Al-Birini: The plate of the eclipses

FLORA VAFEA

ABSTRACT: This paper focuses on an extract from the treatise of al-BirGini (973-1048 AD)
Comprehension of the possible ways for the construction of the astrolabe, where “the
plate of the eclipses” is described. This is a device that can be attached on the back side of
the astrolabe. It consists of a plate, engraved on both sides, and a grid that can be attached
to either side of the plate and can rotate upon it. Given the date of the lunar month, one
can find the time of the moon rising and the phase of the moon, using the front side of
the plate. Knowing the latitude of the moon at the opposition, one can determine whether
there will be a lunar eclipse or not, using the back side of the plate, and can also estimate
the magnitude, start time and duration of the eclipse. The results are approximate.
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INTRODUCTION

In the last three chapters of the treatise of al-Birint Comprehension of the possi-
ble ways for the construction of the astrolabe,' he describes in detail the construc-
tion of three devices that can be attached on the back side of the astrolabe. All of
them are related to the moon.

The first one, called “the receptacle of the moon”? is a mechanism with gears
that displays the positions of sun and moon in the Zodiac, the day of the week, the
date of the lunar month and the phase of the moon. Four different models are
presented, all of them giving approximate results, as al-BTrGinT mentions.

1. There is an Arabic edition of this work: Al-Biruni, Ist7 ‘ab al-wujih al-mumkina fi san‘at al-
asturlab (ed. al-HosaynT), Mujam‘a al-buhath al-islamiyya, Meshhed, 1422 H (2001).

2. The corresponding text of al-BirlinT has been edited and translated into English by Donald R.
Hill, “Al-Birani’s Mechanical Calendar” in Annals of Science, 42 (1985), pp. 139-163. There is also
an older description of this instrument in Eilhard Wiedemann, “Ein Instrument, das die Bewegung

—39

von Sonne und Mond darstellt, nach al-Birtni”, in Der Islam, 1913, vol .4, issue 1, pp. 5-13.

Suhayl 15 (2016-2017), pp. 297-354



FLORA VAFEA

The second one, called “the plate of the eclipses”, is described by authors of
the 9" and 10" centuries AD .3 It is a plate equipped with a grid that can be at-
tached to either side of the plate and can rotate upon it. This instrument can il-
lustrate the phase of the moon and tell the time of the moon’s rising, if the date of
the lunar month is known. It can also help in predicting lunar eclipses, if the lati-
tude of the moon at the opposition is known, and provide additional information
concerning the magnitude, start time and duration of the eclipse. The results are
again approximate.

The third one is an instrument designed for determining the lunar crescent’s
visibility. The instrument comprises a plate and a grid. On the plate, the arcs of
equal ecliptic longitude and the circles of equal ecliptic latitude from —5 to +5
degrees are depicted through a stereographic projection. The plate can be used for
all geographic latitudes. The grid contains one or more arms, each constructed
for a certain latitude. Each arm is confined by the horizon and the almucantar of
depression -10° corresponding to that latitude. Al-B1riinT uses references of previ-
ous authors, according to which the crescent is visible when the difference of al-
titude / depression between the moon and sun at the moment of the moon’s setting
is equal to or greater than 10°.

Here the second device will be examined.

The present study includes:

(1) The Arabic text edited from 3 manuscripts:
A (1): Istanbul, Topkapi Saray Ahmet III 3505/ 7,661 H, ff. 213%-216".
T (&): Tunis, al-Zaytina 5540, 614 H, ff. 52V-54".
M (p): Teheran, Majlis al-Shara 1926/1, 11* century H, pp. 124-129.
The following manuscripts have been also taken in consideration:
B (o): London, British Library Or. 5593, 8" century H, ff. 84¥-87".
S (uv): Philadelphia, Schoenberg Collection, LIS 478, 625H/1228AD, ff.
63™-65".
L (J): Leiden Or. 123/2, 676 H, ff. 207-22".
N (y): Teheran, Majlis al-Shara 6516/1, 11* century H, ff. 65¥-6974
Q (@8): Cairo, Dar al-kutub K 8528, 1014 H, ff. 70"-73".

