JS.



COMMENTARY 331

FIGURE 4

The six great circles divide the ecliptic orb into twelve equal strips, each
extending between the two poles / and J, and each having a longitude of
thirty degrees, measured along the ecliptic circle. These are the twelve zo-
diacal signs of the ecliptic orb.

Sadr claims to have measured the inclination of the ecliptic and found it
to be 23;33 degrees, in conformity with the ‘Ala’i zij. This latter zij is not
extant but is an influential work in Arabic astronomy. It is attributed to
‘Abd al-Karim al-Shirwani al-Fahhad, and was written around the middle of
the sixth century A.H. (12th century A.D.). It is possible, however, to con-
firm the above measurement of the inclination of the ecliptic from the parts
of the ‘Ala‘i- zij which were preserved in the astronomical works of
Gregory Chioniades who reproduced major sections of this work (on the re-
construction of the ‘Ala’i zij out of the work of Chioniades see Pingree, pp.
7-29; also see p. 195 of the same work for a reference to the inclination of
the ecliptic). In this extant version, however, the inclination of the ecliptic is
given as 23;35, and not as quoted by Sadr. Therefore, Sadr may have seen a
text different from the one read by Chioniades.

The corresponding sections in the Tadhkira and the Tuhfa have basically
the same material as in this paragraph (see Tuhfa; f. 22v-23v, and Tadhkira,
pp. 113-5,117).

[5] This paragraph has an equivalent in the Tadhkira and the Tuhfa (see
Tadhkira, pp. 115, 125, and Tuhfa, f. 24r). It refers to the progressive pre-
cession of the ecliptic orb, and hence the ecliptic circle, with respect to the
great orb, and hence the equator circle. The fixed stars are fixed on the
ecliptic orb, which means that their positions with respect to each other do
not vary. The position of the whole ecliptic orb, however, moves relative to
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the great orb in the motion referred to as the second motion. To measure
this motion, the configuration of the fixed stars, at some initial position, is
plotted on the great orb. The ecliptic circle and the equator circle, while the
former is at this position, intersect at the equinoctial points. These points are
then taken as fixed reference points against which the motion of the ecliptic
is measured. As a result one can think of strips along the ecliptic being as-
signed names of the constellations, whereas the real constellations have de-
parted from their original locations with respect to the ecliptic.

[6] The sections in the Tadhkira and the Tuhfa which correspond to this
paragraph are strikingly similar to it, especially the former one (see
Tadhkira, pp. 125-7, and Tuhfa, f. 40r-41v). Consider in figure 5 the outer
sphere to be the great orb, with the equator circle AEBW, and the ecliptic
circle GEHW. Consider any star P on the ecliptic orb, which has the same
size and center as the great orb, and draw through P the great circle which
passes through the poles / and J of the ecliptic, and which is perpendicular
to it. Let this circle intersect the ecliptic at point Q. Arc PQ, measured on
this circle, is called the latitude of the star. As a result of the second motion,
star P traces on the great orb a circle which is parallel to the ecliptic circle.
This is called the latitude circle and it varies with the variation in the lati-
tude of the star; if the latitude is zero, then P coincides with Q, and the path
is along the ecliptic itself. The latitude circle intersects the equator circle
twice in this first case. If the latitude P2Q is greater than zero but less than
the inclination of the ecliptic, then the latitude circle also intersects the
equator twice, but the north and south sections of this circle would not be
equal; if the planet is north of the ecliptic, then the northern section of the
latitude circle is greater than the southern section and vice versa. If the lati-
tude P3Q is equal to the inclination of the ecliptic, then the latitude circle
intersects the equator at only one point. If the latitude is greater than the in-
clination of the ecliptic, then the latitude circle, and hence the star itself,
does not intersect the equator, but rather approaches and recedes from it. If,
finally, the latitude P5Q is equal to the complement of the inclination of the
ecliptic, then arc IP5 would be equal to the inclination of the ecliptic, which
is also equal to the angle ION. Now since the latitude circle rotates around
the axis OI, and since angle /ON equals angle IOP35, the latitude circle
passes through the pole of the equator, which means that a star whose lati-
tude is the complement of the inclination of the ecliptic reaches the pole
once every complete revolution.
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FIGURE 5

Now since the distance of a star from the equator circle depends on its
position along its latitude circle, the daily circle described by this star would
also vary according to this position.

[7] To illustrate the point of this paragraph consider in figure 6 the big
circle PAB to be the celestial orb, and the small circle 0702 to be the earth.

The circles are concentric at O. An observer located at point O has a hori-
zon which is tangent to the earth at O}, and which intersects the celestial
sphere at A and A ;. Although drawn here on the surface of the earth for il-
lustrative purposes, horizon AA] is in effect indistinguishable from the di-
ameter passing through point O. For the above observer, a star P on the ce-
lestial orb appears to have an altitude AP above the horizon. To another ob-
server, located at a point 02, the same star P appears to have an altitude BP
which is clearly different from AP. Hence, the difference in the apparent
positions of the stars.
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[8] To illustrate this paragraph, which has its equivalent in the Tadhkira
and the Tuhfa (see Tadhkira, pp. 117-9, and Tuhfa, . 26r-26v), consider the
outer sphere in figure 7 to be the celestial sphere; a plane drawn through
any point on the surface of the earth tangent to this surface, is the local
horizon of that locality; let this horizon plane intersect the celestial sphere
in the horizon circle LEMW. Since the radius of the earth is very small
compared to the radius of the celestial orb, the tangent to the surface of the
earth is effectively equivalent to the parallel plane which passes through the
center of the world, namely point O. The horizon circle can thus be as-
sumed to coincide with the great circle drawn through point O parallel to
the proper horizon.

FIGURE 7
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The region above the horizon plane is visible, whereas the region below
it is invisible. The perpendicular to this plane drawn through point O inter-
sects the celestial sphere at its two poles, Z and K; point Z is called the
zenith, and point X is called the nadir. Moreover, the equator circle and the
horizon circle intersect at the east point £, and the west point W; line EW is
the east-west line. Finally, the small circles drawn parallel to the horizon
circle are called mugantarat.

[9] Consider in figure 8 circles AEBW and LEMW to be the equator and
horizon circles respectively. The great circle which passes through the
zenith and the nadir, and through the east and west points is called the pri-
mary vertical; this is circle ZEKW, and is clearly perpendicular to the hori-
zon plane. On the other hand, the great circle which passes through the
zenith and the nadir, and through the two poles of the universe, is the local
meridian; this is circle NZSK which intersects the horizon circle at points L
and M, and intersects the equator circle at points A and B. The meridian is
clearly perpendicular to the equatorial and horizon planes. Point M is the
north point, and point L is the south point, and line LM is the midday line.
Moreover, arc ZA is equal to arc MN, and both are equal to the terrestrial
latitude.

FIGURE 8

The arc of the great circle which passes through the zenith and the nadir,
and through the two poles of the ecliptic between the zenith and the ecliptic
is called the midheaven of visibility; this is arc /Z, and it coincides with the
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meridian circle as long as the positions of the poles of the ecliptic and the
value of its inclination of the ecliptic are considered to be fixed.

Finally, a great circle passing through the zenith and the nadir, and
through any given star P on the celestial orb is the altitude circle of that star.
Let this be circle ZPK, and let it intersect the horizon circle at T and U. If
point P is below the horizon, then arc PT is called the depression of star P;
if it is above the horizon, then arc PT is its altitude. Arc TE, measured on
the horizon circle, is the azimuth of star P. Now if we draw through point P
a small circle parallel to the equator circle, such that it intersects the horizon
circle at points V and V', then arc EV is the rising amplitude of the star P,
and arc WV' is its setting amplitude (for the corresponding sections in the
Tadhkira and the Tuhfa, see Tadhkira, pp. 119-21, and Tuhfa, f. 271-29v).

[10] A slight ambiguity in this section is easily resolved by reference to
the Tadhkira or the Tuhfa (see Tadhkira, pp. 115-7, and Tuhfa, f. 25r-25v).
Consider in figure 9 circles AEBW and GEHW to be the equator and ecliptic
circles respectively. Point P corresponds to any star on the celestial orb. The
great circle which passes through the poles of the equator and through point
P is called the declination circle; this is circle NPS, and it intersects the
equator at point X and the ecliptic at point X'. The great circle drawn
through the poles of the ecliptic and the point X' is the latitude circle of that
point; this is circle IX'J, and it intersects the equator circle at point X". Arc
PX, measured along the declination circle is the distance of the star from the
equator, whereas arc XX', measured along the same circle, is the first decli-
nation of point X'. Arc X'X", measured along the latitude circle, is the sec-
ond declination of point X'. Since circle NPXS is perpendicular to the equa-
tor circle AXEBW at X, therefore angle X'XX"= 90°. Now in triangle X'XX",
angle X is a right angle, therefore X'X" is the hypotenuse of the triangle, and
X'X" is greater than X'X; thus the second declination of any point on the
ecliptic is greater than its first declination. This is obviously true as long as
this point of the ecliptic does not coincide with either one of the two sol-
stices; in the latter case, the declination circle and the latitude circle coin-
cide, and the first and second declinations will be equal.
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FIGURE 9

If, on the other hand, the latitude circle is drawn through the star P, and
if it intersects the ecliptic circle at point Q, then arc PQ is the latitude of this
star.

[11] In this section Sadr, like his predecessors (see Tuhfa, f. 32r-33r, and
Tadhkira, p. 121), notes that the inclination of the ecliptic has been ob-
served to vary. This variation, however, is not uniform; thus, according to
Sadr, it may result from errors in the observational instruments. Yet if this
were true, then these same instruments should produce erroneous observa-
tions when used to measure the latitudes of planets, for example. Therefore,
Sadr concludes, it is more likely that this observed variation corresponds to
a real change in the inclination of the ecliptic, and not to some error in its
measurement.

- [12] Following the previous paragraph, Sadr mentions here the proposi-
tion that the ecliptic moves in latitude (i.e., the angle between the ecliptic
and the equator varies.) Although this assumption has little physical signifi-
cance, Sadr nevertheless, like his predecessors (see Tadhkira, pp. 121-3,
and Tuhfa, f. 33r-33v) proceeds to list eight different possibilities for the
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motion of the ecliptic orb. Although Sadr does not state it, evidently he has
in mind rotating the ecliptic with points E and W held fixed. Point G of the
ecliptic circle moves to any of the eight points G to Gg, as in figure 10 be-
low. Depending on the final position of point G, the ecliptic and the equator
circles either coincide twice or once, or they do not coincide. And depend-
ing on the above coincidence, the ecliptic and the equatorial orbs exchange
positions either partially or fully, except in the eighth case, where only the
positions of the stars with respect to the equator, and the length of the day

change.

FIGURE 10

Sadr rightly maintains that when the ecliptic and equator circles coin-
cide, the day and night are equal, and the seasons of the year cease. The first
of these two assertions is true because wherever the sun falls on the ecliptic,
it rises and sets along the equator, and hence the day is equal to the night.
The second point is also true because for all positions of the sun on the
ecliptic circle, it is also on the equator, and therefore there is no variation in
the relative position of the sun with respect to the earth for that year; the
seasons thus cease.

Sadr, however, mentions Shirazi’s exclusion of the horizon which ap-
pears to rotate like a millstone (see Tuhfa, . 33v). This horizon is defined in
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the Tuhfa as the one which coincides with the equator; in other words it is
the horizon of an observer located at one of the poles of the universe. Thus
when the ecliptic coincides with the equator, both of them coincide with the
horizon, and both the day and the night last six continuous months. Yet
since the ecliptic is assumed to move in latitude, it eventually departs from
the equator, and the sun thus slips above or below the equator (or the hori-
zon). In this latter case, the circle drawn through the sun parallel to the
equator does not coincide with it, and the day and night differ again. Shirazi
mentions that, in this case, the motion of the ecliptic in latitude is one de-
gree per 43 years. Shirazi’s derivation of this figure is as follows: the incli-
nation of the ecliptic at the time of Ptolemy was found to be 23;51°,
whereas at the time of al-Ma’miin, 690 years later, it was found to be
23;35°. The difference of 16 minutes per 690 years, or 1 minute per 43
years, thus results (for this derivation, see Nihaya, f. 30v).

[13] This paragraph, and the following one, deal with the complex and
controversial problem of trepidation. Sadr’s presentation of the theory of
trepidation is as concise as that of Tadhkira (see Tadhkira, p. 125). Sadr,
however, goes one step farther, and mentions the specific objections which
arise against this theory, yet neither of them is as elaborate as Shirazi is in
the discussion of the above problem (see Tuhfa, f. 341-37r).

The reasons behind proposing a theory of trepidation, as implied from
Sadr, are the following:

The second motion of the ecliptic, or the precession of the fixed stars, is
known to vary. The value of this precession was determined by Ptolemy to
be 1°/100 years, whereas later it was found to be 1°/66 years. Although the
second value could be construed as a more accurate measurement, it is also
possible to attribute this difference to an actual change in the rate of pre-
cession.

The inclination of the ecliptic, as maintained in paragraph 12 above, is
also thought to vary.

Finally, some people, whom Shirazi claims were influenced by those
who practice the art of talismans, maintained that the ecliptic oscillates, in
latitude, in a forward and backward motion, along an arc of eight degrees.

Based on the above three propositions, and in what seems to be an at-
tempt to eliminate sudden changes in the ecliptic’s direction due to the
above mentioned oscillation, it was suggested that all three remarks pertain
to one motion, which is caused by one mover. An orb which encompasses
the movable ecliptic orb was thus assumed, such that the fixed poles of this
orb fall on the circle which passes through the poles of the fixed ecliptic,
and are four degrees apart from the poles of the movable ecliptic. If we call
this new encompassing orb the ninth sphere, and call the movable one the
eighth sphere, then the poles of the eighth sphere are made to move on
small circles of eight degrees diameter, whose centers are the poles of the
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ninth sphere. This last motion produces a periodic oscillation of the ecliptic,
but it also produces a periodic increase and decrease in the inclination of the
ecliptic, and a change of the rate of precession (for a clear explanation of
the theory of trepidation see Neugebauer, 1962, pp. 290-299).

[14] As mentioned above, Tusi simply dismisses the theory of trepida-
tion without specifying his objections to it, whereas Shirazi discusses these
objections at length (see Tuhfa, f. 35r-35v, and Tadhkira, p. 125). Sadr, on
the other hand, maintains a middle position; he mentions the objections to
this theory without attempting to prove or elaborate on them. His first ob-
jection is that the variation in the inclination of the ecliptic is not of the or-
der of 8°/640 years. This objection, as Shirazi rightly notices, would not
hold if the relevant parameters are adjusted to conform with observation,
that is, if instead of 8°/640 years, a more accurate figure which corresponds
to the observed variation of the inclination of the ecliptic were used. The
more basic objection, however, is that the path traced by every point on the
ecliptic as a result of trepidation, is not a small circle which is equal to the
circle described by the poles of this ecliptic, rather it is a circle parallel to
the cincture of the mover. It is, however, not clear what Sadr means by this
last statement. If he means that the resulting path is a circle which is parallel
to the small circle traced by the pole of the ecliptic, rather than being equal
to it, then he is obviously wrong. If, on the other hand, Sadr means that the
resulting path is the mixed effect of the two circular motions, namely that of
the eighth sphere and the small sphere on which the poles of the ecliptic ro-
tate, then he would have understood the argument given in the Tuhfa cor-
rectly, but failed to account for the hippopede path, as anticipated in the
Tuhfa (see Tuhfa, f. 35r). If, finally, Sadr meant that the path which is
traced by every point of the ecliptic is not a circular but oval one, then this
would be in contradiction with Shirazi, who dismisses what he calls the
ihliliji shape as being imaginary (see Tuhfa, f. 35v).

This last point might pertain to the discussion by Ragep of the origins of
the theory of trepidation. Ragep maintains that there are two versions of this
theory, one depending on a simple schematic model, and the other being a
rather more developed version. Ragep further maintains that Tisi was fa-
miliar only with the simpler version, and that the developed version, re-
ferred to as the motion of the eighth sphere model, was wrongly attributed
to Thabit ibn Qurra, and should instead be associated with a later Spanish
tradition (for the discussion by Ragep see Tadhkira, pp. 400-8). If, however,
it is accepted that Shirazi actually made reference to both models, as might
be implied from the preceding paragraph, then the origin of the theory of
trepidation, as discussed by Sadr and his predecessors, would be the motion
of the eighth sphere model. Incidentally, the attribution of the above men-
tioned Arabic text to some Spanish astronomer by Ragep is now contra-
dicted by the recent publication of Regis Morelon, who affirms that
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Thabit’s treatise “on the motion of the eighth sphere” was indeed either the
work of Thabit himself, or of one or more researchers of the Bani Masa
group, under whose patronage Thabit used to work (see Morelon, pp.
XLVI-LIII; also for further discussion of the origins of the theory of trepi-
dation, and its description see Dreyer, pp. 203-206, 250-251, 276-279, and
Bitriji, pp.264-99).
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CHAPTER 4

[1] This chapter in Sadr’s work corresponds to, though significantly dif-
ferent from Book III of Ptolemy’s Almagest (see Almagest, 111, pp. 131-
172). The major difference between the two works is that the latter involves
a detailed examination of observational data, from which Ptolemy tries to
derive the optimal model that would represent the motion of the sun, and
from which he also calculates the parameters of this model. Sadr, like Tasi
and Shirazi, takes these derivations for granted, and is satisfied with the
presentation of the end results of the possible models that may describe the
motion of the sun. There are, however, some differences between Tusi,
Shirazi, and Sadr. One such difference is that the Tuhfa and the Tadhkira
each add a chapter dealing with the models that describe these apparent ir-
regular motions (see Tadhkira, pp. 131-43, and Tuhfa, f. 50v-70r). In these
chapters the equivalence of the eccentric and epicyclic models is discussed
in some detail (on the equivalence of eccentric and epicyclic motion
according to Apollonius, see Neugebauer, 1983), whereas Sadr simply
takes this equivalence for granted. Another difference is in the titles of the
chapters; while Sadr simply uses the title “on the orbs of the sun”, both of
his predecessors use “on the orbs and motions of the sun” for their
corresponding chapters (see Tadhkira, vi, p. 83, and Tuhfa, f. 70r). This last
difference, however, has little implication on the similarity between the
contents of the three works (for a detailed comparison of the three relevant
chapters, see infra).

Of the two fixed parameters which Ptolemy computes for his eccentric
model (see Almagest, 111, pp. 153-69), Sadr mentions only one, namely the
value of the eccentricity (see infra), whereas he does not mention the longi-
tude of the solar apogee for his epoch. It should be noted that both Tisi and
Shirazi make reference to this parameter (see Tadhkira, p. 147, and Tuhfa,
f. 73v-74r).

[2] Sadr starts this chapter by noting that the speed of the sun varies ac-
cording to its position on the ecliptic. This observation is deduced from the
unequal lengths of the four seasons (see for example, Pedersen, p. 133).
Sadr adds to this the observation regarding the variation of the duration of
eclipses, in which the sun is found to be a little smaller at the middle of the
period of slow motion than at the middle of the period of fast motion.

In his commentary on this section, Sadr adds that the variation in the ap-
parent size of the sun can also be deduced from the phenomenon of annular
eclipses. When the apparent size of the moon is the same--as in the case
when the moon is at its farthest distance from the earth--then an eclipse of
the sun at the middle of the period of slow motion is a total eclipse, whereas
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an eclipse at the middle of the period of fast motion is an annular one.
Therefore, the sun has a smaller apparent diameter during the period of
slow motion, and hence is farther away from the earth, and the reverse
holds at the middle of the period of fast motion (see A, f. 12v).

The corresponding section in the Tadhkira simply states the above ob-
servation without supplying further evidence, whereas the section in the
Tuhfa includes reference to annular eclipses, with the further remark that
this evidence is used only by the modern scholars, not the ancient ones, that
is, Ptolemy (see Tadhkira, p. 145, and Tuhfa, f. 70r-70v). Close examina-
tion of Ptolemy’s Almagest seem to confirm that he was “unaware of the ex-
istence of such eclipses of which no records seem to have been made in an-
tiquity” (see Pedersen, p. 208).

[3] After noting that the distance of the sun from the earth varies, Sadr,
like his predecessors (see Tadhkira, pp. 131-5, 145, Tuhfa, f. 50v-54v, 71r,
and Almagest, 111, 3), proposes two models that would account for this vari-
ation. The first of these models is the epicyclic one (see figures 11 and 12).
In figure 11, the outer and inner circles rotating around center G, are the
outer and inner surfaces of a solid body called the deferent. Point G is the
center of the earth. An epicycle which does not encompass the earth is em-
bedded in this solid, such that it is tangent to its two surfaces, and it rotates
at the same uniform speed as that of the deferent, but in the opposite direc-
tion. The two solids thus complete one revolution at the same time. The sun
is carried on the circumference of the epicycle, and its initial position is
point A. The center O of the epicycle rotates in the direction of the sequence
of the signs, on an imaginary circle of center G, which is located half way
between the inner and outer surfaces of the deferent. The circle in figure 12
whose center is G is this imaginary circle, and the center of the epicycle ro-
tates on its circumference. As circle G rotates through any angle, the epicy-
cle rotates through an equal angle, but in the opposite direction, and the new
position of point A on the epicycle determines the position of the sun. The
maximum distance between the earth, which is located at point G, and the
sun, is at the beginning of the revolution of the deferent, namely the dis-
tance GA. The minimum distance GA" is reached when the deferent rotates
through 180°, and carries point A to point A". The first position corresponds
to the apogee, whereas the second position corresponds to the perigee. The
distance between the earth and the sun thus fluctuates between these two
limits, and the above model accounts for the variation of the distance and
size of the sun.