3. A short reference to this instrument appears in Wiedemann, “Ein Instrument, das die Bewe-
gung von Sonne und Mond darstellt, nach al-Birani”, in Der Islam, p. 13.
4. The manuscript is not foliated.
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The Arabic text is also compared with the edition by al-Hosayni.

(2) Translation of the above text with additional figures

(3) Commentary on the text, attached to the end of the translation

(4) An animation through a PowerPoint show, where the use of the device is
demonstrated. It can be downloaded from http://tinyurl.com/plate-of-eclipses

The transliteration of the Arabic letters that correspond to points on the draw-
ings is according to the following pattern:

| A
< B
d C
d H
o D
J R
J Z
o S
P W
b J
¢ O
© F
3 Q
J K
J L
e M
O N
- E
S I
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TRANSLATION
Construction of the plate of the eclipses

As for the plate of the eclipses, Nasttlus's” al-Asturlabl and al-Husayn's® ibn
Muhammad al-Adami were concerned with it and ‘Utarid ibn Muhammad al-
Hasib completed its instruction. For this I preferred among them to describe what
‘Utarid has elaborated on. Since this plate has two sides and is connected with a
grid like the spider, it is possible that a limb be added on the back side of the ma-
ter of the astrolabe, enclosing this plate with its grid. They can be kept''s® to-
gether amongst the plates of the astrolabe, situated somewhere beneath them,
until needed; they then come out to its exterior and this is recommended for the
chosen procedure.'6°

Let the plate be the one surrounded by the circle ABCD (figure 1), on center E,
and AC, BD be two diameters that intersect each other at the center at right angles;
we presume that each of the arcs AR, BH is 1/6 of the circle. We draw (the straight
lines) ER, EH'" and we also draw (the straight line) CR that intersects EH at the
point J and EB at K. Then on center K we describe a circle tangential to the line ER
at the point W, and on center J a circle the same size as the one drawn on center K,
which touches CE; the two circles touch each other at the point I.

We take EM equal to EK and we describe, on center M, a circle SLF equal to
the circle drawn on center K. Then we describe, on center E and radius ES, an arc
that touches the two circles drawn on centers J, M on the side of the center of the
plate and this is the arc NS. We also draw, on the center E and radius EF, an arc
that touches those two circles on the side of the circumference of the plate; this is
the arc FO. We similarly draw the arc WQL on center E and radius EW. Then we
divide each one of the two arcs WQ, QL into 12 equal divisions and we write their
numbers above them, somewhere between them (the divisions) and the arcs
drawn around them on center E, as occurs with the drawing of the degrees of the
limb and the degrees of altitude and what is similar to them (lggs Log).

157. ‘Nasttalus’ in B: ‘Basttlus’, in T, M, S, Q without dot on the first letter “’, in N: ‘Lasttlus’.
158. ‘al-Husayn’ in M, B, L, N: ‘al-Hasan’.

159. In dual form here.

160. Lit. ‘for the choice preferred’.

161. ‘ER, EH’ (g ¢,2) in M: ‘EZ, EC’ (= ¢32).
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We color the two circles J, M black with stmsukhtaj > and we plate with sil-
ver the empty space which is between them up to (3 J)) the arcs NS, OF. We
write “the hours of the moon rising during daytime” above the divisions of WQ,
and “the hours of the moon rising during nighttime” above the divisions of QL.
We call the circle K “solar disc” (uwe-idl ¢Us) and we write that on it (the plate).
This is its figure and the figure of it when completed. '3

B

solar disc
K

FIGURE 1: The front side of the plate.

Then we prepare a plate for the grid, equal to the size that we have constructed
it (the first plate), and we increase its thickness, to become stronger and firmer.
Let ABCD be the circle that is on its circumference (figure 2), equal to the circle
ABCD on the first plate. We redraw on it the two circles drawn on the centers K,
M and we draw the lines EWR %4 EJ tangent to the circle K. We take each one of
the arcs RH, JI equal to '/, of the arc BR and we draw (the straight lines) EI, EH.