[4] The second model proposed is the eccentric model (see figures 13, 14
and 15). In figure 13, the solid bound by the innermost and the outermost
circles centered at G is the parecliptic orb. The plane of the cincture of this
orb coincides with the plane of the cincture of the ecliptic orb. Moreover,
the parecliptic orb simulates the ecliptic orb and is concentric with it. The
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sun in this model is embedded in the eccentric orb centered around D,
which is in turn embedded in the parecliptic orb. The eccentric orb is bound
by two surfaces; its inner surface is tangent to the inner surface of the
parecliptic orb at a point P which is called the perigee, and the outer sur-
faces of the two orbs are tangent at a point A which is called the apogee.

H

FIGURE 15

Sadr rightly notes in this paragraph that the above size of the parecliptic
is the minimum required for a representation of the eccentric model config-
uration, although it may be assumed to have a greater size. The above is
true because the parecliptic is not physically equivalent to the ecliptic, and
as such it can have any dimension relevant to it. Similarly, the deferent car-
rying the epicycle can extend beyond the proposed limits (limited only by
the lower spheres of Mars), since there is no real physical body to whose
dimensions it has to correspond. In both cases, however, the deferent and
the parecliptic cannot have smaller sizes than those proposed, if the models
were to properly represent the motion of the sun.

If, in figure 13, we trace the path of the center of the sun, then it would
be an imaginary circle having a center D and a radius equal to DH. This
same circle is drawn in figures 14 and 15. The circle in figure 14 which is
drawn around center G tangent to circle D at point A, is an imaginary circle
generated from the movement of the point A of the parecliptic orb as a re-
sult of the rotation of this orb itself.

[5] In figure 13, the eccentric orb marks two solids in the parecliptic. The
first solid falls inside the eccentric orb between the inner surfaces of the ec-
centric and parecliptic orbs, and it is called the encompassed complemen-
tary solid. The second solid encompasses the eccentric orb, and is thus
called the encompassing complementary solid. This second solid is bound
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by the outer surfaces of the eccentric and parecliptic orbs, and, in contrast to
the encompassed one, is thinnest at the point of the apogee, and thickest at
the point of the perigee. (See also the corresponding sections in Tadhkira,
pp. 145-7, and Tuhfa, £. 73r).

[6] The reference in this paragraph is to both the Tadhkira and the Tuhfa,
where it is stated that Ptolemy chose the eccentric model for its simplicity
(see Tadhkira, pp. 135, 145, and Tuhfa, f. 71v), and that the motion accord-
ing to the eccentric hypothesis requires only one circle, whereas according
to the epicyclic hypothesis it requires two circles (see Tadhkira, p. 135, and
Tuhfa, f. 5S0v-51r, 54v). '

Sadr, however, objects to the above on the grounds that it is only true if
one restricts oneself to plane circles (figures 12, 14 and 15), whereas it is
not true if one uses solid orb representations (figures 11 and 13). Sadr adds
that in the latter case the epicyclic model requires two solids, namely the
deferent orb and the epicyclic orb (see figure 11), whereas in the eccentric
model three solids are required, namely the encompassing complementary
solid, the eccentric orb, and the encompassed complementary solid. Thus,
according to Sadr, Ptolemy only chose the eccentric model because he
wanted to confine himself to plane representations, in which case such a
model would indeed be simpler.

[7] In figure 14, arc OA is the longitude of the apogee, arc AH is the
(mean) center, and arc LAH is the mean (longitude) which is equal to the
sum of the two arcs LA and LH, which is also equal to OAK on the pare-
cliptic. Moreover, arc OT is the true position, and arc 7Z (= arc OAK - arc
OAT) is the equation, which is equal to OK - OT. If point H is the position
of the center of the sun, then the line drawn from the center of the universe,
namely point G, to point H intersects the parecliptic circle at point T.
Similarly, the line drawn from the center of the eccentric, namely point D,
to point H intersects the parecliptic at point Z. The two sides of the angle
THZ, namely lines HT and HZ, thus mark the equation arc on the circle with
center H. Finally, arc OT is less than arc OK when the sun is descending
from the apogee A to the perigee P, and greater when it is ascending. (This
paragraph corresponds to Tadhkira, p. 149, and Tuhfa, f. 741-74v).

The mean motion of the center of the sun along the eccentric circle is
taken by Sadr to be 0;59,8,20°. Whereas the corresponding chapter in the
Tadhkira does not specify this value, the Tuhfa states that it is approxi-
mately 0;59,8° (see Tuhfa, f. 71r), which is itself the truncated value of the
one given by Ptolemy (see Almagest, 111, p. 140).

[8] The equation angle changes from zero degrees at the apogee, through
a maximum value, and back to zero degrees at the perigee. The maximum
value of this equation is a function of the eccentricity. Moreover, Sadr
maintains that, if the radius of the eccentric circle was taken to be 60 parts,
then the value of the eccentricity according to Ptolemy is 2;30 parts, thus
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producing a maximum equation emax = sin-1 (2;30/60) = 2;20,24°, whereas
according to the modern astronomers it is 2;5 parts, producing a maximum
equation epax = sin-1 (2;5/60) = 1;59,24°. These two figures are also given
in the Tadhkira and the Tuhfa (see Tadhkira, p. 147, and Tuhfa, f. 73r). It
seems, however, that Sadr, like Shirazi, wants to point out that the maxi-
mum value of the equation is not equal to the eccentricity, as Tusi seems to
be saying, but rather is of a similar numerical magnitude determined by the
value of the eccentricity.

It should be noted that Sadr gives no value for the longitude of the
apogee for his own time, as his two predecessors have done (see Tadhkira,
p- 147, and Tuhfa, f. 73v-74r);

[9] The implicit assumption in this paragraph is that the eccentric and the
epicyclic models are equivalent. Following Apollonius, Ptolemy proves the
equivalence of these two models (see Almagest, 111, pp. 148-150), in which
the radius of the epicycle is assumed to be equal to the eccentricity (for a
modern exposition of this theorem see HAMA, pp. 56-57).

[10] The objection raised in this paragraph, and the response to it in the
coming one, have parallels in the Tuhfa but not in the Tadhkira (see Tuhfa,
f. 74v-75r). The objection simply states that if the eccentric moves the cen-
ter of the sun through an arc AH, such that this arc marks an angle ADH at
point D, and if an angle AGK, which is equal to angle ADH, is drawn at
point G, then arc AT, which is the distance between the apogee and the ap-
parent position of the sun, is obtained by subtracting arc KT rather than arc
ZT from arc AK.

[11] Sadr rightly notes in this and in the following two paragraphs that
the above objection does not hold. To prove this, Sadr presents a two-step
argument which he starts by reminding the reader that the objective of as-
tronomy is to locate the apparent position of the sun with respect to an ob-
server on the earth. If the earth is located at point G, and if point H is the
mean position of the center of the sun on the eccentric circle, then the above
apparent position, according to Sadr, is measured against the parecliptic,
and is marked by the point 7 in figure 14, which is the intersection between
line GH and the parecliptic circle. On the other hand, the mean position of
the sun on the parecliptic is marked by point Z, which is the intersection be-
tween line DH and the same circle. Thus, the arc AT, which determines the
apparent position of the sun, is obtained by subtracting arc TZ from arc AZ,
all three arcs being measured on the circumference of the same parecliptic.

[12] Sadr goes on to say that the apparent position of the sun, as derived
in the above astronomical model, may indeed correspond to the values
listed in the astronomical tables.

Sadr does not verify the above; the following, however, seems to be a
plausible explanation of what he meant in this statement: in figure 14, line
DG is of a considerable size relative to the radius of either the eccentric or
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the parecliptic circles. Therefore, if a line GK is drawn parallel to line DHZ,
then the arc AK will be equal to the mean center.

[14] The diagrams referred to in this paragraph are respectively figures
11, 13, and 16.
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CHAPTER 5

[2] The present chapter begins with a summary of the method presented
in the Almagest for the construction of a lunar theory (For the correspond-
ing sections see Almagest, Books IV, V, pp. 173-216). By doing so, Sadr
follows the example of his predecessors, namely Tusi and Shirazi, who re-
strict their presentations of the Ptolemaic model to the general considera-
tions and features of this model, and then they proceed to point out prob-
lems inherent in it, and to suggest solutions to these problems.

The circular path of a planet along the sphere that carries it is called an
orb. The first feature to be observed in the lunar model--although having lit-
tle effect on its actual configuration--is that the path of the moon does not
coincide with the path of the sun, i.e., the ecliptic. The two paths, rather, in-
tersect at two points called nodes, which in turn slide along the ecliptic at
the rate of three minutes of arc per day, in a direction opposite to the se-
quence of the signs. This motion is deduced from the shift in the locations
of lunar eclipses. The eclipses of the moon, it should be added, are the only
observations which are not affected by parallax, and as such they are the
most reliable observations for the construction of the lunar model (see
Pedersen, p. 161).

The corresponding introductory sections in the Tadhkira and the Tuhfa
are more elaborate (see Tadhkira, pp. 149-53, and Tuhfa, f. 78, 81r), al-
though the same information in the later sections of these two works are re-
peated later on in the present one.

[3] A parecliptic orb which moves in a direction opposite to the sequence
of the signs at the rate of three minutes per day is thus needed. This is the
Jjawzahr orb, or the orb of the two nodes, namely the head and the tail (For
the corresponding sections see Tadhkira , p. 151, and Tuhfa , f. 80r, 81r).

[4] The second orb posited in Sadr’s presentation of the Ptolemaic lunar
model is the inclined orb, which is so called because it is inclined with re-
spect to the first orb, i.e., the parecliptic, at an angle of about five degrees,
which is the maximum latitude of the moon. The two orbs are concentric
with the earth, and they both rotate in the same direction, the rotation of the
inclined orb, which is also called the motion of the lunar apogee, being
11;9,18° per day. The corresponding values given by Tusi and Shirazi are
rounded to 11;9° per day (see Tadhkira, pp. 151-3, and Tuhfa , f. 80r, 81v-
82r).

[5] Two more orbs, namely an eccentric and an epicycle, are posited in
this paragraph, in conformance with the Ptolemaic model and with Tasi’s
and Shirazi’s expositions of this model (see Tadhkira, pp. 149-51, and
Tuhfa, f. 80v, 84v). The eccentric orb is deduced from the observation that
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the moon’s maximum distance from the earth, and its slowest motion, occur
at conjunctions and oppositions, indicating that the apogee of the moon is at
those positions. Moreover, the maximum speed and minimum distance of
the moon from the earth is at quadratures from the sun, indicating that the
perigee of the moon is at those positions. An eccentric orb may be applied
to produce the above configuration.

A simple eccentric orb similar to that used for the sun, however, does not
suffice to account for the observations, and a mobile eccentric orb has to be
used instead.

The epicycle is required because of the fact that an additional equation
(ta'dil) is needed to locate the position of the moon with respect to the
ecliptic.

[6] According to this model, the center of the epicycle and the apogee
coincide initially with the mean position of the sun. The inclined orb then
moves the apogee in the direction opposite to the sequence of the signs
(hereafter clockwise) at the rate of 11;12,18° per day, while the eccentric
orb moves the center of the epicycle counterclockwise, such that the mean
sun always falls halfway between the two points. But we know that the sun
moves counterclockwise at the rate of 0;59,8° per day approximately.
Therefore, the apogee moves with respect to the sun at the rate of about
12;11,26° per day in a clockwise direction. The resulting motion of the
center of the epicycle away from the sun is thus the same as that of the
apogee, but in the opposite direction. Furthermore, the center of the epicy-
cle moves counterclockwise away from the apogee at twice the rate of the
motion of either one of them away from the sun, i.e., at the rate of
24;22,52° per day.

The motion of the center of the epicycle with respect to a fixed point on
the ecliptic is the motion of this center with respect to the apogee (24;22,52)
minus the motion of the apogee with respect to this same fixed point
(11;12,18). This motion is called the mean, and is 13;10,34° per day.

[7] Had the eccentric orb been sufficient, then the same pattern of motion
would have been repeated in every rotation, and the same speeds would
have been reproduced at exactly the same intervals. This, however, does not
agree with observations. Thus, if the speed of the moon is recorded at any
point A, then the moon would return to the same speed after more than one
revolution, i.e., past A. An epicycle was therefore introduced, such that the
combined motion of the eccentric and the epicycle would account for this
variation.

The corresponding sections in the Tuhfa and the Tadhkira are equally
descriptive, and the three sections bear much resemblance to each other (see
Tadhkira, p. 149, and Tuhfa, f. 78v).

[8] When the moon appears smaller in size, it is further away from the
observer, i.e., it is in the upper part of the epicycle. Now, since this smaller
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size is observed in conjunction with slower motion, the motion of the upper
part of the epicycle is opposite to that of the eccentric, so that the net effect
is a reduction in the apparent angular velocity of the moon. Similarly, the
moon appears to move faster in the lower part of the epicycle, where the
two movements add up.

The above is noted during solar eclipses, but also at conjunctions and
quadratures, indicating that the slowness of the moon, which is observed
while the moon is in the upper half of the epicycle, occurs while the center
of the epicycle moves closer or further away from the earth, when this cen-
ter travels along the eccentric orb. The same applies during the period of
fast motion.

The direction of rotation of the epicycle is also deduced from the obser-
vation that the period of fast motion of the moon is shorter than the period
of slow motion. This means that the arc of the epicycle along which the mo-
tions of the epicycle and the eccentric add up is smaller than the arc along
which these motions are opposite in direction. Now, since the tangents
drawn from the center of the earth to the epicycle subtend a smaller arc on
the lower part of the epicycle, i.e., the part which is closer to the earth, this
is the part where the faster motions of the moon occur.

Finally, the rounded number 13;4° is given for the daily anomalistic mo-
tion of the epicycle, which is the same figure given by Tusi and Shirazi (For
these numbers see Tadhkira, p. 155, and Tuhfa, f. 84v. For the equivalent
sections see Tadhkira, pp. 149-51, and Tuhfa, f. 84v).

[9] Figures 17 and 18 are two alternative ways of representing the above
model: the first is a representation using solid spheres, while the second
employs simple circles. The outermost disk in figure 17 is the parecliptic
orb which is moved by the orb of the nodes at the rate of 3 minutes per day
in a clockwise direction around point O, which is the center of the earth.
The inclined orb is concentric with the parecliptic and it moves the apogee
of the eccentric orb clockwise at the rate of 11;12,18° per day. Below it is
the eccentric orb in which an epicycle is embedded. The eccentric orb
moves in a counterclockwise direction. The center C of the epicycle has a
uniform angular motion around center O rather than the center F of its own
deferent.

In figure 18, the outermost circle is the cincture of the inclined orb. It
moves at the rate of 11;12,18° per day in a clockwise direction around cen-
ter O. Point A is in the direction of the mean sun, and point A’ is the apogee
of the eccentric orb for a given configuration. The circle with center F and
radius FC is the cincture of the eccentric orb, which moves in a counter-
clockwise direction at a uniform rate of 12;11,26° per day away from the
mean sun, such that this motion is measured around point O rather than
point F. The center F of the eccentric moves in a clockwise direction on the
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circle with center O and radius OF, at the rate of 12;11,26° per day, which
is also measured from the mean sun.

A

FIGURE 18

If in figure 18 we join points O and C, and let the extension of line OC
intersect the cincture of the inclined orb at point B, and if we join OP, such
that it is tangent to the epicycle at point P, and let its extension intersect the
same circle at point G, then arc BG is called the second equation (the singu-
lar “mufrad’ equation in the Tadhkira; see Tadhkira, p. 157). It is obvious
from figure 18 that when the moon is either at its epicyclic apogee or
perigee, i.e., either point E or E’, then the lines OC and OP will coincide,
and arc BG will be zero.

Now, when the center of the epicycle coincides with the mean sun, i.e.,
when points A, A, and C coincide, then the maximum value of the arc BG
will occur when line OP is tangent to the epicycle. In this case (see figure
19) the sine of arc BG will be CP/OC = r/OA = r/R, where r is the radius of
the epicycle and is taken as 5;15 parts of the same units in which R = 60.
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Therefore, at the farthest distance of the epicyclic center, i.e., when the ec-
centric apogee is in the same direction as the mean sun, the maximum value
of the second equation will be: arcsin 5;15/60 = 5;1°, which is one minute
in excess of the value given by Sadr. It is clear from figure 18 that as long
as the moon is descending from point E to point E’ the direction of arc BG
will be opposite to that of arc AB. Therefore, the second equation is sub-
tracted from the mean arc during descent, and the two arcs are additive dur-
ing ascent (For the corresponding sections see Tadhkira, p. 157, and Tuhfa,
f. 87r).

o

FIGURE 19

[10] The deferent perigee in this model is at the two mean quadratures.
The apparent radius of the epicycle at the perigee is thus the greatest angle
under which the radius of the epicycle could be seen. Therefore, the maxi-
mum second equation is observed at the quadratures between the line OC
and the line OP drawn tangent to the epicycle (see figure 19). This angle,
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according to Sadr and his predecessors, was found to be 2;40° greater than
the maximum angle recorded at the apogee, i.e., 7;40°. If we assume that
OF =, then from figure 19 sin COP = r/OC = 5;15 + (60-2s). Thus, if we
substitute 7;40° for angle COP, s will be 10;19,30 parts, which is rounded
to 10;19 (see below, paragraph [12]).

The maximum angle through which the radius of the epicycle is seen
while the center of the epicycle is at the apogee of the eccentric is found in
the previous section to be about 5°. This angle is a function of the angular
displacement of the moon on its epicycle, i.e., the motion in anomaly of the
moon. Moreover, the maximum angle of 5° at the eccentric apogee in-
creases by 2;40° at the eccentric perigee. Sadr thus proposes a direct ap-
proximation to find the values of the increments between apogee and
perigee which correspond to values of the second equation at the apogee
that are less than the maximum of 5°. The value of this increment corre-
sponding to a second equation equal to x° is simply given as x.(2;40/5;0).
Thus for x = 3;0°, the increment or variation according to Sadr is 1;36°, and
the equation at perigee will be 3 + 1;36 = 4,36 (For the corresponding sec-
tions see Tadhkira, p. 157, and Tuhfa, f. 87r-87v).

[11] The next step is to account for the positions between apogee and
perigee. The distance OC at apogee is 60 parts, whereas it is almost 40 parts
at perigee. Thus, Sadr deduces that if the distance between the earth and the
center of the epicycle is reduced by 10 parts, then the variation in the equa-
tion will be 10/20, i.e., half the variation between apogee and perigee,
which in the example he gives is 0.5 x 1;36 = 0;48°. More generally, for a
decrease in the distance between the earth and the center of the epicycle
which is equal to y parts, the above variation of x.(2;40/5;0) should be mul-
tiplied by y + 20, giving a final increase over the value of the second equa-
tion measured at the apogee of (x.y.2;40)/(5;0.20;0).

The net result of the above procedure is to introduce an equation which
accounts for the variation due to motion in anomaly, and then to find the
corresponding increment resulting from motion in longitude.

The tables thus produced are approximations rather than exact values. To
illustrate, consider in figure 20 the three positions which are used by Sadr in
his examples. Consider triangle OCP in position (1). In this triangle angle
COP =3°, OC = 60 parts, and CP = 5;15 parts. Sin CPO + CO = sin COP +
CP, giving angle CPO = 36;44°. Therefore, the exterior angle ECP =
39;44°.
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Position (1)

Position (2)

FIGURE 20

Now in position (2) drop the perpendicular PP’ to OC. In triangle P'PC
angle C = 39;44°, and CP = 5;15 parts, giving P'P = 3;21,21 parts, and P'C
= 4;2,15 parts. Also we know that in this position OC = 39;22 parts, so in
triangle P'PO tan P'OP = PP' + (OC + CP"), giving angle P'OP = 4;25°, 11
minutes less than the value obtained by the Ptolemaic approximation used
by Sadr.

Moreover, in position (3), for a reduction in the length of OC equal to
half the total reduction between positions (1) and (2), and using the value
20;38 parts for this reduction rather than 20 parts, we get an angle COP =
3;34°, 14 minutes less than the value obtained by the above Ptolemaic ap-
proximation (For the corresponding sections see Tadhkira, p. 157, and
Tuhfa, f. 87r-87v).

The example given by Sadr is satisfactory in the above special case. In
the general case, however, Sadr seems to be opérating with a modified ver-
sion of the regular Ptolemaic interpolation function, called by Neugebauer
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c6, which is the fraction by which the equation increment is reduced at
points between apogee and perigee.

Sadr’s procedure implies that his interpolation function ¢ can be defined
by the equation:

.. .06,-0cC
0C,-0C,’

where OCg is the distance of the epicyclic center from the center of the
world at apogee, and OCp is the distance at perigee, while OC is the dis-
tance at any point in between which can be calculated by the general for-
mula (see figure 18):

OC=+/(R-S)’ —(s.sin27)* +5.cos27

where 1 is the elongation, R is the radius of the inclined sphere, and s is
the eccentricity 10;19 as given by Ptolemy.

Ptolemy’s interpolation function, on the other hand, is defined as (see
Neugebauer, 1969, pp. 193, 198):

c-o0,
Ce = —-,
c,-0,

where ¢ is the maximum angle at any point between apogee and perigee,
Oa is the maximum angle at apogee, and Op is the maximum angle at

perigee, and where in each instance ¢ is given by the following formula:

o = arcsin (r/OC), where r is the epicyclic radius = 5;15, and OC is the
distance of the epicyclic center from the center of the world, determined by
the above expression.