162. Simsukhtaj is a Persian compound word including s7m (e+w) — the old Persian word for
«silver» —and sukhtaj (gis2) —the old form of the Persian verb 4. that means «burnt». The literal
translation of the compound word is «Burnt Silver», but in old Persian it was used as a metaphor
that means «Pure and Fine Silver». I am thankful to Mr. Pouyan Rezvani for providing me with the
information on this term.

163. In M there is the following additional sentence: Understand to get the truth / to be correct
(coad ¢438), if the Exalted God is willing.

164. ‘EWR’ (ja2) in A: ‘EWN’ ((pan).
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Then we describe a circle, on center E and radius equal to the chord of half the arc
RH; this will be for the ringlet that connects the grid to the pole. Then we open
the compass at the length of the chord of 10 degrees of the circle ABCD, when it
is divided into 360 degrees, and we describe an arc on center E and radius equal
to that opening. Let its intersection with the line ER'% be the first pointer of “dis-
tance”, and its intersection with the line EJ be the second pointer of “distance”.
We determine (J==5) EF on the line EC at the length of the opening of a chord of
15 degrees; the point F will be for the pointer of the latitude of the moon.

We take AL equal to the length of the opening of the chord of 5 degrees, and we
describe a semicircle on center E and radius EL; the band between it and the semi-
circle ABC will be for suspending from it what is necessary to be suspended among
the pointers and not only those. We take HO equal to the length of the opening of the
chord of 7 degrees and we draw the arc ON, on center E and radius EO, up to the line
EJ; the point O will be for the pointer of the hours of half the time of the eclipse and
the totality (lit. stay), and point N will be for the pointer of the number of the adapted
digits of the eclipse. We take RS equal to the length of the chord of 11 degrees; point
S will be for the pointer of the hours of the beginning of the eclipse.

Pointer of the hours of the begining of the eclipse

Pointer of the B
hours of half the
time of the ecplipse
and the totality

Pointer of the adapted
digits of the eclipse

Pointer of the hours
of moon rising
during nighttime
and daytime
+ Pointer of the
hours of totality

20d pointer
of distance

Pointer of the
latitude of
the moon

15t pointer
of distance A

Circle showing
the increase and
decrease of light

on the moon

FIGURE 2: Construction of the grid.

165. ‘ER’ (,») in M: ‘EZ’ (3a).
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Then we take a length of 3 degrees of the circle from point W, which is the point
of contact, on the line WE. We draw an arc, on center E and radius (equal to the
distance of E from) the position where we have terminated, which starts from
the circle K in the direction of A, until it arrives at the diameter AEC. We reduce the
opening of the compass by the length of 3 degrees as well, and we similarly draw an
arc, on center E, starting from the circle K and finishing at the diameter AEC; this
will be the arc of the pointer of the hours of moon rising during nighttime and day-
time and the pointer of the totality (lit. stay), because these two pointers are com-
bined into one. For this reason we construct this pointer at the intersection of this arc
with the circle K, but not so far outside of it and we suspend it from the arc.'%

Then we cut out the semicircle ABC and we leave half the ringlet (.J8) of the
pole on it, connected with its diameter with the semicircle ADC, and we leave the
ring/band (&3skll) which is surrounded by the semicircle ABC and the semicircle
drawn on center E and radius EL. We write on the circle K'%7 falak al-jawzahar'®®
and we suspend it (this circle) from this band at the closest place to it, and we also
leave the arc of the pointer of the hours of moon rising on it, connected with the
falak al-jawzahar and from the radius AE'. We suspend the first pointer of “dis-
tance” and the second pointer of “distance” from the ringlet, and the pointer F'7°
that is for the latitude of the moon from the radius EC. We suspend the pointers
0O, S, N from the ring in the best position and estimate what we can. Then we cut
out the circle M'7'; this is for the presentation of the increase and the decrease of
the light on the celestial body of the moon.

One of the craftsmen increases the width of the plate and draws the whole diam-
eters RE'72, JE as tangents to the two circles K, M (figure 3). Then he divides what
is between point R'73 and the position of the endpoint of the diameter JE, in the

166. This is pointer T in figures 2, 3, 4,7 and 9.

167. ‘K’ (5)inA,M,B,Q,L,N: ‘C’ (=) in T, S: ‘H’ (). There are no circles on C or H. Prob-
ably ‘S’ (K) had been misunderstood as an overlined ‘>’ by a scribe.

168. falak al-jawzahar (,»)e=J) €ll8) is a circle corresponding to a cross section of the cone of
earth’s shadow, at the point where the moon enters this cone.

169. ‘AE’ (o)) in A, M: ‘DE’ (s)).

170. ‘F’ (&) in M: ‘N’ (o).

171. ‘M’ (p) in A, T, B, Q,L: 'L’ (J),in S: ‘RK’(S,), in M and N almost a line has been omitted.

172. ‘RE’ (o) in A, T, B, S, Q, L: “HE’ (2 ), in M: CE (» ), in N: ‘EH’ (¢ ¢). Since ER is
tangent to the circle (K, KW) and EH has no points in common with this circle, the radius ER of the
circle should be extended to a diameter.

173. R’())inA,T,B,S,Q,L,N: ‘H’ (), in M: ‘C’ (»).
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Al-Birant: the Plate of the Eclipses

Pointer of the hours of the begining of the eclipse

Circle showing

the increase and

decrease of light
on the moon

FIGURE 3: The grid with the extended rim.

Pointer of the adapted
digits of the eclipse

2 pointer

of distance

Pointer of the
latitude of
the moon

semicircle BAD, into 30 equal parts and he writes their numbers on it, in the form

of the limb; they are for the days of the full month. He divides what is between point

J and the position of the endpoint of the diameter RE'74, in the semicircle DCB'73,

into 29 parts and he writes on them their numbers; they are for the hollow month.
This is its figure and the figure of the cut out final form (figure 4).

FIGURE 4 : The final form of the grid.

174. ‘RE’ (5,) in A, T, B, Q, L, N: ‘HE’ (» ¢), in M: ‘CE’ (» ), in S: ‘EH’ (¢ o).
175. ‘DCB’ (wzs) in M: “DCL (Jss).
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Then we reverse the first plate to its other side, on which we made nothing,
and we draw, on its center, a circle exactly above (dwlus) the circle ABCD on the
other side and equal to it (figure 5). Let ABCD be the circle and we draw on it
the diameters AEC, BED with a double ruler for matching the diameters on the
two sides. We draw the circle K on it, in the form we have drawn it on the other
side and on the grid as well, and we call it the “lunar disc” (<&l ¢ls). We draw on
it the circular paths'7® of the pointers that are on the grid, taking with the compass
the distance between the center and that pointer and we describe a circle on cent-
er E and radius equal to that opening on this plate; it will be the circular path of
that pointer. We also draw a circle on center E and radius EK that cuts the arc
RKH'™7 from the circle of the lunar disc and we divide it into 12 equal divisions.
On the lunar disc, on center E, we draw an arc of a circle greater than the circle
passing through point K, so that the 12 lines of divisions will lie somewhere be-
tween it and the divided arc, and another arc of a greater circle above it, in order
to write the numbers of the divisions somewhere between this arc and the arc
below it, using the letters of the alphabet,'”® as it occurs in the drawing of the divi-
sions of the limb and the like.

Then we take the arc HJ equal to the size of '/, of two arcs RKH'7, and we
mount the grid on this side of the plate in a matching assembly, where the diam-
eter of the grid is on the two diameters of the plate,'®* and the falak al-jawzahar
covers the whole “lunar disc”. On the circular path'®' of every pointer which is to
the left of falak al-jawzahar, namely in the direction of point A, we put the first
mark (of it) at the position of the pointer. Then we rotate the grid until the right
edge of falak al-jawzahar, which was congruent with point R*?, comes to point
J, and then we put a second mark on the position of the same pointers on their

176.In A (Olpls), M (Blgs) “circles” , in T (olyuws) “circular paths”.

177. ‘RKH’ (5)) in M: “ZKC (55).

178. abjad numbers.

179. “/3 of two arcs RKH’ in T, L: “'/; of arc RKH’ (¢S (ws3 &u5), in M: “1/5 of arc KC” (=S wgd EuI5),
in N: “'/; of arc KH’ (&5 w3 &I5), in A /5 of two 2 arcs ZKH’ (55 qus3 Cb5). In all cases only one
arc is mentioned, even if dual form is used. The meaning should be “*/; of arc RKH’. For further
discussion see the Remarks, 3.