Now, since the angles in question are small, we may approximate the
angles by their sines, in which case we get the following expression for cg:

. rloc-rioc,
® rioc,-rlocC,
oc,-oc _OC,
Ce = X )
0C,-0C,  OC

,» Which yields

which is different from Sadr’s expression by the second term.
This difference is reflected in the graph of both functions around the
central part of the graph, and reaches a maximum around M = 45°. But the
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general shape of the graphs of both functions is the same, and the limiting
points at apogee and perigee are identical (Incidentally, the same discrep-
ancy is noted between the interpolation function used by Copernicus and
that used by Ptolemy, resulting in similar graphs; see graph for c4 in
Swerdlow-Neugebauer, part 2, p. 600, figure 15.) Since, in the first place,
the Ptolemaic function is itself an approximation, a slightly modified ap-
proximation function did not seem to bother Sadr.

[12] The resulting variation calculated above is the angle at which the
radius CD of the epicycle is seen by an observer located at point O (see fig-
ure 18). This variation is either added to or subtracted from the mean longi-
tude measured on the cincture of the inclined orb. It is clear from figure 18
that this variation angle is a function of the motion in anomaly around point
C. This motion, which is tabulated in astronomical tables, has been up to
this point measured from point E, which is the intersection between OC and
the epicycle.

Sadr notes that measuring the motion in anomaly in the above manner is
valid only when the center of the epicycle is at apogee or perigee (For the
corresponding sections see Tadhkira, p. 157-9, and Tuhfa, f. 88r). At any
other position the motion in anomaly is measured from point D, which in
figure 18 is the intersection between line NC and the epicycle. Point N is the
prosneusis point, and is diametrically opposite to point F, which is the cen-
ter of the eccentric. Thus the angle through which CP is seen from point O
is a function of a corrected value of the motion in anomaly, i.e. one to
which angle ECD is either added or subtracted. This correction angle is
called the first variation because it should be obtained first in order to find
the other variations. In other words, the value of the motion in anomaly that
should be entered into the tables is not the mean value; rather, it is corrected
by adding the variation due to prosneusis (For the sections discussing the
first variation see Tuhfa, f. 88r-88v, and Tadhkira, pp. 157-9).

The above variation, according to Sadr, reaches its maximum when the
line CN is perpendicular to the apsidal line NOA' at point N. This situation
is similar to Ptolemy’s determination of the maximum equation in the
chapter on the orb of the sun (For an illustration of the method given by
Ptolemy to prove this point see HAMA, part 1, p. 57; also see Almagest,
Book III, p. 156, and Pedersen, p. 141-143). Tasi and Shirazi, however,
state that the maximum value of the first equation occurs when “the center
of the epicycle is at sextile or trine with respect to the sun” (see Tadhkira, p.
156-7, and Tuhfa, f. 88v). The above two statements are not contradictory,
since, as Shirazi notes, the difference between the two epicyclic apogees,
i.e., between the visible and the mean apogees, reaches its maximum value
when the line joining the prosneusis point and the center of the epicycle is
perpendicular to the line joining the centers, i.e., the center of the earth and
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the center of the deferent, and this happens when the center of the epicycle
is around sextile or trine with respect to the sun (see Tuhfa, f. 90v).

The radius of the circle around which the center of the eccentric and the
prosneusis point rotate is given as the usual 10;19 parts. The “previously
mentioned consideration” is simply that the radius of the inclined orb is
equal to 60 parts. Moreover, the maximum value of the variation is a func-
tion of this radius, as is clear from figure 21; angle OCN in this figure is the
maximum first equation according to Sadr, since in this configuration line
CN is perpendicular to the apsidal line NOA'. Now in triangle CNF angle
CNF =90°, CF = 60 - 10;19 = 49;41 parts, and NF = 20;38 parts; therefore,
CN = 45;12 parts. Thus, in triangle CNO the tangent of angle NCO =
ON/CN, and the maximum first equation is found by calculation to be
12;51°, whereas table V8 of the Almagest has a listed maximum of 13;9°
(see Almagest, Book V, p. 238). The corresponding mean elongation will
then be 180 - (12;51 +90) = 51;26°.

E <CNO =90°
n % <n=51;26°
v <NCO = 12;51°

W

\

Z

FIGURE 21

It is clear, therefore, that the maximum value of the first equation occurs
when the center of the epicycle is somewhere around trine or sextile with
respect to the sun, and not exactly at those points. The equation obtained for
a mean elongation of 60° is 13;3°, in which case the angle between the lines
CN and NOF is 106;57° rather than 90° (figure 22).
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C
Qgﬁ/ <1 60°

o <c=13:3°
{ wg/ \ < CNO = 106:57°
FIGURE 22

Finally, for the maximum value of the first equation of 13;9°, which is
given by Ptolemy, and which corresponds to a mean elongation of 57°, the
angle CNO will be 100;52° (figure 23).

N4

FIGURE 23

F <M=114°
<c=13;8°
< CNO = 100;52°

[13] This paragraph refers to the fact that for positions of the center of
the epicycle which are equidistant from the apogee, the value of the first
equation is the same. The difference between the two cases is that the first
equation is added to the mean anomaly when the epicycle is descending
from the apogee, whereas it is subtracted when the epicycle is ascending
(see figure 24).
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(For the corresponding sections see Tadhkira, pp. 157-9, and Tuhfa, f.
88v)

o

NI/

=1

FIGURE 24

[14] This paragraph is hard to understand. What it seems to be saying is
that the mean epicyclic apogee oscillates around the true epicyclic apogee,
and that the direction of its motion is a function of the position of the center
of the epicycle with respect to the mobile eccentric apogee, on the one
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hand, and with respect to the line drawn through the prosneusis point per-
pendicular to the apsidal line of the eccentric, on the other. This last line is
not specified in the text, but it is clearly defined in the commentary that
follows it (see MS A, f. 21v).

The line drawn through the prosneusis point perpendicular to the apsidal
line of the eccentric is, as shown in paragraph [12] above, the line around
which the maximum value of the first equation is obtained. In other words,
the first equation increases in value from zero when the mean moon is at
apogee or perigee, to a maximum around sextile or trine, then it decreases
to zero at the next perigee or apogee, and so on. Moreover, this means that
the mean epicyclic apogee will start separating from the true (visible)
epicyclic apogee as the center of the epicycle starts to move away from the
eccentric apogee, until it reaches a maximum at sextile; then the mean
apogee will reverse the direction of its motion with respect to the true one
until they coincide; then it will cross it and separate from it, while maintain-
ing the same direction of motion, until it reaches a maximum at trine, and so
on. Thus we have four positions where the mean epicyclic apogee coincides
with the true epicyclic apogee, namely when the center of the epicycle is at
eccentric apogee or perigee. Moreover, the first equation will reach a
maximum at the four points where the center of the epicycle is around sex-
tile or trine with respect to the sun. At these last four points the mean
epicyclic apogee reverses the direction of its motion with respect to the true
epicyclic apogee in the manner specified in the text. The motion of the
mean epicyclic perigee with respect to the true perigee is obviously oppo-
site to that of the apogees. Figure 25 illustrates the relative positions and the
directions of motions in all the above phases.
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IC1

FIGURE 25

The text starts at position 4 in figure 25, where the mean apogee moves
from a maximum value back toward the true apogee in a clockwise direc-
tion, i.e., opposite the direction of the sequence of the signs, until the two
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apogees coincide at position 5. They then start to separate again, with the
mean apogee maintaining the same direction of motion with respect to the
true one, until they reach a maximum separation around position 6, where
their relative direction of motion is again reversed, and so on. The text
jumps over this shift in the direction of motion that occurs around position
6, but the general idea may still be discerned (For the corresponding sec-
tions see Tuhfa, f. 90v-91v, and Tadhkira, p 211).

[15] The problem presented in this paragraph is one which has baffled
many medieval Muslim astronomers, and on which an extensive literature
was compiled (On objections to Ptolemy’s models, and on the attempts to
correct them see Saliba, 1981, pp. 75-84, and Saliba, To Appear). Two
problems are raised in relation to the model of the moon; the first is the
problem of having a body rotate uniformly around one point (the center of
the universe), while maintaining a constant distance away from another
moving point which is itself the center of the deferent . The second problem
is that of measuring the motion in anomaly away from the mean epicyclic
apogee which is aligned with the prosneusis point, rather than measuring it
from the visible epicyclic apogee. This means that some mechanism is
needed to slant the epicyclic diameter passing through the visible apogee, to
the new reference position passing through the mean one. In both cases, the
problem is to find feasible physical models that would produce these effects
without contradicting basic principles, such as the principle that spheres can
only rotate uniformly around their own centers (For the corresponding sec-
tions see Tadhkira, pp. 159-61, and Tuhfa, f. 95r1).

[16] This paragraph betrays a mistake in Sadr’s understanding of Tasi.
While Sadr correctly states that Tusi posited three additional spheres to ac-
count for the uniform motion of the center of the epicycle around a point
which is not the center of its path (see Tadhkira, p. 205), and while it is
correctly stated that Tusi indicates that a maximum discrepancy of one sixth
of a degree occurs between his model and that of Ptolemy (see Tadhkira, p.
209), Sadr, nonetheless, does not seem to understand what this discrepancy
refers to. Sadr’s understanding is that the discrepancy is equivalent to the
variation, and he indicates in his following commentary that this is the first
equation, and that its maximum value is supposed to occur at sextile and
trine (see MS A, f. 23r). Tusi, however, is clearly referring to the maximum
difference between the hypothetical path of the center of the epicycle in his
model and in Ptolemy’s, and this difference, as Tisi correctly maintains,
occurs at the octants (for an explanation and proof of Tusi’s point see
Ragep’s commentary in Tadhkira, pp. 443-5). It should be noted, however,
that Tasi is wrongly assuming that the path plotted in Ptolemy’s model was
verified by observation at all points, and he thus calculates the maximum
divergence between his model and that of Ptolemy, as if this were the di-
vergence between the theoretical model and the observation. This is obvi-
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ously a false assumption, since there is no evidence that Ptolemy had any
observations other than the ones at conjunction, opposition, and the points
where the moon is close to either the epicyclic perigee, or the epicyclic
apogee (see for example, Pedersen, V, p. 223). ‘Urdi was fully aware of the
above fact when he proposed a model in which he felt free to violate the di-
rections of motions of the different spheres in the Ptolemaic model, and in
which the trajectory of the path of the moon in between the four points of
observation is different from the Ptolemaic one. In other words, ‘Urdi tried
to duplicate the Ptolemaic model only at those points where Ptolemy actu-
ally had conducted some observations, and where eclipses may occur, and
departed from it in virtually every other respect (see Saliba, 1989, pp. 157-
164).

[17]-[19] These three paragraphs are a description of the so called Tisi
couple, which was introduced by Tisi in order to produce rectilinear motion
by a combination of uniform circular motions. The three sections are almost
identical to the corresponding sections in the Tadhkira (see Tadhkira, pp.
195-9), and are illustrated in figure 26 (For further discussion of the Tusi
couple see for example, HAMA, pp. 1035, 1456).

[20]-[21] The corresponding section in the Tadhkira is more elaborate,
and its structure is different from the present text (For comparison see
Tadhkira, pp. 201-5). Shirazi, on the other hand, does not mention Tusi’s
method in the Tuhfa; thus Sadr could not have quoted Shirazi’s rendering of
the corresponding section in the Tadhkira.

To illustrate this section consider in figure 27 the three outer circles to be
concentric around the center O of the universe. The outermost circle is the
cincture of the parecliptic, and it moves in a clockwise direction. Next is the
cincture of the inclined orb, also moving in a clockwise direction. The in-
nermost of the three circles is the deferent, and it moves in a counter-
clockwise direction. This deferent has convex and concave surfaces, and
hence it has a thickness.

The large circle of the Tisi couple is embedded in the thickness of the
deferent, such that the convex surface of the former is tangent to both the
convex and the concave surfaces of the latter. The movement of this large
circle is in a counterclockwise direction. The small circle of the Tasi cou-
ple, on the other hand, is tangent to the large circle, and it moves in a direc-
tion opposite to that of the large circle, at twice its speed. Finally, a circle
which retains the position of the epicycle, and which keeps it from rotating
freely, is tangent to the inner surface of the small circle, and the epicycle
falls inside this retainer circle. The motion of the retainer circle, according
to Tasi, is similar to that of the large circle, and moves in its direction.

In figure 27 point O is the center of the deferent, point Z the center of the
large circle, point H the center of the small circle, and point T the center of
the epicycle.
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It is clear from figure 27 that the diameter of the small circle of the Tasi
couple is equal to the radius of the large circle, plus the radius of the epicy-
cle, plus the thickness of the retainer circle.

Now if we trace the path of the center of the epicycle by the motion of
the large circle alone, i.e., without the effect of the motion of the small cir-
cle, then we get the circle with center Z and radius ZT as that path; this is
now called the cincture of the large circle. Similarly, the path of the center
of the epicycle due to the motion of the small circle alone, i.e., without the
effect of the motion of the large circle, is the circle with center H and radius
HT; this is the cincture of the small circle. It is clear from figure 26 that the
diameter of the cincture of the small circle is equal to half the diameter of
the cincture of the large circle, and that the actual motion of the center of
the epicycle is a result of the combination of its hypothetical motions along
these two circles.

Figure 28 illustrates the motion of the center of the epicycle. The center
Z of the large circle is moved by the deferent through an angle «, in a coun-
terclockwise direction. Center H of the small circle is also moved through
an angle a, in a counterclockwise direction, due to the movement of the
large circle. Finally, the center T of the epicycle moves in a clockwise direc-
tion, through an angle 20, due to the movement of the small circle. The
small and large circles are the two circles of the Tisi couple, and as a result
of their respective motions the center T of the epicycle moves along the line
OZT, thus producing a rectilinear motion as a result of the combination of
two uniform circular motions. Moreover, the center T moves from a maxi-
mum distance away from the center of the universe, where points 7 and A
coincide, to a minimum distance which is equal to the above maximum
distance reduced by the diameter of the large circle.
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FIGURE 28

The three circles used by Tusi in the above model, namely the large and
small circles, and the retainer circle, are the cinctures of the three additional
spheres which were introduced in paragraph [16] above, in order to save the
theoretical principle that the spheres should rotate uniformly around their
centers.

[22]-[25] These paragraphs represent a short summary of Tasi’s attempt
to solve the problem of the prosneusis point. Here too, the style of Sadr dif-
fers from that of Tisi, and it is not clear whether the section is his own
rephrasing, or whether it is based on some other intermediary source (For
the corresponding section see Tadhkira, 217-21; also for a discussion of this
method see the same source, pp. 448-55).

Tasi, like many astronomers before him, noted that the motion in
anomaly was measured on the epicycle from a point which is aligned with
the prosneusis point, rather than being measured from the epicyclic apogee,
which is aligned with the center of the universe. He thus tried to devise a
mechanism through which the displacement of the reference point, from the
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visible epicyclic apogee to the mean epicyclic apogee, could be produced as
a result of a combination of uniform circular motions of concentric spheres
that rotate around their own center (For the earliest use of this method of
homocentric spheres by Eudoxus see Neugebauer, 1969, pp. 153-156).

While Tusi introduces his method after discussing what seems to be a
similar, but less successful, method proposed by Ibn al-Haytham (see
Tadhkira, pp. 209-17), Sadr proceeds directly to Tusi’s alternative mecha-
nism, without going through the elaborate introductory discussion. In short,
this mechanism involves the use of three spheres which are concentric with
the epicycle. The pole of the innermost sphere coincides with the epicyclic
apogee, whereas the pole of the outermost sphere is at a distance from the
first pole which is equal to half the maximum variation, i.e., half the maxi-
mum value of the first equation, which is the maximum displacement of the
mean epicyclic apogee from the true one. Both spheres rotate at a speed
equal to that of the deferent, and in the same direction.

The pole of the middle sphere is located halfway between the two
spheres mentioned above, and it rotates at twice their speed in the opposite
direction. As a result of the rotation of the outermost sphere, the epicyclic
apogee will trace a circular path whose center is the pole of the outermost
sphere, and whose radius is equal to half the maximum value of the first
equation. This path is called the large circle. Moreover, as a result of the
rotation of the middle sphere, the epicyclic apogee will trace a circle which
is half the size of the large circle produced above (see figure 29). These two
circles, according to Tasi and Sadr, form a Tisi couple. This couple, how-
ever, functions in a way different than the simple plane version proposed
above: to start with, the two circles of the couple do not fall in the same
plane. Nevertheless, it may be assumed with reasonable accuracy, that the
two circles are close enough to approximate a plane couple (For a full dis-
cussion of the spherical couple see Saliba and Kennedy), since they both
trace small arcs at the periphery of their spheres, such that the planes of the
two circles appear to overlap when viewed from the center of the epicycle.
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Center of

epicycle

FIGURE 29

The second difference in the use of this couple is that it moves the lower
end of the diameter of the small circle, rather than the upper one. To illus-
trate this point consider figure 29.a. While the above couple is used to move
point A along the diameter AE, the present one is used to move point C
along diameter DF. It can easily be proved that this result is a corollary of
the first condition just stated, and that the two extremities of diameter AC
slide along the two perpendicular diameters AE and DF of the large circle.
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A

E
FIGURE 29.a

Now, to illustrate the actual function of the whole apparatus consider
figure 29.b: the plane of the Tisi couple is placed such that it is perpendicu-
lar to the plane of the epicycle. Moreover, the first of the three spheres ro-
tates counterclockwise at the same speed as the deferent, while the second
moves at double that speed, and in the opposite direction. Let point O be the
center of the epicycle, and point C the pole of the first and third spheres.
Moreover, at the eccentric apogee we let line OC point toward the epicyclic
apogee. The pole B of the second sphere is then placed on the line drawn at
C perpendicular to the plane of the epicycle, such that distance CB is equal
to half the maximum variation of the first equation. If the deferent now
moves through 90°, the epicycle moves to the eccentric perigee, where the
angle between the true and visible perigees is maximum. As a result of this
motion, point C slides to point C’, and with it point B moves to B". The mo-
tion of point C' is thus equal to twice the radius CB of the small circle,
which is equal to the maximum variation along the plane of the epicycle.
The new pole of the first and third spheres is at point C', and the axis of ro-
tation of the third sphere is OC'. Therefore, as a result of the rotation of the
third sphere, point B’ moves to B” and A'to A". This means that all points in
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the three spheres now return to their original relative positions, but they are
all displaced through a distance equal to the maximum variation.

mecr of
epicycle

FIGURE 29.b

Now, if the true apogee is fixed along the line OC, and if the mean
apogee is carried along line OC', then the mean apogee clearly oscillates on
an approximate great circle around the true one, such that it reaches a max-
imum distance equal to the maximum variation of the first equation at the
eccentric perigee, and coincides with it at the eccentric apogee.

The anomalistic motion can now be measured from the mean epicyclic
apogee rather than from the true one. Only uniform circular motions are
employed, however, and the same effect of a prosneusis point is produced
without actually employing this problematic concept.

[26] Sadr now goes on to discuss Shirazi’s solution for the problems of
the Ptolemaic model. This solution entails using an eccentric orb whose
center is located half way between the center of the universe and the center
of the eccentric orb in the previous model. The center of the eccentric is
thus 5;10 parts away from the center of the universe. The new eccentric
moves at the same speed and in the same direction as the old one. Shirazi
then introduces two epicycles, both having diameters equal to the value of
the Ptolemaic eccentricity, i.e., 10;19 parts. The first epicycle is embedded
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in the eccentric orb, both moving at the same speed and in the same direc-
tion. The center of the second epicycle is carried on the first one, and it car-
ries the moon. This second epicycle moves opposite to the direction of mo-
tion of the first one, and its motion is equal to that of the eccentric plus the
motion in anomaly. Figures 30 and 31 are respectively a solid sphere and a
simple circle representation of the above model.

2n

°/

FIGURE 30

In Sadr’s representation of Shirazi’s model, he seems to confuse the
solid body and plane circular representations of the two epicycles; the di-
ameter of the cincture of the first epicycle, on which the center of the sec-
ond epicycle travels, is 10;19 parts. As such, the actual diameter of the first
epicycle is twice that of the given one, i.e., 20;38 parts, and the convex
surface of the second epicycle is thus tangent to the convex surface of the
first one (see figure 32).
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FIGURE 32

It should be noted that the above method, which Sadr attributes to
Shirazi, can be found only in the Tuhfa, while it seems that it was not yet
developed at the time of the writing of the Nihaya. Moreover, this method is
briefly presented in the Tuhfa after an elaborate discussion of a method pro-
posed by a person whom Shirazi calls “a distinguished contemporary”. This
distinguished contemporary, as Saliba has shown, is none other than ‘Urdji,
and although Shirazi criticizes ‘Urdi’s model for the moon, he nonetheless
uses the geometric tool commonly referred to as ‘Urdi’s lemma as a basis
for his own model. Furthermore, most of Shirazi’s discussion of his own
model pertains to the problem of the prosneusis point, and, as Sadr rightly
notes, it fails to introduce any original solution to this problem (On the con-
tributions of ‘Urdi and his influence on Shirazi see Saliba, 1990, and Saliba,
1980; on ‘Urdi’s lemma see Saliba, 1981. For a discussion of the lunar
models of both Shirazi and ‘Urdi see Saliba, To Appear, pp. 49-60; also for
‘Urdi’s lunar model see Saliba, 1989. For Shirazi’s discussion of ‘Urdi, and
the presentation of his own model see Tuhfa, f. 97v-98v, and f. 98v-100v).