180. The “two diameters” could refer to the diameter AC drawn on the front and back side of
the plate.

181. There is an additional ‘AE’ in M.

182. ‘R’ () in M: ‘Z’ (3).
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FIGURE 5: Construction of the back side of
the plate.

circular paths on the plate; so we know the two endpoints'®3 of each arc traced by
those pointers.

We draw, on center E above each one of those arcs, another (arc) similar to
it, so that the lines of the divisions that divide it lie somewhere between the
two arcs, and we write the numbers somewhere between the lines of those di-
visions.

Then we divide the arc described by the first pointer of “distance” into 12
equal divisions and we put the first pointer of “distance” on each one of those
divisions. We put a mark for each position on the spot of each one of the point-
ers that are to the left of falak al-jawzahar until we cover the 12 divisions.
Each one of the arcs described by those pointers is divided into 12 divisions.
We write the numbers of them on the divisions of the arc for the first pointer
of “distance”, in the natural order from I to 12 starting from the lower part of
the arc, namely the endpoint that is closer to point D on the plate. We also
write what is related to it on the table, on the divisions of each arc. For every
arc we start from the lower endpoint with the entry that corresponds to it on
the table, until the divisions of all of the arcs that are depicted by the pointers
have been filled.

183. Lit. the two endpoints become known to us.
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When we finish with this half, we return the grid to its place, so that falak al-
Jawzahar covers the lunar disc. We separate an arc RM'84 equal to the arc HJ and
we do the same with the positions of the pointers situated to the right of falak
al-jawzahar as we did with those to the left of it. We engrave the corresponding
entries of the table onto the divisions of the arcs that we have drawn following the
movement of the pointers, namely: the entries, corresponding to the first number
of “distance” on the table, are placed at the endpoint (of the arc onto the plate),
which is determined by the first number of “distance” on the plate; each entry is
put on the arc traced by the corresponding pointer. Then we color black the lunar
disc except for the places of the divisions and their numbers. We mount the grid
on the plate, we pass them over the pole of the astrolabe and we secure them with
the horse-wedge, if the Exalted God is willing.

This is its figure and the figure of the finished (model) —figure 6— and the
table that includes the calculated quantities (table 1).

FIGURE 6 : The back side of the plate.

184. ‘RM’ (p) in Az “ZM’ (p3).
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The table*
Adapted HOWS, of Hours of Hours of Moon
“Distance” digits' the 'ecll'pse totality3 the v'vhole latitudes
beginning? eclipse*

digits | min h min | h min h min min
I 19 41 1 58 - 52 - - 4
2 17 48 1 56 | — 48 - - 12
3 15 | 56 I 54 |- 43 - - 16
4 14 3 I 51 | — 32 - - 22
5 12 10 I 46 | — 28 - - 28
6 10 15 I 41 - — — 31
7 8 24 I 34 |- v - - 37
8 6 29 1 24 | - %‘ - - 42
9 4 36 1 16 | — i; - - 46
10 2 4 | o 56 |- 5 - - 52
IT 1 20 0 37 - = - - 58
12 0 10 0 17 | = - - 60

TABLE 1: The table of the eclipse.

* This table is recalculated as table 6 in Remark 2.

1. Since the diameter of the falak al-jawzahar, namely the cross section of the earth’s shadow
cone, where the moon enters this cone, is greater than the apparent diameter of the moon, the lunar
eclipse may have a magnitude greater than the 12 digits of the lunar disc (see figure 11). The entries
of this column correspond to the numbers indicated by pointer N.

2. The entries of this column give the times between the beginning of the eclipse and the op-
position. These entries correspond to the numbers indicated by pointer S.

3. The duration of the complete obscuration of the lunar disc, in case of a total lunar eclipse. The
entries correspond to the numbers indicated by pointer T.

4. There are no entries for this column on the table in the manuscripts A, T, M, B, S, L, while the
table does not exist in manuscripts N and Q. The title of this column is “Hours of emersion” in B,
while in S the title is omitted. The title should have been “the hours of half the time of the eclipse and
totality” and the entries should have been the numbers indicated by pointer O, according to the text.

5. Only the latitude of the moon is taken in consideration in the construction of the table. Such
other important variables as the distance between the earth and the moon, hence the velocity of the
moon, and the distance between the sun and the earth have been ignored. The entries correspond to

the numbers indicated by pointer F.
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The plate of the (lunar) eclipses — Commentary

The importance of the prediction of lunar eclipses was the incentive for the astrolab-
ists to invent and construct a plate for the astrolabe to predict the lunar eclipses. This
plate not only helps to predict the eclipses, but also to determine important values,
such as the magnitude, start time and duration of an eclipse. The plate of the lunar
eclipses is a double-sided plate connected with a grid that can rotate above both sides
of the plate. It is stored among the other plates of the astrolabe and can be attached
onto the back side of the astrolabe when in use. If someone wants to examine wheth-
er there will be a lunar eclipse using the plate, he must know the latitude of the moon
at the moment of the opposition. One side of the plate is for the lunar eclipses, while
the other side depicts the phases of the moon and estimates the time of moon-rising.

Al-B1roinT mentions that this plate has been worked out by Nasttlus al-Asturlabi,
al-Husayn ibn Muhammad al-Adamt and ‘Utarid ibn Muhammad al-Hasib (9™
-10'" century).

Nasttlus had invented the crab astrolabe, according to al-Sijzi and al-BirtinT,
and the hours on the alidade, according to al-Sijzi.'85 The signature of Nasttlus,
without any dot on the first letter ‘(’, has been identified on three astrolabes (in
Kuwait, Cairo and London) and on a peculiar instrument that can determine the
longitude of the sun, the time in seasonal hours according to the altitude of the sun
and the meridian altitude of the sun throughout the year in Baghdad.”®® D. A. King
refers to a manuscript in a private collection that preserves descriptions of a univer-
sal sundial and a luni-solar gear mechanism by Nasttlus."®” The omission of the dot
in the initial letter of Nastlus’ name on the astrolabes and manuscripts has caused
a long debate over whether the correct name is Nastilus (ywghus) or Basttlus
(ushwo). It seems that the correct name is Nastilus, which is another form of the

185. See Al-Birtni, Ist7‘ab al-wujith al-mumkina ft san‘at al-asturlab (ed. al-Hosayni), p. 122;
D. A. King, “A note on the astrolabist Nastulus/Bastalus” in Archives Internationales d’Histoire
des Sciences 28 (1978), pp. 115-118; and D. A. King, In Synchrony with the Heavens — Studies in
Astronomical Timekeeping and Instrumentation in Medieval Islamic Civilization, 2 vols, Leiden:
Brill, 2004-2005, v. I, pp. 471-2.

186.D. A. King, “An Instrument of Mass Calculation made by Nasttlus in Baghdad ca. 900”
in Suhayl 8 (2008), 93-119. There are detailed descriptions of the astrolabes in Kuwait and Cairo in
D. A. King, In Synchrony with the Heavens, XIllc-3, v. IL, pp. 470-484.

187.D. A. King, “An Instrument of Mass Calculation” in Suhayl 8 (2008), p. 98.
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name Nastlirus, a name in use in 10" century Egypt.'88 In the eight manuscripts
examined for this study, the form Nasttlus appears in two of them (A, L), the form
Basttlus in one (B), in manuscript N the name is written as Lasttlus, while there is
no diacritic dot on the initial letter in the remaining four manuscripts (T, M, S, Q).
The extract of the manuscript Mulla Firtiz 86/3 in Mumbai (6™ ¢. H), presented by
Sezgin in GAS VI p. 288, gives indications that it contains instructions for the use
of the plate of eclipses, written as *“g 811 &Y b1 — the lunar astrolabe — and men-
tions that it was invented by Nasttlus in 280 H (893-4 AD)."® According to the
description of the manuscript, the third track “is all about the moon, its phases, and
the observation of its eclipses with the lunar astrolabe” .’