[27] In figure 31 the circle with center B is the eccentric, and the eccen-
tricity BG is equal to 5;10 parts, which is half the Ptolemaic eccentricity.
The first epicycle is the circle with center D, and it rotates at the same speed
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and in the same direction as circle B. The second epicycle is the circle with
center E, and it rotates in the direction opposite to the first one.

In this paragraph Sadr proves that the lines BD and GE are parallel, and
hence that angles ABD and AGE are equal. This means that the angle
through which the eccentric orb rotates is equal to the angle through which
the center of the moon-carrying epicycle rotates. In other words, the rota-
tion of both circles is uniform around their own centers, and as such the
principle of uniform circularity is retained.

Sadr’s proof of the equality of the above angles amounts to the same re-
sults reached through the use of ‘Urdi’s lemma, although the former’s
method is obviously cumbersome, whereas the latter’s is elegant and con-
cise. It would seem, therefore, that Sadr had only recourse at second hand to
the work of ‘Urdi through the mediation of Shirazi.

[28] The path traced by the center of the epicycle in the above model is
the result of combining the motion of the eccentric with the motion of the
first epicycle. This resulting path is clearly not circular. This fact, however,
is not objectionable, since, according to Sadr, what matters is that the line
joining the center of the epicycle to the center of the earth rotates at a uni-
form speed around the center of the earth (angle AGE in figure 31), even
though the arcs transcribed by the center of the second epicycle--along its
own path, and during equal intervals of time--are not equal.

The movement of the center of the eccentric around the center of the
earth is also not objectionable, since the distance between them does not
vary; and therefore the proof given for the uniformity of motion around the
center of the earth still holds.

[29] Whereas Shirazi’s lunar model resolves the problem of the uniform
rotation of circles around their center, Sadr rightly notes that the problem of
the prosneusis point is not resolved in this model; figure 33 superimposes
Shirazi’s model (continuous lines) over that of Ptolemy (dashes). It is clear
from the figure that the new visible epicyclic apogee in Shirazi’s model is
still considerably different from the mean epicyclic apogee of the Ptolemaic
model. Sadr thus proceeds to present his own lunar model which purports to
solve all the above problems.
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|Ptolemy -

Shirazi

FIGURE 33

[30]-[31] The reference in this paragraph seems to confuse, once more,
the solid body and the circular representations. It seems, however, that Sadr
is thinking of solid bodies only in the first sentence, where he says that the
convex surfaces of the second and third epicycles are tangent. After this
point, Sadr seems to be referring to the circular paths of the centers of each
epicycle, and as such the radius of the third small epicycle would be equal
to the maximum value of the first variation plus half the size of the moon,
rather than the entire size of the moon.

In this paragraph Sadr seems to propose a new lunar model of his own,
ostensibly attempting to take care of the prosneusis point as well. The text is
extremely cryptic, and allows at least two possible interpretations. In the
first instance, the model described here could be intended as a modification
of Shirazi’s model, in an attempt to solve the prosneusis problem. This
seems to be the first intuitive reading. The second interpretation allows the
possibility that Sadr was attempting here to develop a new model from
scratch.
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FIGURE 34

Figure 34 is the model proposed by Sadr assuming the first interpretation
of the text. Point B is the center of the eccentric, whereas point F is the cen-
ter of this circle in the Ptolemaic model. The first and second epicycles pro-
duce exactly the same effects that Shirazi’s model produces, namely solve
the problem of non-uniform motion by bisecting the Ptolemaic eccentricity
at point B, and then by adding a compensating epicycle with center E to
bring the motion of point E very close to the corresponding center in the
Ptolemaic model, and thus allow point E to rotate uniformly around the
center of the world G, while the position of the epicyclic center is
maintained at a negligible distance from the center predicted in the
Ptolemaic model. This model does indeed satisfy the Ptolemaic
requirement, because it retains the crank mechanism, which allows the
actual epicycle of the moon to recede to a distance of 60 parts from the
center of the world at apogee, and to be brought nearer to the center of the
world at perigee by 2s = 20;38 parts, in the same units that make the radius
of the inclined sphere 60 parts.
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Now, if Sadr intended to solve the problem of the prosneusis point by
adding another small epicyclet of radius 0;52 parts to the epicycle in the
model of Shirazi, while retaining the rest of the latter’s model, then the re-
sulting configuration would be as follows:

Point H in figure 34 is the apparent epicyclic apogee, whereas point I is
the mean one. If we assume a circle with center H, such that line GEH in-
tersects it at point K, and line NI at J, then the rotation of point K along this
circle to point J displaces the line from which the mean anomalistic motion
is measured from position GEH to position NEI, and therefore produces the
effect of the prosneusis point in the Ptolemaic model.

What remains to be done is to decide on the size and speed of this third
circle. The dimension that Sadr gives is a radius equal to 10;19 parts, if the
radius of the epicycle were equal to 60 parts. But since this last radius is not
equal to 60 parts but 5;15 parts, the actual radius of the third epicycle will
be about 52 minutes of the same units that make the radius of the inclined
orb equal to 60 units. Moreover, this small epicycle rotates in a clockwise
direction, at the same speed as the eccentric.

Figure 35 is an enlarged sketch of the three epicycles of the model of
Sadr. The first uniform rotation of the first epicycle around its center D car-
ries the epicyclic apogee to point E. Angle ADE will thus be equal to twice
the mean elongation. The second uniform rotation of the second epicycle
around its center carries the apparent epicyclic apogee from point H to point
H'. Angle HEH' is the anomalistic motion. Finally, the third small epicycle
carries point K’ to point J', and angle K'H'J' equals twice the first equation.
The compounded motion of the second and third epicycles are then equiva-
lent to the motion in anomaly plus the first equation resulting from the
prosneusis point.
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FIGURE 35

Sadr’s choice of parameters for the third epicycle can now be under-
stood: triangles HEJ and GEN in figure 35 are similar, and therefore the ra-
tio of HJ to EH is equal to the ratio of GN to EG. Now if we assume the
length of EG to be 60 parts, and given that EH equals 5;15 parts, and GN
equals 10;19 parts, then HJ is 54 minutes (compared to the 52' figure given
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by Sadr.) Moreover, angle HEJ = angle H'E'J' = the first equation, and the
maximum value of this angle is obtained when angle ENG = angle EJH =
90°. In this last case if we assume the radius of the new eccentric is equal to
the Ptolemaic radius, that is, BD = 60 - 10;19 = 49;41 parts (figure 34), then
the maximum value of the first equation obtained by calculation is 12;34°,
compared to a maximum value of 13;9° in the Ptolemaic model, and to a
value of 12;51° obtained through Sadr’s computations using that same
model (see paragraph [12] above).

It is also clear from figure 35 that the value of the equation is added to
the anomaly in the upper part of the third epicycle, and is subtracted in its
lower part.

The model thus produced would solve the problems of the Ptolemaic
model, while remaining close to its predicted configuration as far as the an-
gular displacements are concerned. Assuming this interpretation of Sadr’s
text, however, will produce a model that suffers from one major drawback:
one can easily show, in figure 34, that at perigee the visible epicyclic radius
has to be equal to that of Ptolemy’s epicycle minus the radius of the small
epicyclet with radius H. Similarly, the same Ptolemaic epicyclic radius has
to be increased at apogee by the same amount. This means that when the
moon is at the apex of the small epicycle, that is, at the apogee, then the ap-
parent radius of the epicycle looks bigger than it actually is, while at perigee
it looks smaller. This is a clear divergence from the Ptolemaic model, and
Sadr does not account for the variation in the size of the actual epicycle, nor
does he explain the resulting contradiction with the observations. Moreover,
according to this interpretation, the variation in the lunar distances from the
center of the world at apogee and perigee would be even larger than the al-
ready problematic variation in Ptolemy’s model.

The alternative interpretation is to assume that Sadr is not modifying
Shirazi’s model, as one would have assumed at first glance, and suppose
instead that he is thinking of a new model, where the only feature is the ad-
dition of this new small epicyclet to the lunar epicycle, as in figure 35.a.
This in fact is the line of thought followed by Sadr’s contemporary Ibn al-
Shatir, and later on by Copernicus (On the work of Ibn al-Shatir see Abbud;
on Copernicus see Swerdlow-Neugebauer, pp. 196-197).
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FIGURE 35.a

The difficulties with this interpretation, however, are obvious: (1) Sadr is
not explicit on the number of spheres he wished to have in his new model,
and whether he would retain both the inclined sphere and the eccentric
sphere. For this model to work, we have to assume that, like Ibn al-Shatir,
Sadr would dispense with both spheres and replace them with a concentric
sphere whose radius is 60 parts. (2) Also, for this model to work, one has to
understand Sadr’s use of the term apex (dhurwa) of the small epicyclet in a
counter-intuitive sense, for he must surely intend to use that epicyclet in or-
der to increase the size of the actual epicycle at perigee and decrease it at
apogee. For that to take place, and for the small epicyclet to move at its
apex in the same direction as the actual epicycle, as Sadr says, then the apex
of the small epicyclet must be taken to be in the lower half of the epicyclet,
which is not the usual interpretation of the epicyclic apex.
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As for the relative dimensions of this new model, they are not clear ei-
ther. The radius of the small epicyclet is given as being equal to the radius
of the moon, whose value is not given, plus the maximum first equation,
which is given as 10;19. This last value is quite different from the Ptolemaic
13;9 reported in the Almagest (V, 8) as the maximum value of the first
equation. Similarly, the radius of the small epicyclet, given as 0;52 in units
that make the radius of the inclined sphere 60, is too small to affect the re-
quired change in the size of the epicycle at quadrature, if the radius of that
epicycle is taken as 5;15 in the same units. If that were true, then the radius
of the epicycle would become 5;15 + 0;52 = 6;7 which subtends an angle of
5:51° at the center of the world which is far less than the required 7;40°.
Moreover, if the solution of the prosneusis problem is intended with the
small epicyclet, as was the case with Ibn al-Shatir and Copernicus, then a
small radius of 0;52 would subtend with the radius 5;15 of the epicycle an
angle of 9;30,6° only, which is far less than the required 13,9° recorded in
the Ptolemaic tables.

At this point it is not clear how Sadr expected his new model to work in
harmony with the Ptolemaic observations, nor is it clear whether he was
considering a larger epicycle than the Ptolemaic one. Whatever is the case,
it is still interesting to note that this Central Asian astronomer was already
experimenting independently with new ideas to apply to the lunar model
along lines that were followed much more successfully by Ibn al-Shatir and
Copernicus, namely by adding a small epicyclet to the lunar epicycle. It is
rather unfortunate that we do not have a clearer idea of the other parts of
this model.

[32] The final variation that is mentioned in this chapter results from the
fact that while the above models assume that the moon is in the plane of the
inclined orb, it is actually measured on the parecliptic. Thus, a further ad-
justment is needed to locate the position of the moon on this last orb. Sadr
notes, however, that this adjustment is negligible and need not be consid-
ered (For the corresponding sections see Tadhkira, p. 159, and Tuhfa, f.
89v-90r. This same problem is raised by Ibn al-Shatir in his al-Zij al-Jadid,;
in this zij the above variation, for which a table is computed, is called nagl
al-qamar).
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CHAPTER 6

[1] The title of this chapter resembles that of the corresponding chapter
in the Tuhfa, which also restricts its contents to the longitudinal motions of
the three superior planets, namely Saturn, Jupiter, and Mars. The corre-
sponding chapter in the Tadhkira is also concerned with the longitudinal
motions of the planets, but this concern is not mentioned in the title.
Moreover, Tusi includes the inferior planet Venus with the above superior
planets, since their models are similar, whereas the other inferior planet,
namely Mercury, is treated in a separate chapter, on account of the com-
plexity of its model (for the corresponding chapters see Tuhfa, f. 103v-
114v, and Tadhkira, pp. 179-87).

The models in all the above works are not presented separately; rather,
one geometric model is given for all, whereas Ptolemy introduces a sepa-
rate, though similar, model for each planet (see Almagest, Books IX-XI).

[2]-[3] A superior planet, according to Sadr, is observed to rise before
the sun (morning star); later, the sun rises, and it gradually approaches the
planet, up to the point where they come into conjunction with each other;
during conjunction the planet is invisible. The planet then becomes visible
again, indicating that the sun is at a reasonable distance from it, and it re-
mains visible for some time after the sun sets. The above, therefore, indi-
cates that the sun moves faster than the planet. Figure 36 is a schematic
representation of the relative motions of the sun, earth, and a superior
planet. Let point E be the center of the earth, point S the center of the sun,
and point P that of the planet. Since we are considering the superior planets,
then the distance between the sun and the earth is smaller than the distance
between the earth and the planet, and EP is greater than ES. Now in the par-
allelogram ESPC, ES = CP, and EC = SP. Thus the motion of the planet P
around the earth E can be broken into two components EC and CP, which
are equal respectively to the motion of the planet around the sun and the
motion of the sun around the earth.
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FIGURE 36

Having observed that the sun is faster than the superior planets, one sees
that in figure 36, the motion of S around E is faster than the motion of P
around E. Therefore, the motion of P around C is faster than C around E.
Thus, when P is on the upper part of the circle with center C, the motion is
said to be direct, i.e. the motions of P and C are additive, since both are in
the same direction. On the other hand, when P is on the lower part of this
circle, then the motion is subtractive; and since P is faster than C, then P
appears to move backward with respect to E, i.e., it retrogrades.

During direct motion P is in the upper part of the circle with center C,
and hence S is between E and P. This means that during direct motion the
sun and the planet fall on the same side with respect to the earth, meaning
that conjunction between the sun and the planet occurs during this motion,
and that the planet becomes invisible around such a conjunction. During
retrogradatior,, however, P falls between C and E, and thus E falls between
S and P. Therefore, during retrograde motion, the sun and the planet are on
opposite sides with respect to the earth, and no conjunction can occur be-
tween them, meaning that the planet is always visible during this motion.

Another observation noted by Sadr is that the apparent size of the planet
around the middle of the direct motion section is smaller than the apparent
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size at the middle of the section where the retrograde motion takes place.
Due to its conjunction with the sun, the planet is not visible at the middle of
the direct-motion section; hence Sadr’s use of the term “around” rather than
“at”. Now, this observation indicates that the planet is farther away from the
earth during direct motion.

Furthermore, the days during which the planet has a direct motion are
found to be more numerous than the days during which it has a retrograde
motion. Sadr, like his predecessors, thus posits an epicycle which produces
the above mentioned effects.

(For the corresponding sections see Tadhkira, pp. 179-83, and Tuhfa, f.
103v-106r.)

[4] This section refers to a comment Shirazi makes in his Tuhfa (see
Tuhfa, f. 104v). Simply put, he maintains that an eccentric orb can produce
retrograde motion, thus it is not enough to infer an epicycle from observing
such retrogradation. This epicycle, however, can be inferred from the fur-
ther observation that the maximum value of the equation is variable, since
in this case the radius of the epicycle is seen through different angles, de-
pending on the distance of the center of the epicycle from the center of the
universe.

[5] The time between the recurrence of two similar phenomena--such as
the recurrence of the same speed, the same slowness, or the invisibility of
the planet--is found to vary, such that these occurrences could occur at any
part of the ecliptic orb. Therefore, the deferent has to be an orb which en-
compasses the earth, so that the above occurrences could slide along all
parts of the ecliptic orb; moreover, this deferent has to be eccentric, so that
these occurrences do not recur at precisely the exact same locations, or after
the same periods of time.

(For the corresponding sections see Tadhkira, p. 179-81, and Tuhfa, f.
104v-105r.)

[6] The same parameters given by Tusi and Shirazi for the motion of the
eccentric are quoted by Sadr in this section (see Tadhkira, p. 181, and
Tuhfa, f. 105r.) The parameters given by Ptolemy for the above daily mo-
tion are 0;2,0,33,31,28,51 degrees for Saturn, 0;4,59,14,26,46,31 degrees
for Jupiter, and 0;31,26,36,53,51,33 degrees for Mars (see Almagest, IX, p.
426.)

[7]1 The sun thus moves faster than the centers of the epicycles.
Oppositions and conjunctions, however, still occur at the epicyclic apogee
and perigee respectively. Therefore, the effect of the epicyclic motion is to
bring back the planet from alignment with the sun at conjunction, to yet an-
other alignment at opposition. This means that the motion of the epicycle is
equal to the difference between the mean motion of the sun and the mean
motion of the deferent (for the corresponding sections see Tadhkira, p.
183).
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FIGURE 37

Figures 37 and 38 are respectively a solid body and a circle representa-
tion of the orbs of the superior planets. The outermost solid in figure 37 is
the parecliptic orb (solid 1). Solid 2 is embedded in the parecliptic and is
the eccentric deferent which carries the center of the epicycle. The last solid
is the epicycle (solid 3) on which the planet is carried. The center of solid 1
is point O, which is the center of the universe, and the motion of this solid is
similar to the motion of the fixed stars (i.e., the same as precession). The
center of the eccentric deferent which moves, in a counter-clockwise direc-
tion is point G. The uniform motion of this deferent, however, is around
point E rather than point G, G being halfway between points O and E.
Finally, the epicycle also moves in a counter-clockwise direction around
point C, such that the uniform motion of this epicycle is measured from the
mean epicyclic apogee M, which is the intersection of line EC with the
epicycle, rather than on the true epicyclic apogee T, which is the intersec-
tion of line OC with this epicycle (see figure 38).
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Deferent

FIGURE 38

The parameters given by Sadr for the orbs of each of the three superior
planets are similar to those given by both Tiisi and Shirazi. In other words,
it is once more clear that no attempt is made by Sadr either to verify or
modify the observational data, which he, like his two predecessors, takes for
granted. Given that EG = OG = e, the radius of the epicycle is r, K is the
motion of the eccentric around point E, and the radius of the deferent is
equal to 60;0 parts, then the above parameters are as follows:

Saturn: e = 3;25 parts, r = 6;30 parts, and x = 0;2°/day

Jupiter: e = 2;45 parts, r = 11,30 parts, and k = 0;5°/day

Mars: e = 6;0 parts, r = 39;30 parts, and k = 0;31°/day

[8] The variation referred to in this section is angle COP in figure 38,
and is the angle subtended by diameter CP at the center O of the universe.
The maximum value of this variation, which is called the second equation,
is when lines CP and OP are perpendicular. In this case the sine of angle
COP is equal to the radius of the epicycle, but only if this measurement is
taken when the center of the epicycle is at the mean distance from the center
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of the universe, i.e., when OC = 60;0 parts. This takes place when triangle
OCG is isosceles. The reason why this measurement is taken at mean dis-
tance rather than at the apogee, as is the case with the moon, is that the su-
perior planets are not visible at the apogee, since they are be in conjunction
with the sun, whereas the moon is clearly visible at its epicyclic apogee.
Now, since both the deferent and the epicycle have counter-clockwise
rotations, their motions are additive as long as the planet is in the upper part
of the epicycle, and they are subtractive when the moon is in the lower part.

(For the corresponding sections see Tadhkira, p. 171-3, and Tuhfa, f.
111r.)

[9] The second variation accounts for the fact that the second equation
mentioned above is measured at the mean distance of the center of the
epicycle from the center of the earth; thus this second equation has to be re-
duced when the distance is greater, and increased when it is smaller. The
mean angle which the epicycle radius subtends at mean distance is tabu-
lated, and next to it are the tables listing the amount to be added or sub-
tracted in order to get the above angle at positions other than the mean.
Such tables are standard in Islamic zijs, following the tradition of the Handy
Tables (see Kennedy, 1983, pp. 636-651).

(For the corresponding sections see Tadhkira, p. 173, and Tuhfa, f.
111r)

[10] The third and final variation refers to the fact that the anomalistic
motion is not measured from the true apogee (point 7 in figure 38) but from
the mean epicyclic apogee M. The angle which Sadr is referring to here is
angle OCE, which is equal to angle TCM, and which is the angle through
which the true apogee is displaced on the circumference of the epicycle (for
corresponding sections see Tadhkira, p. 173, and Tuhfa, f. 112r).

[11]-[12] Without elaborating on the configuration which he discusses in
the above sections, Sadr proceeds in this section to present an alternative
model for the motion of the superior planets. Although Sadr does not say
exactly what he objects to in the Ptolemaic model thus presented, it is
nonetheless clear that the two problems that his model proposes to solve are
the problem of having the uniform motion of the center of the epicycle
measured around a point which is not its center, namely the equant E, and
the problem of measuring the epicyclic motion from the mean apogee rather
than from the true one.

The method used by Sadr is not new; it is the same method which was
developed by ‘Urdi, and which was later used by Shirazi to solve the prob-
lem of the equant (for a discussion of ‘Urdi’s method see Saliba, 1981; for
the use of this method by Shirazi see Saliba, ““Original Source,” 1979). It
should be noted, however, that Sadr does not acknowledge either of the
above sources.



386 COMMENTARY

The method used employs an additional epicycle which carries the center
of the planet-carrying epicycle, such that its center rotates on an eccentric
whose center is halfway between the Ptolemaic center and the equant. Thus
in figure 39 the center of the new eccentric is point G, such that GE =GG.
The new epicycle is the small circle of center C’, and it carries the center of
the planet carrying epicycle, namely point C. The small epicycle and the ec-
centric both rotate at the same speed in a counter-clockwise direction.