Al-Husayn ibn Muhammad al-Adam1 is mentioned by al-Nadim as author of
a book on sundials.’! In the Book of the Categories of Nations, Sa‘id al-Andalust
refers several times to al-Husayn ibn Muhammad ibn Hamid, known as ibn al-
Adami,'9> who wrote the zij Nazm al-‘igd following the Sindhind tradition. This
work was completed by his student al-Qasim ibn Muhammad ibn Hisham al-
Mada’ini, known as al-‘Alawi, in 338H/ 949-50 AD."93

In the entry Adamt of the Biographical Encyclopedia of Astronomers, Adami and
Ibn al-Adam are presented as two different persons, father and son; Adamf is noted

188. See Brieux & Maddison, “Basttlus or Nastilus? A note on the Name of an Early Islamic
Astrolabist” in Archives Internationales d’Histoire des Sciences 24 (1974), pp- 157-160; D. A. King,
“A note on the astrolabist Nasttlus/Basttlus” in Archives Internationales d’Histoire des Sciences 28
(1978), pp- 115-118; D. A. King and Paul Kunitzsch, “Nasttlus the Astrolabist Once Again” in Ar-
chives Internationales d’Histoire des Sciences 33 (1983), pp. 342-343; D. A. King, “An Instrument of
Mass Calculation” in Suhayl 8 (2008), pp. 96-99.

189.F. Sezgin, (GAS) Geschichte des arabischen Schrifttums, v. VI Astronomie, Leiden: Brill,
1978, pp- 178-179 and 288. The Arabic text of this manuscript has been edited and translated into
English by Johannes Thomann, as Appendix III in “Astrolabes as Eclipse Computers: Four Early
Arabic Texts on Construction and Use of the saftha kusiifiyya” in Medieval Encounters, 2017/2 (in
press).

190. Edward Rehatsek, Catalogue Raisonné of the Arabic, Hindostani, Persian, and Turkish
Mss. in the Mulla Frriiz Library, Bombay: Managing committee of the Mulla Firtaz Library, 1873,
pp-43-44.

191. See Gustav Fliigel, Kitab al-Fihrist, 2 vols, Leipzig: Vogel, 1871-72, vol. 2, p.280; the
complete name is Aba ‘Alf al-Husayn ibn Muhammad al-Adam.

192. Sa‘id al-Andalusi, Kitab Tabaqat al-’Umam, edited by P. L. Cheikho. Beirut: Imprimerie
Catholique, 1912, pp. 13, 49, 57-58.

193. In note 1, p. 58, Cheikho gives as correct the date 308 H that corresponds to 920-21 AD.
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for his work on instruments (sundials and the disc of eclipses), while Ibn al-
Adam1 wrote the zij Nazm al- ‘igd."** On the other hand, D. A. King mentions that
Ibn al-Adami compiled set of tables for vertical sundials,'95 and Sezgin presents
both the zij Nazm al-‘igd and the book on the sundials as works of one person
called Ibn al-Adami. '9

‘Utarid ibn Muhammad al-Hasib is mentioned by al-Nadim as the author of
books on the use of the astrolabe and the armillary sphere, while Sezgin notes that
his astronomical works are apparently lost. 97

Al-BiranT gives a detailed description of the construction of the plate and the
grid, but he does not explain how to use it. The device can be constructed follow-
ing the description. Figures 1, 6 and 4 or 3 can be used to produce a model of the
plate of eclipses.

Outline of the device

On the front side of the plate (figure 1) on the lower and the right side, there are
two circles painted black for the moon; the angle MEJ is equal to 120°, where M
and J are the centers of the two circles and E is the center of the plate. The space
between the circles has been plated with silver. On the left side there are two suc-
cessive scales for the time of the moon-rising during day or night. Each scale is
included in a central angle of 60°. At the top there is a circle on center K, equal to
the circles on centers J and M and tangential to the circle on center J. On circle K the
title “solar disc” (uwedd €ll$) is written.

On the back side of the plate (figures 5-6) exactly opposite to the “solar disc”,
there is a circle equal to it, on center K. This circle is painted black; the title “lunar
disc” (,e4)l ¢lls) and a scale for the magnitude of the lunar eclipse are impressed on
it. There are seven more scales on the plate, each one with 12 subdivisions, for the

194. F. Jamil Ragep and Marvin Bolt, “Adamt: Aba ‘Alt al-Husayn ibn Muhammad al-Adamt”,
in The Biographical Encyclopedia of Astronomers, New York: Springer, 2007, p.12.