Initially, the center of the small epicycle is point A’, and the center of the
planet-carrying epicycle is point A at the perigee of the first one. Point A
clearly coincides with the initial position of the planet carrying epicycle in
the Ptolemaic model. As the eccentric moves point A’ through an angle x to
point C', point A moves through a similar angle on the epicycle to reach
position C. The motion of the eccentric is measured around point G', so an-
gle A'G'C’ = k. On the other hand, the motion of the small epicycle is mea-
sured around point C’, so angle G'C'C =x.Now C'C= G'E = e/2, where eis
the eccentricity of the Ptolemaic model; therefore, ‘Urdi’s lemma applies to
CC'G'E, since two sides and two interior angles are equal (see above), and
therefore EC is parallel to G'C".

It is clear from figure 39 that the center of the planet-carrying epicycle in
this new model coincides with the center of the epicycle in the Ptolemaic
model at the two boundary conditions, i.e. at the eccentric apogee and
perigee. At all other positions the two centers are very close, and the new
center is a fairly accurate approximation to the Ptolemaic one. On the other
hand, angles A’EC and A'G'C’ are equal, thus the rotation of the new center
appears to be uniform around the equant of the Ptolemaic model, while it is
at the same time produced by the uniform rotation of the new eccentric and
the new epicycle around their respective centers.

(For the corresponding sections see Tuhfa, f. 108r-108v.)

[13] The surrounding epicycle moves all points on the planet-carrying
epicycle and not only its center. A retaining orb serves to realign the planet-
carrying epicycle such that its apsidal line passes through the equant.
Alternatively, the epicycle can be made to rotate through the sum of the mo-
tion of the surrounding epicycle and the motion in anomaly, in which case
no retaining circle is needed (for a more detailed discussion of this point see
Tuhfa, f. 105r-105v).

14] Sadr rightly notes in this paragraph that the problem of the prosneu-
sis point does not apply in the case of the superior planets, since the apsidal
line of the epicycle passes through a fixed point, rather than a moving point
as in the case of the moon, and since the motion of the center of the epicycle
is uniform around this fixed point.

In figure 38, the second equation is the angle subtended by the radius of
the epicycle at the center of the earth; this is angle POC, and it is the same
as angle POT. Now, the mean anomaly is measured from the mean
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epicyclic apogee, i.e., from point M; therefore, for the configuration in fig-
ure 38, the second equation is determined by arc PT on the epicycle, which
is the sum of the mean anomaly and the variation between the mean and the
true epicyclic apogees. Thus, as long as the epicycle is descending from the
eccentric apogee, as is the case in figure 38, the above variation is additive
to the anomaly, but subtractive when the epicycle is ascending.

The mean longitude, on the other hand, is measured from the beginning
of Aries to the intersection of line ECM with the parecliptic. It is clear,
therefore, that the true longitude of the epicyclic center is obtained by sub-
tracting the variation between the true and mean epicyclic apogees from the
mean longitude, when the epicycle is descending, and conversely when it is
ascending.

[15]-[16] This paragraph addresses a problem similar to the problem
raised in the chapter on the orbs of the sun (see above): how is it possible to
add arcs when they belong to different circles, namely the epicycle and the
parecliptic? The answer is that the angle which is added to the anomaly, or
subtracted from it, is measured around the center of the epicycle. Once that
is done, we find the angle around the center of the universe which corre-
sponds to the above measured angle, and this we add to or subtract from the
mean longitude, which is measured around the center of the earth.

The discussion here is similar to the discussion in relation to the sun (see
chapter 4 above).

[17] This section is similar to the corresponding section in the Tadhkira
(see Tadhkira, p. 185), and it explains a feature which is specific to Mars;
provided the spheres are nested close to each other, at mean conjunction the
sun will be at epicyclic apogee (see above). Thus, the smallest distance be-
tween the sun and Mars in this case is when the sun is at eccentric apogee
and the epicycle of Mars at eccentric perigee, in which case the distance
between Mars and the sun is the distance between the epicyclic apogee and
perigee, i.e. twice the radius of the epicycle; the minimum distance in this
case is, therefore, 79;0 parts.

At opposition, Mars is at the epicyclic perigee, and the greatest distance
between Mars and the sun is when both the sun and the epicycle of Mars are
at their respective eccentric apogees. The distance between Mars and the
sun is thus equal to the diameter of the parecliptic of the sun, plus the thick-
ness of the complementary solid of the sun, plus the thickness of the com-
plementary solid of Mars. The thickness of a complementary solid is equal
to twice the eccentricity, hence the values 12 and 4 parts for those of Mars
and the sun. The diameter of the parecliptic of the sun is twice the distance
from the center of the earth to the eccentric perigee, which is equal to 60 -
39;30 + 6 = 26;30 parts. The maximum distance between Mars and the sun
during opposition is thus (26;30 x 2 + 12 + 4) parts, adding up to a sum of
69 parts.
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The above illustrates that the sun and Mars are closer at opposition than
at conjunction, the maximum distance between them in the first case being
69 parts, while the minimum in the second case is 79 parts.
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CHAPTER 7

[1] This chapter too has a title similar to the corresponding chapter in the
Tuhfa, whereas the chapter in the Tadhkira is concerned only with the orbs
of Mercury (see Tadhkira, pp. 165-77, and Tuhfa, f. 114v-173v).

[2]-[4] The two inferior planets, namely Venus and Mercury, are closer
to the sun than the earth. If in figure 40, point E is the center of the uni-
verse, and point S is the mean sun, then the planet rotates on the smaller cir-
cle with center S in the direction marked on the figure, such that the planet
and the sun are always on the same side from the earth. This means that on
both sides of the circle with center S the sun and the planet come into con-
junction with each other. Now the planet is not visible at and around con-
junction with the sun; therefore, during every rotation around the sun, the
planet is invisible twice, and conversely is visible twice.

M

FIGURE 40

Let the points O, L, M, and N mark the points at which the planet crosses
from the visible to the invisible phase: the planet is invisible while it is on
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arcs OL and MN, while it is visible on the two remaining arcs. Moreover, in
its daily rotation, arc LDM rises before the sun; hence the planet is a morn-
ing star while it travels on this arc, whereas it is an evening star while it is
on arc NCO.

Therefore, if we trace the motion of the planet on the circle S, we get the
following: at point A, the planet rotates in the same direction as that of the
sun; thus it will be at its maximum speed; at this point, however, the sun
and the planet are in conjunction, and the planet is invisible. The planet
travels faster than the sun, thus going ahead of it and becoming visible at
point N. Between points N and C, the planet slows down, until it appears to
stop at point C, at which point it appears to move in a reverse direction until
it reaches point O, where again it becomes invisible. Next, the planet
reaches its maximum retrograde speed at point B, and then it starts to slow
down until it reaches point L, where it becomes visible again. It then con-
tinues to slow down until it reaches point D, where it appears to stop, and
then it starts to move in a forward direction, and picks up speed to reach its
maximum visible speed at point M, and its maximum direct speed at point
A.

(For the corresponding sections see Tadhkira, p. 165, and Tuhfa, f.
114v.)

Sadr entirely omits all the above description, and mentions instead that
the maximum speeds occur at the mid-points of the forward and retrograde
motions. He then specifies the maximum angular distances between the sun
and Venus, and the sun and Mercury (for the corresponding sections see
Tadhkira, pp. 165, 179, and Tuhfa, f. 114v), and moves on to note that the
period of direct motion is longer than the period of retrograde motion, and
that the apparent size of the planet is smaller during direct motion.
Therefore, Sadr concludes that each of the two planets must be carried on
an epicycle, such that the upper part of this epicycle moves counter-clock-
wise, and its radius is the one to which the maximum angular distance of
each planet corresponds (for the corresponding sections see Tadhkira, pp.
167, 169-71, and Tuhfa, f. 1151, 118v).

[5] Now, if one observes the conditions at a certain location during one
rotation, for example the condition when the planet is at maximum speed,
and then measures the location at which the same conditions recur during
the following rotation, one finds that the two locations do not coincide.
Therefore, Sadr deduced, as did his predecessors, that the epicycle must be
carried on an eccentric whose speed is equal to the mean motion of the sun,
such that the center of the epicycle and the center of the sun coincide (for
the corresponding sections see Tadhkira, pp. 167-9, and Tuhfa, f. 115v).

[6] In this section a parecliptic which moves at the same speed as the
fixed stars is posited. This parecliptic will cause such points as the eccentric
apogee--where the center of the epicycle is at its slowest speed, and where
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the duration of this slow speed is short--to move with the fixed stars (for the
corresponding sections see Tadhkira, p. 165, and Tuhfa, f. 115r).

[7]1 If in the case of Venus a situation is obtained at a certain point, such
as the position where the speed of the center of the epicycle is maximum,
then the opposite situation, such as the minimum speed of the center of the
epicycle, is obtained at the point which is diametrically opposite to the first
one. The model of Venus is, therefore, similar to the models of the superior
planets (for the corresponding section see Tuhfa, f. 116r).

The case of Mercury, however, is different, since the Ptolemaic observa-
tion entails that the position of its closest distance from the center of the
universe, which is inferred from the greatness of the apparent size of the
radius of the epicycle, is not diametrically opposite to the point where it is
at its farthest distance. The eccentric perigee is, rather, located at the two
trines with respect to the eccentric apogee (for the corresponding section
see Tadhkira, p. 165-7, and Tuhfa, f. 116r, 121v).

[8] The case of Mercury is also different from that of the moon, for in
the latter the eccentric perigee occurs at quadrature rather than trine (for the
corresponding sections see Tuhfa, f. 121v).

[9] Had the path of the center of the epicycle been a circle which rotates
about its own center, then all points on its circumference would be equidis-
tant from this center. Had this path been an eccentric, then it would have
only one perigee. But since Mercury has two perigees, then the path of the
epicyclic center is neither a concentric nor an eccentric circle. Rather, this
path must be an elliptical or an egg-like shape with two apogees which are
diametrically opposite to each other (for the corresponding section see
Tuhfa, f. 121v).

[10}-[11] Based on the above, Sadr and his predecessors deduced that the
orbs of Mercury must include two eccentric orbs. The first of these is the
director, and it is embedded in the thickness of the parecliptic, such that its
center is 6 parts away from the center of the universe. The director moves
around its center, and it moves the second apogee, in a clockwise direction,
at the speed of the mean sun. The second eccentric is the deferent, and it is
embedded in the thickness of the director, such that their centers are 3 parts
apart. The deferent moves in a counter-clockwise direction at twice the
speed of the director. Sadr, however, does not mention until later that the
rotation of the deferent is measured around the equant center, which is
halfway between the center of the universe and the center of the director
(see paragraph 14 below). Finally, the epicycle is embedded in the thickness
of the deferent, and Mercury is on this epicycle (for the corresponding sec-
tions see Tadhkira, p. 167-9, and Tuhfa, f. 118v-119r).

Figures 41 and 42 are representations of the orbs of Mercury in solid
spheres and simple circles. The largest sphere in figure 41 is the parecliptic,
and it rotates about center O in a counter-clockwise direction. The middle
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sphere is the director, and it rotates about center G in a clockwise direction.
Finally, the innermost sphere is the deferent which carries the epicycle, and
which rotates at twice the speed of the director in a counter-clockwise direc-
tion. The center of this deferent, however, is itself carried by the director,
and it thus rotates on the circle with center G and radius GF. Moreover, the
uniform motion of the deferent is not measured around its own center, but
rather around the equant center E. Now, if the radius of the deferent circle is
taken to be 60 parts, then OF = EG = GF = 3 parts.

A

&
N

FIGURE 42

Point A in figure 42 is the first apogee, and its motion is similar to that of
the fixed stars. Point A’ is the deferent’s apogee, and it is displaced by the
movement of the director through an angle k. The deferent then rotates
through an angle 2x in a counter-clockwise direction, such that this angle is
measured around point E rather than point F. This last movement carries the
center of the epicycle through the angle 2x away from the second apogee.
Finally, the anomalistic motion of the planet is measured on the epicycle
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away from the mean epicyclic apogee M, rather than from the true apogee T
(see paragraph [14] below).

[12]-[13] Sadr is interested in finding the actual shape of the trajectory of
the center of the epicycle carrying the planet. He does so by comparing this
shape with a circle drawn around point G, so that it intersects the said shape
at four different points. But the shape suggested is not the correct trajectory
that would be obtained if the motion of the center of the epicycle were plot-
ted in the above model. Rather, it is a fair approximation to it.

Sadr notes here that the maximum distance of the center of the epicycle
from the center of the universe is at the first apogee, and is marked by GA
in figure 43. GA =GO + OF + FA =6 + 3 + 60 = 69 parts. Now, when the
center of the epicycle moves through 180° along the deferent, it will meet
the second apogee at point B. GB is thus equal to 60 - 3 = 57 parts. Sadr
then finds that the distance between the center of the director and the center
of the epicycle, when it is at either one of the two quadratures, is also 57
parts. Thus we obtain a figure whose span in length is 69 + 57 = 126 parts,
and whose width is 57 + 57 = 114 parts. Sadr immediately proceeds to as-
sume that the path of the center of the epicycle of Mercury is the oval shape
of figure 43. A closer examination shows that the center of the epicycle
does not trace the elegant path that Sadr suggests, rather it traces a pear-like
shape which draws the center of the epicycle to a minimum distance from
the center of the universe at trines with respect to the apogee A (for a more
accurate plot of the trajectory of the center of the epicycle in the model used
by Shirazi, see Kennedy, 1983, p. 93).

It would still be correct, however, to assume with Sadr that the shortest
distance between the center of the epicycle and the center of the universe is
located between the two points D and T (for the corresponding sections see
Tadhkira, p. 169, and Tuhfa, f. 146r-147v).

[14] In this section Sadr notes that the variations in the model of Venus
are similar to those of the superior planets, whereas in the case of Mercury
the uniformity of the motion of the deferent is around a point which is
halfway between the center of the director and the center of the universe,
namely the equant center. Moreover, the epicyclic diameter is also aligned
with this point. A separate solution is therefore needed for this case (for the
corresponding sections see Tadhkira, pp. 171-3, and Tuhfa, f. 128r, 124v).

After noting that Tusi could not solve the problems of the Ptolemaic
model for Mercury (see Tadhkira, p. 209), and without any mention of the
methods developed by Shirazi (see Tuhfa, f. 116v-173v), Sadr announces
that he was able to work out a satisfactory solution for these problems.
Again, these problems arise as a result of the following conditions: 1) the
motion of the deferent is not uniform around its own center, but around the
equant center, 2) the motion of the epicycle in anomaly is measured from
the extended line connecting the center of the epicycle with the equant,
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rather than from the line which passes through the center of the epicycle
and the center of the universe, where the observations were actually
recorded.

[15] Sadr devises a two-step solution for the above problems. He first
makes the motion of the center of the epicycle uniform around the center of
the director, while the motion of the deferent on which it travels is also kept
uniform about its own center. To do so Sadr introduced a deferent (see fig-
ure 44) whose center F' is halfway between the center of the Ptolemaic
deferent F and the center G of the director. Sadr also introduced an addi-
tional epicycle which carries the center C’ of the planet- carrying epicycle.
This additional epicycle has a center J and a radius JC' = GF' = 1/2 e, where
e is the eccentricity of the Ptolemaic model, and is equal to 3 parts.

— —
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\E Ptolemy. /

FIGURE 44

Now the director is made to move uniformly about G in a clockwise di-
rection. The deferent is then made to move uniformly around its own center
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F' in a counter-clockwise direction at twice the speed of the director. The
center of the small epicycle reaches point J. Next, the small epicycle is
made to move in a counter-clockwise direction at the same speed as the
deferent, thus carrying the center of the planet-carrying epicycle to point C".
As a result of these motions angles A'F'J and LJC' are equal, hence angles
C'JF' and GF'J are also equal. Moreover, JC' = F'G. Therefore, by using
‘Urdi’s lemma which is used in the case of the moon (see above), lines F'J
and GC' are parallel, and angles C'GF' and JF'A’ are equal. This means that
the motion of the center C’ of the planet-carrying epicycle is uniform about
the center G of the director.

If we move to the second problem, namely that of aligning the diameter
of the epicycle from which the anomalistic motion is measured, with the
equant, then some transformation must take place so that the present mo-
tion, which is uniform around point G according to Sadr, is to be perceived
as taking place uniformly as well around the Ptolemaic equant E. This
means that the variation which was a function of the distance OF in the
Ptolemaic model is now a function of the distance OG, which is twice the
first distance. Thus, the second problem which Sadr attempts solve is re-
duced to devising a mechanism through which the motion of the center of
the epicycle appears to be uniform around the equant, and through which
the true epicyclic apogee is displaced to a mean apogee, which is aligned
with this equant.

[16]-[23] The second mechanism introduced by Sadr is similar to the one
which he uses in the model of the moon (see figure 29 above). In figure 45
the three concentric orbs introduced by Sadr are drawn. All three orbs are
concentric with the director. The rotation of the spheres around their respec-
tive axis produces two circles which, according to Sadr, form a Tisi couple.
Now if the approximation of a spherical couple to a plane one is accepted,
then, as in the case of the moon (see chapter 5 above), the set of three
spheres will transfer the motion such that it appears to be uniform around a
point which corresponds to the Ptolemaic equant center.
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To illustrate this, consider figure 45.a: let point G be the center of the
director, and point C' the center of the epicycle, which was displaced earlier
in the first part of Sadr’s model (figure 44). Point C’ rotates uniformly
around G. Now at the apogee of the deferent, the poles of the first and third
spheres coincide with the center of the epicycle, while the pole B’ of the
second sphere falls on the line drawn perpendicular to the plane of the
epicycle at point C'. C'B’ is equal to half the maximum inclination, i.e., it is
equal to half the distance between the original equant center in the
Ptolemaic model, and the center of uniform motion obtained in Sadr’s
model. This is 1;30 degrees. As the deferent moves through 90°, the pole C’
will move to position C" in the plane of the deferent, such that the distance
C"A" equals three degrees. The center of the epicycle moves to C".
Moreover, the rotation of the third sphere (not shown in the figure) restores
the relative positions of the three spheres and of the epicycle. If then we
draw a line EC" it will be parallel to GA", and the center of the epicycle will
appear to rotate uniformly around the equant center E. The figure also
shows the position of the center of the epicycle C" at 90° before the apogee
of the deferent, where C"'E is also parallel to GA"".
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FIGURE 45.a

For the more general case where the center C’' moves to M (also in figure
45.a), the displacement of the center of the epicycle from the original posi-
tion G' at the apogee is MG', and is equal to 2r.sina, where o is the angle of
rotation around the center G of the director, and r is the radius of the small
circle of the couple, which is equal to half the distance EG. Therefore, MG’
= EG.sino.. Now in figure 45.b, GG' is perpendicular to MG’, since the
plane of rotation of the poles of the spherical Tisi couple is always perpen-
dicular to the cincture of the epicycle. If next we draw line EL perpendicu-
lar to MG’, and line GQ perpendicular to EL, then LG'QG is a rectangle,
and LG' = QG = EG.sino.. But MG' = EG.sina., therefore M and L coincide,
and ME will be parallel to G'G. As a result of the above, the center M of the
epicycle always rotates uniformly around the equant center E.
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C

FIGURE 45.b

Now once the above is established, it can easily be proved that the
perigee is still be at trine, since this is a function of the uniformity of the
motion around the equant, and this uniformity is maintained in Sadr’s
model.

The combined effect of the two steps used by Sadr will therefore pro-
duce a uniform motion around the center of the director, and an equally
uniform motion around the center of the equant. This means that all the cir-
cles of this model rotate uniformly around their centers, while the observa-
tions underlying Ptolemy’s model are also maintained.
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CHAPTER 8

This chapter has no title. It deals with the latitude theory of the superior
and the inferior planets.

After presenting the models for the motion in latitude, Sadr proceeds to
present and criticize the models given in the Tadhkira and the Tuhfa (for the
corresponding sections see Tadhkira, pp. 189-95, and Tuhfa, f. 174r-181r.)

In paragraphs one through fifteen Sadr describes the Ptolemaic model for
the planets’ motions in latitude. Figure 46 is a schematic representation of
the motion of the superior planets. The path of the epicycle center of each
of the superior planets is a circle called the inclined orb, which does not fall
in the plane of the parecliptic; rather, these two circles are inclined with re-
spect to each other, and the angle between them has a fixed value i;. This is

called the first inclination.

FIGURE 46

The superior planets have a second inclination, which is the inclination
of their respective epicycles with respect to their inclined orbs. The second
inclination, however, is not fixed, and it oscillates between a maximum
northerly inclination, and an equally maximum southerly inclination, pass-
ing through a zero inclination, which occurs when the epicycle coincides
with the ecliptic at the nodes.
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In figure 46, point O is the center of the world, E the center of the defer-
ent, which is in the plane of the inclined orb, and C the center of the epicy-
cle. Points M and N are the two nodes which mark the intersection between
the deferent and the parecliptic. When the center of the epicycle is at the as-
cending node M, the plane of the epicycle coincides with the plane of the
ecliptic. In this case, the diameter AP of the epicycle, which joins the
apogee and the perigee, falls in the plane of the parecliptic, and thus passes
through the center O of the world. As the center C of the epicycle moves
away from the node M, the plane of the epicycle starts to rotate around di-
ameter SQ, which is perpendicular to diameter AP. AP thus inclines south of
the inclined orb, i.e. toward the parecliptic, and the angle /2 between the
two lines is the second inclination. The plane of the epicycle intersects the
plane of the deferent along diameter SQ of the epicycle.

The second inclination reaches its maximum southerly inclination away
from the inclined orb when the center C of the epicycle reaches the apogee
of the deferent. As C descends from the apogee, the second inclination
starts to decrease, and it becomes zero at the second descending node N.
The plane of the epicycle then coincides with the plane of the ecliptic.
Center C then descends toward the deferent perigee, and the epicycle will
have a northerly inclination with respect to the plane of the inclined orb,
i.e., it will incline toward the plane of the parecliptic. The northerly inclina-
tion reaches its maximum at the deferent perigee, and then it starts to de-
crease as the center of the epicycle ascends back to the first node.

Figure 47 is a cross-sectional schematic view of figure 46. The maxi-
mum values of angles i, for each of the three superior planets, as measured
at the center C of the epicycle, are clearly different from the values mea-
sured from the center O of the world. The epicyclic apogee subtends at O a
smaller angle than the epicyclic perigee. Furthermore, the angles at deferent
perigee are greater than the ones at the apogee. Thus, for each maximum
value of i2 measured at the center of the epicycle, there are four correspond-
ing values at the center of the world.
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Parecliptic

FIGURE 47

Figure 48 shows the different stages of the motion of the inferior planet
Venus. The reverse directions are obtained in the case of Mercury. As the
figure clearly illustrates, there are three variable inclination angles in this
model: the first is the inclination of the inclined orb, in which the deferent
plane falls, with respect to the plane of the parecliptic. This is angle i}, and
it varies from zero when the center of the epicycle is at either one of the two
nodes, i.e. when the epicycle moves through ninety degrees away from the
apsidal line, to a maximum value when the center of the epicycle is at the
deferent apogee or perigee.
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FIGURE 48
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The second angle is inclination i2 of the epicyclic diameter GH with re-
spect to the line OC joining the center of the world to the center of the
epicycle. As a result of this inclination, the plane of the epicycle rotates
around the diameter ME which is perpendicular to the line OC. Angle i? is
zero when the center of the epicycle is at deferent apogee or perigee, and
reaches a maximum when this center is ninety degrees away from the apsi-
dal line, i.e. when the first inclination is zero.

Finally, the third inclination is also of the epicyclic plane around an axis
which passes through the epicyclic apogee and perigee. This is angle i3 in
figure 48, and it has a maximum value when the center of the epicycle is at
the deferent apogee or perigee, while it is zero when the epicycle is ninety
degrees away from the apsidal line.

It is clear from the above cursory description why the Ptolemaic model
for the motions in latitude should be considered problematic by later as-
tronomers. Indeed, much effort was exerted by Tusi and Shirazi to rectify
this model, and Sadr presents his own model after dwelling at length on
their solutions (on the problems of the Ptolemaic latitude theory, and on the
solution proposed by Tusi, see Saliba, 1987, pp. 12-19.)

Since neither the solution of the Tadhkira, nor that of the Tuhfa, have
been studied, and since it is essential to resolve the difficulties of both
models before proceeding to study the solutions of Sadr, I will therefore re-
frain from further comment on the present chapter. In the future, I hope to
produce a full study of the latitude theories of Tusi, Shirazi, and Sadr.
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CHAPTER 9

[1] This chapter corresponds to Book XII in the Almagest, and to chap-
ters I1.14 and 16 of the Tadhkira and the Tuhfa respectively (see Almagest,
XII, pp. 555-596, Tadhkira, pp. 241-3, and Tuhfa, f. 198r-204r). In the last
two works, however, the basic lemmas are presented in earlier chapters, and
in both cases the reader is referred to the Almagest for a proof of these
lemmas (for the lemmas see Tadhkira, pp. 137-41, and Tuhfa, f. 56r-59r.
Also for a detailed explanation of the these lemmas, and of the general
method used by Ptolemy, see Pedersen, pp. 329-354).

[3]-[4] The two cases described in these two paragraphs are illustrated in
figures 49 and 50. The first figure shows the line passing through the two
mean distances which are determined with respect to distance or linear
measure, while the second figure shows those determined with respect to
motion. Points M and N in each figure are the mean distance points of the
deferent, while points G and H are the mean distance points of the epicycle.

[5]-[7] These paragraphs are illustrated in figure 50, and are clearly pre-
sented in the main text.

[8]-[9] Consider figure 50: line CH is perpendicular to line AH.
Therefore, the anomalistic motion of the planet at point H is along line HA,
which means that this motion is not observable at this position. Moreover, it
is clear from this same figure that the equation, which is the arc subtended
by the line CA and the line passing through the point A and the planet, have
a maximum value when the planet is at point H, i.e. when line AH is tangent
to the epicycle.

[9]-[12] These paragraphs simply indicate that lines BG and CG in figure
50 are not the same. Indeed the approximation that these lines are almost
equal is especially incorrect in the cases of Mars and Venus, since in both
of these cases the radius of the epicycle is of a considerable length, and thus
line AC is considerably longer than line AG: in the case of Venus, for ex-
ample, CA=R + e =60 + 1;15 = 61;15 parts, where R is the radius of the
deferent, and e is the eccentricity; moreover, CG = r = 43;10 parts, r being
the radius of the epicycle of Venus. Therefore, AG is equal to about 44 parts
(in contrast to 47 parts given by Sadr), which is considerably smaller than
CA.

[13]-[14] Again, in figure 50, the points H and G mark the points where
the motion of the epicycle changes with respect to the motion of the defer-
ent. In the case of the moon the lower part of the epicycle moves in the di-
rection of the sequence of the signs, which means that in this part the mo-
tions of the epicycle and the deferent are additive. In the upper part, how-
ever, they are subtractive. Moreover, the maximum apparent speed of the
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moon is at the epicyclic perigee, where the whole epicyclic motion is added
to the deferent’s motion, whereas only a component of that speed is added
at other positions. In the upper part of the epicycle, the speed of the epicycle
reduces that of the deferent, and the moon appears to slow down, such that
its minimum speed is at the epicyclic apogee. The moon does not retro-
grade, since the maximum reduction in the apparent speed of the moon, re-
sulting from the anomalistic motion at the epicyclic apogee, is always less
than the forward motion of the deferent.

[15] Sadr states in this paragraph the basic rule through which one can
determine the exact position at which the apparent motion of the planet
shifts from a direct to a retrograde motion. In the following paragraphs,
Sadr presents a simple proof for this rule, whereas both Tasi and Shirazi re-
fer their readers to the solution of the Almagest (see Tadhkira, 141, and
Tuhfa, f. 56r). Sadr’s proof, however falls short of the elaborate proof given
in the Almagest, and its confusion seems to reflect Sadr’s difficulty in deal-
ing with this complex problem.

The planets, with the exception of the moon, appear to have a retrograde
motion during a portion of their movement. This is due to the fact that the
angular speed of the epicycle is faster than that of the deferent. Therefore,
when the component of the speed of the planet resulting from the motion of
the epicycle is opposite in direction to, and greater than, the component of
the speed which results from the motion of the deferent, then the planet ap-
pears to move in the direction opposite the sequence of the signs, i.e. it is
retrograde. It should be noted that retrograde motion can occur only in the
lower portion of the epicycle, where the deferent and the epicycle move in
opposite directions.

The rule given by Sadr specifies the points where the above change of
direction from direct to retrograde motion takes place. To illustrate this rule,
consider figure 51: the large circle is the deferent, whereas the small one is
the epicycle. Draw from the center of the deferent any line ABD to intersect
the epicycle at points B and D. If w' is the anomalistic motion of the planet
on the epicycle, and if w"” is the mean motion in longitude of the center of
the epicycle on the deferent, and if the planet is at point B, which is closer
to the center A of the deferent, then the rule is as follows:
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FIGURE 51

If AB + 1/2 BD = w' + w", then the planet appears stationary.

If AB + 1/2 BD < w' + w", then the planet appears to have a decelerating
direct motion.

If AB + 1/2 BD > w'+w'", then the planet appears to retrograde.

If the point where the first condition obtains is called B’, then for all po-
sitions of the planet which are closer than point B’ to center A, the planet
has a retrograde motion, whereas this motion is direct for all points which
are farther than B’ to this center.

(For an excellent proof of the above rule see Pedersen, pp. 331-338.)

[16] Sadr first proves the above rule for the special case in which the
chord is a diameter of the epicycle, i.e. when the planet is at the epicyclic
perigee. Sadr’s proof is rather confused, and it seems to proceed as follows:
consider in figure 52 the configuration where the chord BH is also the di-
ameter of the epicycle; half the chord is the radius AB of this epicycle. Now
Sadr considers for his illustration a case where line DE equals twice AB,
which means that the radius of the deferent is three times as large as that of
the epicycle. This is obviously a special case which needs not always be
true. Next, Sadr allows the planet to move through an arc which subtends
one degree angle at the center of the epicycle. The center C of the epicycle
then moves through an arc which subtends the same angle at the center of
the deferent, and in the direction opposite to it. Now if the motions are
small enough, then for all practical purposes, point G, which is the point
reached by the planet as it moves from B along the epicycle, is such that AG
= AB. Similarly, DE is almost equal to DZ. We thus obtain two similar tri-
angles ABG and AEZ, which means that the ratio of the bases of these trian-
gles is equal to the ratio of the sides. Therefore, BZ = 2 EG. Sadr then de-
duces that for the planet to appear stationary at position B, the epicycle
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should move through twice the given angle. The assumption here is that at
the limiting conditions when the motions are small, the actual motion of the
planet is equivalent to the sum of the dimensions BG and EZ. So, when DE
=2 AB, for the planet to appear stationary, the epicycle should move twice
as fast as the deferent. This is obviously a special case of the more general
rule given above.

The propositions (figures) referred to are from the sixth book of Euclid’s
Elements (for the sixth and third propositions see respectively, Euclid, pp.
204, 195).

[17]-[19] Sadr notices correctly in these paragraphs that the above proof
does not hold for large arcs of motion. Figure 53 illustrates this last point.
Sadr adds, however, that an approximation can be justified when the arcs of
motion collapse to points. In modern terminology, this means that what we
are measuring are the derivatives of the motions, i.e. the velocities, rather
than the motions themselves.

[20]-[21] In these two paragraphs Sadr gives his approximate proof for
the more general case when the chord is not a diameter of the epicycle. His
approach is basically to use an approximation which allows him to use the
same method applied above, i.e. when the chord is a diameter: consider that
in figure 54 the planet is at point B. Draw the circle whose diameter is the
chord BG of the epicycle. Now the arc BG of the epicycle is seen from the
center A of the deferent through an angle BAE, such that AE is the tangent
drawn from point A to the epicycle. Moreover, if we mark AE such that AE
= AB, then we obtain a situation similar to the first case, with BE approxi-
mately perpendicular to BG. So, for point B to appear stationary at the
perigee of the new smaller circle, the ratio of AB to half BG should be equal
to the ratio of the anomalistic motion of the planet to the motion in longi-
tude of the center of the epicycle, which proves the above rule for the more
general case.

[22]-[23] The rest of this chapter deals with the problem of finding the
points where the direction of motion is reversed from direct to retrograde.
Here, however, the model used employs an eccentric rather than an epicy-
cle. Again Sadr attempts to prove the rules while Tasi and Shirazi refer their
readers to Ptolemy’s Almagest. Sadr’s proofs, however, are different from
those of Ptolemy, and are vague and confusing.

To illustrate the rule in the case of an eccentric model consider figure 55:
point A is the center of the concentric circle, and O is that of the eccentric
one. AO is equal to the radius of the epicycle. The equivalence of the eccen-
tric and epicyclic models is produced by assuming the right magnitudes and
directions of motion (see the chapter on the orbs of the sun above), and as a
result the position of the planet D on the epicycle also falls on the circum-
ference of the eccentric. The line drawn from A to the planet D intersects
the other side of the eccentric at F. Line FD is then a chord of the eccentric
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circle. The rule specifies the point where the planet appears to stand still as
that point where the ratio of the motion of the eccentric to the motion of the
concentric is equal to the ratio AD + 1/2 FD. If the ratio of the motions is
less than the ratio of the lines, then the concentric appears to decelerate,
whereas if the ratio of the motions is greater, then the motion of the eccen-
tric appears to decelerate. It should be added that when the motion of the
concentric, for example, appears to slow, then the value of this motion is
greater than its value at the station, and thus it will be greater than the mo-
tion of the eccentric. Thus, when the motion of the eccentric is subtracted
from the motion of the concentric, the apparent motion of the concentric re-
tains the same direction, but the apparent magnitude of this motion is re-
duced.

FIGURE 55

The equivalence of this last rule and the earlier one is conveniently
proved in the Almagest (for an explanation of the equivalence, and a proof
of this rule see Pedersen, pp. 339-341). Sadr, however, tries to prove the
rule without recourse to the above equivalence, and he uses for this purpose
specific numerical examples.
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[24] What Sadr seems to be saying in this paragraph is the following
(figure 55): for the case when the planet appears to stand still at the perigee,
the ratio of the motion of the eccentric to the motion of the concentric is
equal to AP + 1/2 MP. For any position of the planet above the perigee P,
the length of the line joining the center A to the planet is larger than AP, and
the length of the chord of the eccentric is less than the diameter MP.
Therefore, the ratio of the distances above the perigee is greater than the ra-
tio when the planet is at the perigee, and thus the ratio of the motions is less
than the ratio of the distances, which means that the concentric only would
slow for all positions above the perigee (see the rule above).

If, on the other hand, the planet appears to stop at the apogee, then using
a similar analysis it can be shown that the eccentric only would slow for all
positions of the planet below the apogee.

If the planet appears to stand still somewhere between the apogee and
the perigee, then above the stationary point the ratio of the motions is less
than the ratio of the distances, whereas below that point the ratio of the mo-
tions is greater. Therefore, when the planet is above the stationary point, the
motion of the concentric retains its direction, but is slowed down by the ec-
centric motion, whereas below that point the motion of the eccentric retains
its direction, but is slowed down by the concentric.

Now, if the direct motion refers to the concentric, then the motion is di-
rectly above the stationary point, where the motion of the concentric less
that of the eccentric is still in the direction of the motion of the concentric.
The motion is retrograde below that point. If, however, the direct motion
refers to the eccentric, then the above is reversed.

[25]-[26] These two paragraphs follow from the above arguments. The
numbers used here solve the example given earlier, namely that the eccen-
tricity is equal to 10 parts, and the motion of the concentric is 6 degrees.
Now when the motion of the eccentric is six, the stationary point is the
perigee, whereas this point is the apogee when the motion of the eccentric is
seven (see above). If the motion of the eccentric is between these two lim-
its, then the above rule applies. If, however, this motion is less than five, or
greater than seven, then in the first case the apparent motion of the concen-
tric is always greater than the apparent motion of the eccentric, and there is
no station or retrograde. In the second case, the apparent motion of the ec-
centric is always greater than that of the concentric, and the planet always
appears to move in the direction of the eccentric.

[27]-[29] In these paragraphs Sadr repeats the proofs already presented
above (see figure 56) for the case when the stationary point is at either the
apogee or perigee.

(For the fifth proposition of the sixth book of Euclid’s Elements see
Euclid, p.202.)
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[30]-[31] Sadr now extends his proof to cover the cases between the lim-
iting conditions at the apogee and the perigee. He does this, however, by
simply stating that the chord can always be considered to be a diameter of a
smaller circle. This is clearly with reference to the method which he used in
the case of the epicyclic model. Sadr rightly notices, however, that his
method has a flaw, namely that the prove which he uses requires that the
radius of the eccentric be 60 parts, whereas the use of a smaller circle to en-
compass the chord would produce an eccentric whose radius is less than
sixty. No solution is given to this problem.

It should be noted, however, that the above problem arises only when
Sadr’s cryptic method is used, whereas no such problem arises what so ever
when using Ptolemy’s exact proofs.

[32] Retrograde motion, as mentioned above, occurs only at the perigees
of the wandering planets. Sadr, however, claims that he covers in his ex-
position the theoretical possibility of having retrograde motions at apogees.

[33]-[35] The two quotations cited here are indeed present in different
versions of the Tadhkira, indicating the possibility of there having existed
two different versions of the original text (for the different variants see
Tadhkira, pp. 137-41).

Sadr rightly notices that the two different statements have different im-
plications. If we assume the eccentricity to be e, the radius of the epicycle r,
and the radius of the eccentric equals the radius of the concentric, both be-
ing R, then the first statement simply means that R/e = R/r. This means that
the epicyclic and eccentric models are equivalent, and the corresponding
angles of motion seen at the center of the world are equal in both models.
The second statement, however, is as follows: (R-¢)/R = (R-r)/r. Now if e =
r, then R = r, which means that the corresponding arcs of motion are equal.
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CHAPTER 10

[1] This chapter corresponds to two similar chapters in the Tadhkira and
the Tuhfa (see Tadhkira, pp. 223-9, and Tuhfa, 181r-183r). All the above
chapters are concise and rather summarized versions of Book V of the
Almagest.

[2] The basic principle of the parallax is quite simple: let point G in fig-
ure 57 be the center of the earth, point O be the locality of an observer on its
surface, and M be the location of the moon. The outer circle with center G
is the altitude circle marked on the celestial sphere. If we join lines OM and
GM to intersect the latitude circle at V and T respectively, then V corre-
sponds to the apparent position of the moon, whereas T corresponds to the
true position. It is clear from figure 57, that the true position of the moon is
different from the apparent one, and that the difference between the two po-
sitions is a function of both the radius of the earth and the distance between
the earth and the moon. Arc TV is called the arc of parallax, and angle OMG
is the parallax angle.

T (true)
M V (visible)

-

arth

FIGURE 57
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Theoretically, all planets could have a parallax. This parallax, however,
becomes smaller, and hence harder to detect, when the planet in question is
too far from the earth. This is why Sadr states that the parallax is only de-
tectable in the case of the moon, where the size of the earth’s radius is not
insignificant with respect to the distance between the earth and the moon.

The present chapter is descriptive, and no calculation is made for actual
parallaxes corresponding to actual positions of the moon (for a survey of the
parallax theories in Islamic astronomy in which extensive calculations were
used see Kennedy, 1983, pp. 164-184).

[3] It is clear from figure 57 that when lines GM and OM coincide, i.e.,
when M falls along line GOZ, then the parallax is zero. The apparent and
true positions of the moon is then at the zenith.

In figure 57, one can show that the maximum parallax occurs when the
moon is at the horizon.

Also in figure 57, the visible part of the orb of the moon is less than the
hidden part, because the radius of the earth is not negligible with respect to
the distance between the earth and the moon.

[4] Figure 58 illustrates this paragraph: Arc TV is the arc of parallax, and
it is measured along the altitude circle passing through the zenith of the
observer. It is obvious that this arc has a longitudinal component, and an-
other component in latitude; these are respectively arcs QV and QT.
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FIGURE 58

Now if the moon falls on the plane of the latitude circle passing through
P and Z, then there is clearly no longitudinal component for the parallax. If
the moon falls east of the latitude circle, then the longitude of the apparent
position is greater than that of the true one, assuming that the longitude is
measured from the west to the east. In figure 58 this means that arc WV >
arc WQ. The reverse is true if the moon falls to the west of the latitude cir-
cle.

[5]-[11] It is clear from the above paragraph that the longitudinal varia-
tion of the parallax is a function of the position of the moon with respect to
the latitude circle. On the other hand, the variation of the latitude compo-
nent is a function of the position of the moon with respect to the ecliptic,
and the position of the ecliptic with respect to the zenith. The cases dis-
cussed in the remaining paragraphs of this chapter are simple examples of
the dependence of parallax on the above two variables.
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CHAPTER 11

[1] This chapter corresponds to two chapters in the Tadhkira and the
Tuhfa entitled “‘on the variation in the moon’s illumination and on lunar and
solar eclipses” (see Tadhkira, pp. 229-39, and Tuhfa, f. 183r-198r). The first
of these chapters is quite similar to Sadr’s, both in size and scope. The
chapter in the Tuhfa, however, is the only one which is comparable to the
corresponding elaborate section in the Almagest (see Pedersen, VI, pp. 275-
320).

[2] The use of the term “almost” in this paragraph refers to the fact that
the sun is larger than the moon, thus the part of the moon which receives the
light of the sun is slightly larger than its half. Similarly, less than half the
surface of the moon is apparent to the observer.

[3]-[6] These three paragraphs describe the phases of the moon: the body
of the moon is divided by two imaginary circles, the first of which separates
its bright side from its dark side, whereas the second separates the part of
the moon which faces the earth from the part which is not visible to it. The
intersection between these two circles determines the shape of the bright
part of the moon which is seen by an observer on the earth.

In figure 59 the shaded area corresponds to the dark part of the moon.
figures 59.VI, and 59.VIII correspond to the first and second examples of
paragraph [5] respectively.

[7] Figure 60 illustrates this paragraph. The second light referred to here
is the one which results from the reflection of the rays of light coming from
the sun as they pass through the earth’s atmosphere. During the waning
phase of the moon (muhaq), the moon is between the sun and earth; thus,
the angle traced by a ray of light as it travels from the sun to the earth’s at-
mosphere, and then is reflected to the moon, is an acute angle. On the other
hand, if the moon is eclipsed by the earth, and hence is in opposition with
the sun, then the above angle of reflection is an obtuse angle. Sadr then adds
that the obtuse angle is closer to a straight line, and the brightest light is that
which travels along straight lines. Therefore, the light which is reflected
during the waning of the moon is negligible.

[8]-[9] The following paragraphs deal with the lunar and solar eclipses,
their locations, durations, and intervals between them. (For an excellent dis-
cussion of Ptolemy’s determination of the sizes of the sun and the moon, the
size of the shadow circle, the positions of the solar and lunar eclipses, and
the intervals between them see HAMA, 104-105, and 125-129; also see
Pedersen, pp. 227-230).
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In the following commentary only some of the problematic points in the
present text are discussed, while the above references can be consulted for
the general solution of the problems of this chapter.

Having mentioned the evidence for the fact that the shadow beam has a
conical shape, Sadr points out that some maintain that the tip of this cone
may reach Venus when the sun is at its farthest distance from the earth. It
should be pointed out that while the evidence for the first fact is observa-
tional, the second statement is only derivable by calculation, since Venus is
too far for any shadow to be actually seen.

[10]-[11] The lunar eclipse occurs if the moon passes through the
shadow circle. Now since this circle is always larger than the apparent size
of the shadow circle, different kinds of lunar eclipses may therefore occur.
The moon may pass fully through the shadow circle, or only a part of it may
pass through. In the first case a total eclipse results, while in the second case
the eclipse is partial. To determine the positions at which an eclipses takes
place, it suffices to determine the position of the disc of the moon with re-
spect to the shadow circle.

Point O in figure 61 is the center of the shadow circle, and it falls in the
plane of the ecliptic. Point C is the center of the lunar disk. OC is the alti-
tude of the center of the moon above the plane of the ecliptic. The problem
is thus reduced to determining the position and kind of lunar eclipse as a
function of the latitude OC. One still needs, however, to determine the ap-
parent sizes of the shadow circle and the moon.

Ecliptic

Ly
l'la,or X
Shadow Circle

FIGURE 61

The ratio of the diameter of the shadow circle to the diameter of the
moon is found to be almost constant. Obviously, the basis for this last result
is the observational data which was used by Ptolemy, but Sadr’s recourse to
Ptolemy’s parameters is implicit.

Sadr, however, repeats a mistake which appears in the Tuhfa. Both Sadr
and Shirazi maintain that the ratio OT/TC in figure 61 is equal to one and
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three fifths (see Tuhfa, f. 189v). However, Ptolemy, as well as Tusi (see
Tadhkira, pp. 233-5), note that, at the minimum and maximum distances of
the moon, the radius of the shadow circle is approximately equal to two and
three fifths the apparent radius of the moon. Furthermore, the above diver-
gence is definitely a mistake on the part of Shirazi and Sadr, rather than a
modification of Ptolemy’s figures, because later parameters which are de-
duced from the present one agree in all four sources(see paragraph [16] be-
low).

The example used by Sadr employs the above erroneous ratio, but it still
serves the purpose of illustrating the possible kinds of lunar eclipses, and
the conditions for their occurrence. It should be added that Sadr notices lat-
ter on in his commentary that the value which he quotes for the above ratio
does not correspond to the later calculations (see A, f. 51v), but he still does
nothing to correct this mistake.

[12] This paragraph simply refers to a specific unit which is used to mea-
sure the moon. If the unit “digit” is used without further qualification, then
it refers to the diameter of the moon, whereas it refers to the whole body of
the moon when used together with a qualifying adjective, possibly the
“solid digits”.

[13]-[15] These paragraphs discuss the solar eclipses. The values of the
apparent radii of the moon and the sun which are quoted here by Sadr, and
which are naturally used in the Tadhkira and the Tuhfa, are not the same
figures used by Ptolemy. Moreover, while Ptolemy’s observations include
only one apparent diameter for the sun, the later sources have maximum
and minimum apparent diameters (for the corresponding figures see
HAMA, p. 106; also see Tadhkira, p. 237, and Tuhfa, . 193v).

Solar eclipses are obviously affected by parallax, because the apparent
and true positions of the moon are, in general, not the same. Now without
further elaboration, Sadr proceeds to discuss the above problem as a func-
tion of the adjusted latitude of the center of the moon, i.e., the apparent lati-
tude after including the influence of parallax. The basic point is that if the
moon creeps in between the sun and earth, then it will hide part or all of
what we see of the sun.

Consider that in figure 62 the apparent radius of the moon is r while that
of the sun is r’, and let S be the center of the sun, while M is the center of
the moon. Point S clearly falls on the ecliptic, and SM is the adjusted lati-
tude of the moon. The limiting case where no solar eclipse would take place
is when SM > r + r' (figure 62.1). The rest of the cases discussed are illus-
trated in figure 62.1-VII, and are self explanatory (for more discussion see
HAMA, pp. 125-129, and Pedersen, 227-230).
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I.SM >r+r ILr<SM<r+r I.SM=r

IV.0;230<SM<r V.SM< r-1 VI. SM < 0:2,30
r>r1") (r<r')

VII. SM =0

FIGURE 62

The largest limits for solar eclipses are when the moon has its largest ap-
parent size, and the sun has its smallest one. At these limits r = 36/2 min-
utes, and r' = 31/2 minutes. Therefore, r - r' = 0;2,30°, hence the limiting
figure used by Sadr in his illustrations.

[16] Having described the general conditions at which a lunar eclipse
takes place, Sadr moves on to specify the distance of the center of the moon
away from the node, beyond which no eclipse can occur. In figure 61, point
N is the node, C the center of the moon, and O the center of the shadow cir-
cle. The maximum latitude OC beyond which the moon does not enter in
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the shadow circle is equal to the sum of the apparent radius of the shadow
circle and that of the moon. Again, the largest limit for eclipse obtains when
the apparent size of the moon is largest, i.e. when the moon is at the
perigee. Now if we use the Ptolemaic ratio 2 and 3/5 for OT/TC, then for
TC = 18 minutes, we obtain OC = 1;4,48°. Moreover, the angle CNO equals
the inclination of the lunar orbit with respect to the plane of the ecliptic, i.e.
5°. Therefore, NC = OC/sin CNO = 12;23°, which is close to the 12;12
value obtained by Ptolemy (for the value in the Almagest see HAMA, p.
125, and Pedersen, p. 229; also for the corresponding figure of 12 degrees
see Tadhkira, p. 233-5, and Tuhfa, f. 195r).

If, however, we use the ratio 1 and 3/5, which is erroneously quoted by
Sadr, then we would get NC = 8;57, which is far below the lunar eclipse
limit which Sadr uses.

Therefore, it seems that a copying mistake may have been incorporated
into the text of the Tadhkira, and thence it to the Tuhfa, and through both to
the present work.

[17] The limit of a solar eclipse is further affected by the parallax.
Therefore, those limits are also a function of the positions on earth for
which they are calculated. Now Ptolemy chooses two arbitrary localities
and assumes they are the boundary or extremal positions. He then calculates
the limits of the solar eclipses at these two positions which are south and
north of the ecliptic, and comes out with 8;22 and 17;41 degrees respec-
tively (see HAMA, p. 126). These figures, as Neugebauer shows, are as ar-
bitrary as the positions which were chosen by Ptolemy, and “could not rep-
resent the extremal conditions he was looking for” (see HAMA, p. 129).

The corresponding values given by Sadr are 7 and 18 degrees, and they
are the same figures given in the Tadhkira and the Tuhfa (see Tadhkira, f.
57v-58r, and Tuhfa, f. 195v). It is not clear to me, however, whether these
values are simple refinements of the Ptolemaic ones, or whether they are
based on a different set of extremal conditions.

[18]-[21] Having determined the limits of eclipses, it becomes a matter
of simple calculation to determine the intervals between successive eclipses.
An eclipse recurs at the next point where the moon falls within the limits
given above.

The following paragraphs are simple and self explanatory. (For an elabo-
rate solution of the above problem see HAMA, 129-134; also see Pedersen,
230-231).

[22] The moon moves from the west to the east, thus its eastern edge
leads into the shadow circle, and is the first to leave it. Therefore, the be-
ginning of darkening and clearing in a lunar eclipse is from the east side of
the moon. The opposite argument applies for the solar eclipse.
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CHAPTER 12

[1] This chapter discusses the planetary visibility, and the conditions
which govern it. Ptolemy addresses this question in the last three chapters
of the Almagest, but mainly toward the end of chapter XIII (see Almagest,
XIII, pp. 636-647).

Sadr’s approach to this question is descriptive and does not employ any
of the calculations included in the Almagest. This is more in line with the
similar approaches in the Tadhkira, and the Tuhfa (see Tadhkira, p. 241-3,
and Tuhfa, f. 199r-204r).

[2] The visibility of a planet is a function of the latitude of this planet,
the latitude of the locality of the observer, and the portion of the ecliptic
which is rising or setting at the time in question. The elongation between
the sun and the planet is a function of these variables, and a minimum elon-
gation is required so that, upon the arrival of the sun at a certain depression
below the horizon, the planet becomes visible. (for Ptolemy’s solution of
this problem see HAMA, pp. 230-261, and Pedersen, pp. 386-388; on
“Planetary Visibility in Islamic Astronomy” see Kennedy, 1983, pp. 144-
150).

In the case of the superior planets the situation is rather simple (figure
63): when the planet retrogrades, the sun and the planet are in opposite di-
rections with respect to the earth. Therefore, the retrograde motion of the
planet is completely visible, since at no point during this motion would the
planet fall within the glare of the sun. Now the sun is faster than the supe-
rior planets (see the chapter on the superior planets above); the planet thus
has its last visibility just before setting, i.e. as an evening star. The planet
then becomes invisible, during which period it is overtaken by the sun, and
it later reaches its first visibility just before rising, i.e. as a morning star.
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FIGURE 63

[3] The case of the inferior planets is slightly more complicated than the
superior planets. The main difference is that the inferior planets become
invisible due to the brightness of the sun in two different situations, namely
during both direct and retrograde motions. Moreover, the inferior planets
move faster than the sun. Therefore, during direct motion, an inferior planet
has its first visibility as an evening star, which is followed by its last visi-
bility. The planet then becomes invisible, until it reaches the zone of retro-
grade motion, where it has a first visibility as a morning star.

[4]-[8] In the following sections Sadr discusses some specific character-
istics of Venus and Mercury. The points raised in these sections correspond
with, and also respond to, similar remarks made in the Tuhfa (see Tuhfa, f.
201r-202r).

The arc of invisibility near the inferior conjunction of the planet with the
sun is smaller than the corresponding arc near the superior conjunction.
Therefore, the planet’s motion in latitude brings the planet closer to the
cone of invisibility during inferior conjunction, and influences the duration
of this invisibility (for a brief and clear explanation of this point see
HAMA, pp. 1090).
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CHAPTER 13

[1]-[5] Despite some similarity to Book II of the Almagest (see Pedersen,
II, pp. 75-132), the following chapters display considerable differences,
bearing witness to the original character developed by Arabic astronomy
over the centuries.

These sections proceed to discuss astronomical questions related to the
earth, according to the scheme set forth at the beginning of this work, and
following the general layout of the Tuhfa and the Tadhkira. (For the general
arrangement of such works see Livingston.)

Of the corresponding sections, those in the Tadhkira are the closest to
this chapter (see Tadhkira, p. 245-53, and Tuhfa, f. 204v-221v).

The reference to Divine Providence is indeed found in the Tadhkira (see
Tadhkira, p. 249), but this reference comes at the conclusion of an elaborate
exposition of the different possible explanations of the natural order of the
earth. Needless to say, Sadr excludes those explanations from his introduc-
tion.

[6]-[7] For the most part, these tables duplicate the corresponding num-
bers of the Tadhkira (see Tadhkira, pp. 251-3, and Tuhfa, f. 220r-220v).

Many of the numbers appearing in the manuscripts were either distorted
or were completely omitted. Wide divergences from the corresponding ta-
bles of the Tadhkira, where most of the other entries are exactly the same,
were taken as evidence for such distortion, and were corrected accordingly.

Climates are zones of the northern hemisphere which are parallel to the
equator (for a definition of climates, and for a derivation of the relation be-
tween the latitude of a climate and the hours of the longest day see Dallal,
pp. 3-18). Most of the inhabited land falls within the seven climates speci-
fied in the first table. The second table gives a brief specification of the ar-
eas not covered in the first.
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CHAPTER 14

[1] Again this chapter is similar to the corresponding chapters in the
Tadhkira and the Tuhfa, with greater affinity to the former. The main diver-
gence in Sadr’s work, however, is that it includes several sections which in
the other two works are divided into several chapters (see Tadhkira, pp.
255-81, and Tuhfa, f. 221v-237v).

[2]-[4] The first part of this chapter deals with the conditions at the equa-
tor, where the latitude of the locality is zero (for the corresponding sections
see Tadhkira, pp. 255-9, and Tuhfa, f. 221v-224v).

Sadr proceeds to explain the characteristics of localities at the equator
without defining his use of technical terms. This is partly because many of
these terms have already been defined in the beginning of his work (for a
short introduction to astronomical concepts, and systems of coordinates see
HAMA, pp. 1077-1080).

Figure 64 illustrates the general situation of a locality at the equator. The
plane of the horizon circle is tangent to the surface of the earth at the local-
ity, which means that the horizon is perpendicular to the equator, and the
former passes through the two poles of the latter. Now since the day circles
are parallel to the equator, the horizon bisects these circles, and their corre-
sponding portions on either side of the horizon are equal. Thus, the day is
always equal to the night.

FIGURE 64
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Now a star on the celestial sphere has two motions. The first is the daily
motion around the pole of the equator, while the second is a slower motion
in the opposite direction, around the pole of the ecliptic. So if this star
moves by the second motion through a certain arc, then the new position of
the star will have an ascension different from that of the original position.
Therefore, the variation in the times of visibility and invisibility is due to
the second motion itself, and not to a variation in this motion.

(for the quotation from the Tadhkira see p. 255.)

[5]-[8] Sadr discusses in these paragraphs the special case when the lo-
cality falls on the equator, and when the zenith of the locality falls on one of
the equinoctial points (see figure 65). It is clear from the figure that the
horizon circle passes through the pole of the ecliptic, and that the ecliptic
circle passes through the pole of the horizon circle, which means that the
two circles are perpendicular.

N.P.

Solstice

FIGURE 65

Now if the sun passes over the zenith twice, i.e. at the two equinoctial
points, then there are two summers during one year. Moreover, the sun is at
its farthest distance from the zenith at the two solstices, which means that
there are two winters during this year. Therefore, there are eight seasons for
the special case considered above.
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The rising amplitude of a point is the arc on the horizon which falls be-
tween the rising point of the point and the equator. Now since the horizon
circle in the above case is perpendicular to the equator, therefore, the rising
amplitude is an arc on the declination circle between the point in question
and the equator. The eastern amplitude and the declination are thus equal.

The discussion concerning the alleged temperate climate at the above lo-
cality is in reference to the Tadhkira. The arguments to which Sadr re-
sponds are quotations from Ibn Sina and Razi consecutively (see Tadhkira,
pp- 257-9).

[9] This astrological reference to the concept of temperament is quoted
from the Tadhkira (see p. 259).

[10] Paragraphs [10]-[15] are subsumed under separate chapters in the
Tadhkira and the Tuhfa (see Tadhkira, pp. 259-63, and Tuhfa, f. 224v-
230v).

These paragraphs are not very clear, and some assumptions had to be
made to make sense of them.

The rotation of the ecliptic observed from a locality which does not fall
on the equator is wobbly because of the combined effect of its daily and
yearly motion.

In a case where the star is on the side of the visible pole (see figure 66),
and the altitude AS of the star is less than or equal to the altitude AN of the
pole, the star is always visible, since its day circle falls completely above
the horizon. The second condition in question, namely that a certain dis-
tance of the star from some point is greater than AN, must refer to the arc
NS', since if NS’ > NA, then part of the day circle of the star falls below the
horizon, and the star is invisible during part of its rotation. It is clear from
figure 66 that the invisible part is smaller than the visible one.

Z

N (Pole)

Horizon A

FIGURE 66
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[12]-[15] In these paragraphs Sadr defines the equation of daylight and
the methods of finding it (for the corresponding sections see Tadhkira, p.
259-63, and Tuhfa, f. 225v-227r).

The wording of these sections is not clear; what Sadr seems to be saying
is the following: consider a star S such that the day circle passing through it
intersects the horizon at point A (see figure 67). Point A is the rising point of
this star. Now if we draw through the north pole N a declination circle NA
to intersect the day circle at A and the equator at H, and if the horizon east
point is E, then a spherical right angle triangle EHA will be obtained. In this
triangle arc EA is the rising amplitude of the star, arc AH its declination, and
arc EH half the equation of day light of that star. It is clear from the same
figure that if we draw a declination circle through point A', which is the
other intersection between the day circle and the horizon, then a western tri-
angle equal to the eastern one is obtained. It can also be seen that if the star
is on the side of the visible pole, then the triangle will be below the horizon,
and conversely for the case when the star is on the side of the invisible pole.

FIGURE 67

Alternatively, one could draw one declination circle through N perpen-
dicular to the equator at its east and west points (see figure 68). Arc AH of
the resultant triangle EHA will be the equation of day light.
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FIGURE 68

Sadr gives the following proof for the above: For a locality on the equa-
tor, the horizon of that locality is its declination circle. Points E and H thus
rise and set together with respect to the new horizon , and the same point H
can then be used to mark the rising of the star S.

(For a modern derivation of the equation of day light see Biruni, vol. 2,
pp- 88-89).

[16] Figure 69 illustrates this paragraph: if the day circle has a declina-
tion equal to the latitude of the locality, then it will pass through point Z, the
zenith of the locality. If the declination is greater than the latitude, then the
day circle will not pass through the zenith, and it will not intersect the prime
vertical. If, however, the day circle has a declination less than the latitude,
then it intersects the prime vertical at two points: point /, and the point im-
mediately behind it in the plane of the figure (for the corresponding sections
see Tadhkira, pp. 261-3, and Tuhfa, f. 225v).
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[17] The remaining paragraphs of this chapter deal with the characteris-
tics of the localities which have latitudes, i.e. those which are not on the
equator. These characteristics include, among other things, the description
of the passage of the sun, the appearance of the ecliptic, and the rising and
setting of the sun and stars at the specific localities in question (for the cor-
responding sections see Tadhkira, pp. 263-81, and Tuhfa, f. 224v-234v).

Figure 70 illustrates this paragraph. Arc AZ is equal to the latitude of the
locality, and it is less than arc AT, the obliquity of the ecliptic. The declina-
tions of the day circles which pass through points S and S on the ecliptic
are equal to the latitude of the locality. These two circles pass through the
zenith of the locality, and so does the sun. It is also clear from figure 70 that
the sun can cast shadows from point O which are either to the south or to
the north of the prime vertical OZ, depending on the position of the ecliptic,
and on the location of the sun on it.
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FIGURE 70

[18] Figure 71 illustrates this paragraph. The latitude of the locality is
equal to the obliquity of the ecliptic. Therefore, the extremal positions of
the ecliptic are positions ZM and QR. This means that the sun passes only
once through the zenith. It also means that one of the poles of the ecliptic
travels along the circle PH, and is thus permanently visible, while the other
one is permanently invisible. Moreover, when the ecliptic is at the position
ZM, that is when the solsticial point is at the zenith, the two poles of the
ecliptic touch the horizon.

eA_Z H
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FIGURE 71
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On the other hand, the shadows cast in the above locality at midday al-
ways fall on one side, since the midday sun always falls on one side of the
meridian circle, namely on arc ZQ, and its shadow is thus north of the line
ZM.

[19] When the latitude of the locality is equal to or less than the obliquity
of the ecliptic, then a permanently visible star is one whose day circle
intersects the meridian between points P and H (figure 71). This means that
the distance between the pole of the world and the star is equal to or less
than the altitude of this pole above the horizon. Now a star falling on arc
PH may move outside this arc as a result of the second motion, while a star
outside it may be brought inside. In the first case the star has a rising and a
setting, and is not permanently visible any more, while in the second case
the star becomes permanently visible. The same applies for a permanently
invisible star.

[20] In figure 72 the distance SP between the Star S and the pole of the
ecliptic P is equal to the complement of the latitude of this star above the
ecliptic. In other words, QS + SP = 90°. The difference between the latitude
of the locality and the obliquity of the ecliptic is QZ = KP = the altitude of
the lower position of the pole of the ecliptic. Now if PS < PK, then the star
does not rise or set as a result of the second motion, simply because the ro-
tation of this star around the pole of the ecliptic is always above the hori-
zon. If PS > PK, then the star has a rising and a setting.
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[21]-[22] In figure 73, the maximum altitude of the sun is arc MR, which
is equal to the sum of arcs MQ and QR. This altitude is thus equal to the
complement of the latitude of the locality plus the obliquity of the ecliptic.
The minimum latitude equals the difference of these two arcs.
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Also in figure 73, arc RZ is equal to the latitude of the locality less the
obliquity of the ecliptic. Now if the latitude of a planet S above the ecliptic,
namely arc RS, is greater than RZ, then the day circle of that planet does not
pass through the zenith of the locality. If the two arcs are equal then the day
circle of the planet passes once through the zenith. Finally, if RS < RZ, then
the path of S around the pole of the ecliptic intersects the prime vertical at
two points. This means that there are two points on this path through which
a day circle of the star S passes through the zenith; these two points are S’
and the point immediately below it in the plane of figure 73.

[23] If the equation of day light is e, then this equation can be found by
the formula: sin e = tan ¢ x tan J, where ¢ is the latitude of the locality, and
d is the declination of the sun for that day (for a derivation of this formula
see HAMA, p. 36). It is thus clear that, for a fixed declination, as the lati-
tude of the locality increases, the equation of day light will also increase. A
similar argument applies for the eastern amplitude of the locality.



COMMENTARY 431

Figure 74 illustrates this paragraph. The latitude of the first locality is
equal to QZ, and it is less than the latitude Q'Z of the second locality. The
equation of day light is arc EH, while the rising amplitude is arc EX. It is
clear from this figure that for a latitude Q'Z > QZ we get EH' > EH and EK’
> EK.

FIGURE 74

[24] Figure 75 illustrates the case in which the latitude of the locality is
equal to the complement of the obliquity of the ecliptic. In this case the
equator is inclined with respect to the horizon at an angle equal to the
obliquity of the ecliptic, and one of the extremal positions of the ecliptic is
at the horizon. Moreover, the pole of the ecliptic rotates on circle PP'. Now
if the beginning of Cancer falls on the north point H of the horizon when
the pole of the ecliptic coincides with the zenith of the locality, then the be-
ginning of Capricorn falls on the south point K of the horizon. As the pole
of the ecliptic moves to its lowest position at P, the beginning of Cancer
reaches its highest point L above the south point of the horizon, while the
beginning of Capricorn reaches its lowest point M below the north point of
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the horizon. Thus, in the direction of the sequence of the signs, the part of
the ecliptic between the beginning of Cancer and the beginning of
Capricorn rises with every rotation of the equator, whereas the other part of
the ecliptic will never rise above the horizon.
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FIGURE 75

[25]-[31] Figure 76 illustrate the case in which the latitude of the locality
is greater than the complement of the obliquity of the ecliptic, and less than
ninety degrees. Now those parts of the ecliptic which have a minimum de-
clination north of the equator, such that this declination is equal to or
greater than the complement of the latitude of the locality, are always above
the horizon, and are consequently permanently visible. The parts of the
ecliptic which have the same declination south of the equator are perma-
nently invisible.
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Figure 76 also shows the path of the pole of the ecliptic as it rotates
around the pole of the world. The signs of the ecliptic which are neither
permanently visible nor invisible rise and set according to the position of
the pole of the ecliptic along its path. This path is clearly divided by the
meridian circle and the prime vertical into four parts. The two northern
parts are equal, and so are the two southern parts. The first two parts are
greater than the second two.
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Sadr considers an example where the latitude of the locality is 70°, in
which case Gemini and Cancer are permanently visible, and Sagittarius and
Capricorn are permanently invisible. Two of the remaining eight signs thus
rise as the pole of the ecliptic moves through eight of the four sections of its
path which are specified above. It is thus clear that the time for the rising
for four of these signs is greater than the corresponding time for the other
four, since the pole of the ecliptic covers unequal arcs during the motion of
each of the above two sets of signs. When the pole of the ecliptic is at posi-
tion (1) (figure 76), the configuration of the signs is as in figure 77. As the
pole of the ecliptic moves to position (2), the configuration of the signs be-
comes as in figure 78. At this last position, the pole of the ecliptic is in-
clined to the east of the line OZ, and the eastern part of the ecliptic sets be-
low the horizon.

FIGURE 78
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The rising and setting of the signs of the ecliptic results from its two mo-
tions: the first of these two motions is the rotation of the ecliptic around its
own axis, and the rising and setting which results from it is forward, since
the motion is in the direction of the sequence of the signs. The second mo-
tion of the ecliptic results from the rotation of its pole, which produces a
wobbling effect. As a result of this wobbling the whole plane of the ecliptic
moves back and forth. When the pole of the ecliptic moves from position
(1) to position (2) (figure 76), the western part of the ecliptic moves up, and
rises above the horizon, whereas the eastern part moves down and sets.
Now since this motion is in the direction of the sequence of the signs, the
rising and setting at position (2) is forward. As the pole of ecliptic moves
from position (2) to (3), however, the plane of the ecliptic wobbles back
from the east to the west, that is in the direction opposite the sequence of
the signs. Therefore, the rising and setting is backwards, which means that
the end of the sign rises or sets before its beginning.

The rising and setting of the rest of the signs follows a similar pattern,
and as the pole of the ecliptic moves from positions (2) to (3), and then to
(4), the four signs which have a forward rising set backwards, whereas the
four signs which have a forward setting rise backwards.

[32]-[33] Figure 79 illustrates this last case. Here the latitude of the lo-
cality is equal to 90°. The zenith and the north pole coincide, and thus the
declination circles, which are perpendicular to the equator, and the altitude
circles, which are perpendicular to the horizon, also coincide.
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It is clear from this figure that any day circle drawn parallel to the equa-
tor is also parallel to the horizon. Half the ecliptic is then permanently visi-
ble, while the other half is invisible. Now since the sun has a slower motion
in the apogee part of the ecliptic, therefore, it stays longer in that half, and
the duration of day light is longer than the duration of the night. Sadr gives
a difference of 9 days between these two sections, producing a daylight of
187 days, and a night of 178 days. This is in disagreement with the seven
days difference given in the Tadhkira and the Tuhfa (see Tadhkira, p. 281,
and Tuhfa, . 234r).

[34] Dawn and twilight are functions of the depression of the sun below
the horizon (see below, the chapter on dawn and twilight). When the lati-
tude of the locality is 90°, this depression is a function of the motion of the
sun on the ecliptic. Sadr indicates that as long as the sun is within a depres-
sion arc of 18° below the horizon, the twilight, or the dawn, are visible. By
using the sine rule, we can solve for the longitude of the sun corresponding
to this latitude, and this, according to Sadr, and also using accurate calcula-
tion, comes out to be 50°, which is almost equal to 50 days.

[35]-[36] It is clear from figure 79 that the rotation of a star parallel to
the equator, that is, its first motion, is parallel to the horizon, and therefore
causes no rising or setting of the star. The second motion of the star, how-
ever, is parallel to the ecliptic, and the path of the star during this motion
will intersect the horizon if the latitude of the locality is less than the oblig-
uity of the ecliptic. In this case the star rises and sets, whereas it is perma-
nently visible, or invisible, if the latitude of the locality is equal to, or
greater than the above obliquity.

Finally, if a star has no latitude, then it lies on the ecliptic, and half its
path is visible, while the other half is not.
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CHAPTER 15

[1] Ptolemy briefly discusses the risings, culminations, and settings of
the fixed stars in Book VIII of the Almagest (see Almagest, VIII, pp. 410-
413). The corresponding chapters in the later works are more elaborate and
include detailed description of this theory (for the corresponding sections
see Tadhkira, pp. 283-7, and Tuhfa, f. 237v-239v).

[2] Figure 80 illustrates the definitions in this paragraph: arc VB of the
ecliptic is the arc of equal degrees, while arc VA is the corresponding
oblique ascension of these degree.

FIGURE 80

For any locality on the terrestrial equator, the celestial equator is per-
pendicular to the horizon. Figure 81 shows the initial position where the
longitude of point V is zero. When V moves through a quadrature (figure
82), it coincides with the zenith Z of the locality, and both the pole of the
equator N, and the pole of the ecliptic P fall on the horizon. In this case the
degree of the ecliptic VB, and its ascension VA, are both equal to 90°.
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FIGURE 81

FIGURE 82

[3]-[5] If, in the above case, the vernal equinox moves through less than
a quadrature (figure 83), then VB > VA, and 90 - VB <90 - VA. The remain-
ing part of the ecliptic is then symmetrical with the first part, and the rela-
tion between the degree of the ecliptic and its ascension follows accord-
ingly.
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FIGURE 83

Now since the degree of the ecliptic is greater than its ascension on ei-
ther side of the equinoxes, then as long as this degree is less than a quadra-
ture, therefore, the sum of the degrees is greater than the sum of the ascen-
sions. The degrees of the ecliptic of a quadrature which incorporates an
equinoctial point are thus greater than the corresponding ascension. The re-
verse is true for a quadrature which incorporates a solstice.

[6] For a locality on the equator, the meridian is perpendicular to the
equator, and so is the horizon. The meridian is thus one of the horizons of
the equator. This means that the culminations of the ecliptic and the equator
are similar to the ascensions of both through the horizon. Similarly, a decli-
nation circle is perpendicular to the equator, and it may thus be one of the
horizons of the equator. Therefore, the transits of the ecliptic and equator
through a declination circle are similar to the ascensions of both through the
horizon.

[7] It is clear from figure 80 that as point V rotates from one side of the
horizon to the other, the degree of the ecliptic and its corresponding ascen-
sion on the equator will both be equal to 180°. Moreover, when VB is on the
side of the visible pole N of the world, then VB > VA, and 180 - VB < 180 -
VA. If, however, the ecliptic moves with respect to the equator such that VB
is on the side of the invisible pole of the world, then the degree of the eclip-
tic is less than its ascension, and the remaining part of half the ecliptic is
greater than its ascension.

[8]-[12] These paragraphs are respectively illustrated in figures 84, 85,
86, and 87, and are clearly explained and proved in the text itself.

[13] To illustrate this paragraph consider figures 88 and 89: in the first
figure, as a star crosses point V it falls on the side of the pole N with respect
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to the equator. It is clear that in this first case the degree of the ecliptic is
greater than its ascension (VB > VA). The mid point of the other half of the
ecliptic is point V' which is diametrically opposite to point V (figure 89).
The position of the ecliptic with respect to the equator in this second half
flips, such that as a star crosses point V" it falls on the side of the invisible
pole D of the world. It is clear from figure 89 that the degree of the ecliptic
in this case is less than its ascension (V'B' < V'A').

FIGURE 89

[14]-[15] For a discussion of these paragraphs see chapter 14 above.
[16] A star which has no latitude is on the ecliptic, and its degree on the
ecliptic coincides with it. Such a star culminates with its degree.
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Figure 90 shows a star S which has a latitude, in the case when the pole
P of the ecliptic falls on the meridian circle. Let the culmination point of S
be S’ on the meridian. Now if we draw the latitude circle from P through S’
then this circle coincides with the meridian. The meridian is thus perpen-
dicular to the ecliptic, and intersects it at point X, the degree of the ecliptic.
Therefore, the degree of the star, and the star itself culminate simultane-
ously.

FIGURE 90

In figure 91 the pole of the ecliptic is west of the meridian. The equal
degrees of the star is VX, point X being the intersection between the ecliptic
and the latitude circle drawn from P through S. The transit of the star is the
point of the ecliptic which culminates simultaneously with S; let this be
point Y. Point ¥ should therefore fall on the same declination circle NSY
which passes through the star S. Now it is clear from figure 91 that VY, the
degree of transit of the star, is greater than VX, the degree of the star, and
that the star culminates before its degree.
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FIGURE 91

[17] As long as the pole of the ecliptic falls north of the meridian, the
southern signs, that is the signs between, and including, Libra and Pisces,
ascend (for an illustration see chapter 14 above). Therefore, the signs be-
tween, and including, Sagittarius and Cancer culminate during this period.

The culmination of signs at different positions of the pole of the ecliptic
similarly follow.

[18]-[21] For localities on the equator, the ascension and descension of
stars, like those of the ecliptic, are similar to the culmination. For these lo-
calities, a star ascends simultaneously with its declination circle. Therefore,
when the pole of the ecliptic is on the horizon, this horizon coincides with
both the declination circle, and the latitude circle, where the degree of as-
cension and the degree of the star are respectively marked. The star and its
degree thus ascend at the same time.

If the pole of the ecliptic does not fall on the horizon, then the results of
the present paragraphs may be obtained by using an analysis similar to that
used for the transits.

[22] In figure 92, the degree of the sun is point S, while the point sym-
metrical to it is point S'. The degree of ascension of the star is point P, and
it is the degree of the ecliptic which ascends simultaneously with the star. If
P is between S and S’, then the star rises after the sun, and its ascension oc-
curs during daylight. If P is between S’ and S, then the planet ascends dur-
ing the night.
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FIGURE 92
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CHAPTER 16

[1] In the Almagest, there is no chapter devoted to time reckoning, al-
though parts of Book II have some bearing on this question, namely the
sections on rising times and oblique ascensions (see Almagest, 11, pp. 90-
104; also for a discussion of time reckoning in the Almagest see HAMA,
pp- 40-43, and Pedersen, pp. 114, 124-125). On the other hand, separate
chapters on time reckoning do exist in similar earlier Arabic sources (for the
corresponding, but different chapters see Tadhkira, p. 299-303, and Tuhfa,
f. 248v-258r).

[2]-[5] Since, during its yearly motion, the sun moves on a deferent
which is eccentric with respect to the center of the earth, therefore its speed
varies from a maximum at perigee, to a minimum at the apogee of the eclip-
tic. Also, during its daily rotation along a circle which is parallel to the
equator, the sun does not return to its starting point on the ecliptic, but to a
point which is slightly displaced with respect to the first position. This dis-
placement results from the motion of the sun along the ecliptic, and it has a
mean value of 0;59° per day. As a result, the sun rises from a different point
on the horizon, such that the difference between the ascensions of any two
arcs through which the sun moves at any two points in time, is equal to the
ascension of the arc of the ecliptic covered by the sun between these two
points.

It is clear that the motion of the sun varies as a result of the variation of
its speed on the ecliptic, as well as the variation of its ascensions.

Now, a mean day is posited, namely the time taken by the sun to return,
after its daily rotation, to a point on the meridian. To obtain the full arc of
motion of the sun during such a rotation, however, an additional arc should
still be added, and this is the mean motion of the sun along the ecliptic in
one day. The reason the meridian is chosen as the reference point is that the
meridian is one of the horizons of the terrestrial equator. This means that, at
any locality, the degree of the ecliptic, and the degree of transit always dif-
fer by a fixed value, whereas ascensions differ for various degrees.

The variation of the speed of the sun along the eccentric deferent in-
creases in one half of its path, and decreases in the other half. The ascen-
sions of the different arcs of the ecliptic, on the other hand, are accumula-
tive, and alternate from additive to subtractive every quadrant (see the chap-
ter on ascensions above). Now, since the quadrants where the motion of the
sun increases or decreases, do not coincide with the quadrants where ascen-
sions increase or decrease, the compounded effect of the above two varia-
tions, depends upon the relative positions of the different quadrants with re-
spect to each other, as clearly illustrated in these paragraphs.
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Sadr also discusses here the equatorial degrees of time, and the corre-
sponding equal hours, as opposed to the temporal or unequal ones. Sadr
mentions that in reality an equal hour is not 15 (time) degrees, but rather 15
plus a fraction which corresponds to the motion of the sun along the ecliptic
during one hour. This will be the mean daily motion of the sun along the
ecliptic, i.e. 0;59°, divided by 24, which is approximately equal to 0;2,30°.

[6]-[8] These two paragraphs briefly, but clearly, discuss some of the dif-
ferent systems for determining months and years. The sections are self ex-
planatory and require no further elaboration.
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CHAPTER 17

[1] The discussion of dawn and twilight is unique to the Islamic tradi-
tion, and is one of the cases where existing astronomical principles are ap-
plied to the solution of a problem of specific cultural significance, namely
the problem of finding the times of the morning and evening prayers (for
the corresponding sections see Tadhkira, pp. 295-9, and Tuhfa, f. 243v-
248v; also for a discussion of the related problems of the duration of dawn
and twilight, and the height of the atmosphere see respectively, Kennedy,
1983, pp. 284-292, and King and Saliba, pp. 445-466).

[2]-[4] Sadr sets out to explain in these paragraphs when and why dawn
becomes visible for an observer at point O. Sadr’s descriptive explanation is
not always clear; to illustrate his approach consider figure 93: circle ZHKS
is an azimuth circle which passes through the center S of the sun. The plane
of this circle also passes through the center E of the earth. Points falling in-
side triangle ABG are dark, and hence not visible, since they fall within the
shadow cone of the earth. Now, the atmosphere reflects some of the light of
the earth, and as a result of this reflection parts of the atmosphere are illu-
minated before the sun actually crosses above the horizon of the locality.
Also the atmosphere has variable density, and the closer it is to the surface
of the earth, the denser it becomes. Sadr, like his predecessors before him,
maintains that only dense air reflects the light of the sun, and therefore, the
rays should be close enough to be seen by point O. This means that the up-
per side BA of the shadow cone should intersect the real horizon NOM at a
close enough point M, which marks the beginning of dawn. This point is
found by observation to correspond to a depression of the sun of around 18°
below the horizon (for the corresponding 18° figure see Tadhkira, p. 297,
and Tuhfa, f. 243v).
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Sadr also maintains that point P is closer to the observer at O than M,
hence visible at O when M is not. That, according to Sadr, may explain
false dawn.

To explain true dawn, Sadr has to assume that stronger light overcomes
the vapor effect and makes point M itself visible, but P more so.

[5]-[6] In these paragraphs, Sadr discusses the duration of dawn and twi-
light at different localities. For a locality at the equator, for example, and
when the sun is at one of the equinoctial points, the dawn lasts for an hour
and a fifth. This is true because, at the above locality, the equator is per-
pendicular to the horizon, and it is thus an altitude circle; and since the de-
pression of the sun when it first starts to illuminate the atmosphere is 18°
measured on this same altitude circle, the time taken for the sun to rise
above the horizon is 18° + 15°hour, which is one hour and a fifth.

(For further discussion of the duration of dawn and twilight see
Kennedy, 1983, pp. 284-292.)
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CHAPTER 18

[1] This chapter deals with two problems: the first is finding the local
meridian, and is a simple problem of general mathematical interest. The
second is finding the direction of the gibla. Clearly, this second problem is
a distinctly Islamic one that had engaged many Muslim astronomers over
the years. Many methods were developed to solve this problem of spherical
trigonometry, some of which were approximate, while others were accurate.
Whether approximate or precise, however, one expects some discussion of
the problem to appear in general astronomical handbooks similar to Sadr’s
(for the corresponding chapters see Tadhkira, pp. 307-9, and Tuhfa, f. 262r-
265v; on methods for finding the local meridian see for example, Kennedy,
1983, pp. 613-617; on methods for finding the azimuth of the gibla see for
example, king, 1975, king, 1979, and Berggren).

[2]-[4] These paragraphs discuss two different methods for leveling the
ground. Figures 94 and 95 are sketches of the two instruments which are
used in this leveling. The discussion is simple and does not require further
elaboration.

[5] Figure 96 illustrates this paragraph; the two positions of the sun are P
and P', and their altitudes above the plane of the horizon are equal. The
shadow cast by the spike or gnomon when the sun is at point P intersects
the circle at R, while the shadow cast when the sun is at P’ intersects the
circle at Q. It is easy to show that line QR is parallel to the east-west line,
and therefore, the local meridian, or the meridian line, is along the line con-
necting the midpoint of arc QR to the center O of the circle.

0 A
\/

Q
~

Horizon

FIGURE 96
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[6] The alternative method proposed in this paragraph is equivalent to
the first one, because the altitude of the sun is the same for the two equal
shadows. On the other hand, the optimal speed of growth of the shadow is
when the length of the gnomon is half the radius of the circle. Therefore,
when the shadow enters or exists the circle, it is double the size of the
gnomon. Around this ratio, the speed of growth of the shadow is fast
enough, but not too fast to locate.

[7]-[9] The discussion in these paragraphs has no equivalent in the
Tadhkira, and its parallel in the Tuhfa is much shorter (see Tuhfa, f. 263v-
264r). Other works on finding the local meridian, such as a similar, but
more elaborate method discussed by the eleventh century scholar Biriini,
take note of the approximation involved in the above method which does
not account for the proper motion of the sun, and indicate that the variation
resulting from this error is minimal around solstice (see Kennedy, 1983, p.
617).

In figure 97, the midday altitude QM is determined by the intersection of
the day circle SM with the meridian circle. QM is equal to the altitude OB of
the equator minus the declination BM of the sun for that day. When the
ecliptic is on the other side of the equator, the declination is added rather
than subtracted. It is clear therefore, that the midday altitude is a function of
the declination of the sun. Now as the sun moves along the ecliptic, the
declination changes, and his change is minimal when the sun is closer to the
solstice.



450 COMMENTARY

FIGURE 97

To illustrate this last point, Sadr calculates the change in declination dur-
ing one day of motion of the sun away from the equinox, and then he calcu-
lates the change during three days’ motion of the sun away from the sol-
stice. The results are fairly accurate, and clearly indicate the advantage of
finding the local meridian when the sun is near the soistice.

[10]-[13] These paragraphs discuss some simple and approximate meth-
ods for finding the direction of the gibla.

The first two cases are easy special cases in which Mecca, and the local-
ity in consideration have either the same longitude or the same latitude, and
the direction of Mecca is as described in the paragraphs.

The first method for finding the direction of Mecca in the general case
when the latitudes and longitudes are different, is an approximation which
was frequently used by Muslim astronomers. A discussion of this method
can be found in King, 1979.

The second method which employs the astrolabe proceeds by placing the
solar position at the meridian line of the astrolabe, that is, along the circle
which passes through the zenith of the locality. This point is then moved
through an angle equal to the difference in longitudes between Mecca and
the locality, at which point the corresponding altitude of the sun is found.
Now, given that the solar position in question is the point of the ecliptic at
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which the daily circle of the sun passes through the zenith of Mecca, the
eastern altitude of the sun at that position is, therefore, equal to the altitude
of the zenith of Mecca above the horizon of the locality. The equal western
altitude of the sun casts a shadow in the plane of the great circle passing
through the zenith of the locality and the zenith of Mecca. Hence it points in
the direction of the gibla.

Finally, the latitudes and longitudes of Mecca given By Sadr are similar
to the ones given in the Tadhkira (p. 307-9) and the Tuhfa (f. 264v) (on ge-
ographical coordinates of localities in Islamic sources see Kennedy, 1987,
especially p. 226 for the coordinates of Mecca, and pp. 82-83 for those of
Bukhara; it should be noted that none of those sources gives the exact coor-
dinates used by Sadr). Moreover, at 7° of Cancer, or 23° of Gemini, the
longitude of the sun away from an equinoctial point is 67°. Thus, for an
obliquity of the ecliptic of 23;35°, the declination of the sun for the above
longitude is 21;36°, as opposed to 21;40° given by Sadr.
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