195. King, D. A., “Universal Solutions in Islamic Astronomy”, in From Ancient Omens to Sta-
tistical Mechanics: Essays on the Exact Sciences Presented to Asger Aaboe, edited by J. L. Berg-
gren and B. R. Goldstein, Acta Historica Scientiarum Naturalium et Medicinalium, vol. 39, pp.
121-132, Copenhagen: Copenhagen University Library (1987), p.123.

196. Sezgin, GAS VI, pp. 179-180.

197. see Fliigel, Kitab al-Fihrist, vol.1, p.278, and Sezgin, GAS VI, p. 161.
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latitude of the moon, the magnitude of the eclipse, the times of the eclipse and
the “distance”, namely the numbers 1-12 related to the latitude of the moon.
The scales are constructed according to the entries of a table given at the end of
the chapter.

The grid has seven pointers corresponding to the scales on the plates (figures 2
and 4). The lower semicircle has a circular hole, equal to the circles M and J on the
front side of the plate, through which the phases of the moon can be depicted. The
inner part of the upper semicircle has been cut out, leaving in place a band along the
outer rim, the central ringlet, a circle related to the earth’s shadow (&gl cUs)
—equal to the circle of the “lunar disc” on the back side of the plate— and an arc
connecting this circle with the lower semicircle. Optionally, the rim of the grid can
be extended and the numbers of the days for the hollow and full lunar months
can be written respectively on the right and left thirds of the circumference (figure 3).
In this case two extra pointers should have been added outside the grid to indicate
the day of the lunar month. These pointers could be attached to the plate or to an
outer rim surrounding the device, as depicted in figure 7. These two pointers are
not mentioned by al-Birani.

Pointer for the date
of the hollow month

Pointer of the hours

of moon rising

during nighttime
and daytime

Circle showing

the increase and

Pointer for the date decrease of light
of the full month on the moon

FIGURE 7: Use of the front side of the plate.
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Use of the device
1. Determining the phase of the moon and the time of moon-rising

We mount the grid on the front side of the plate. By rotating the grid over the plate,
we obtain for each day of the month the corresponding phase of the moon (through
the hole of the grid) and the approximate time of the moon-rising in seasonal (un-
equal) hours after sunrise or sunset, given by the pointer T. In the case where the
days of the lunar month have been added to the rim of the grid, we rotate the grid,
so that the pointer of the hollow or the full month reaches the number of the day of
our choice (figure 7), then we obtain the corresponding phase of the moon and the
time of the moon-rising. In the results obtained by the above procedure, the anom-
aly of the moon’s motion is not taken into consideration.

2. Determining the lunar eclipses

We mount the grid on the back side of the plate. We rotate the grid clockwise (figure
8), so that the pointer F falls onto the number corresponding to the latitude of the
moon (up to 60 minutes) and we obtain the magnitude of the eclipse in digits and
minutes by the pointer N, while the pointer 2 shows the “distance”. The “distance”
expressed by the numbers 1-12 is related to the latitude of the moon.

Pointer of the adapted
N digits of the eclipse

Pointer of the

latitude of

the moon

2nd pointer
of distance

FIGURE 8: Use of the back side of the plate, turning the grid clockwise.
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Then we rotate the grid counterclockwise (figure 9), so that the pointer 1 ar-
rives at the number shown by the pointer 2 as the “distance”. At this position:

* the pointer S shows the time of the beginning of the eclipse in hours and
minutes before the opposition,

e the pointer T shows the duration of totality in hours and minutes, if the
eclipse is total,

* the pointer O shows “half the (period of) time of the eclipse and totality”,
but the corresponding entries have been omitted on the table,'8

* the part of the black lunar disc not covered by the circle of the grid falak al-
Jjawzahar shows the part of the lunar disc occulted by the earth’s shadow.
The number (1-12) on the “lunar disc”, closer to the right edge of falak al-
Jjawzahar, indicates the magnitude of the lunar eclipse. When the eclipse is
total, the falak al-jawzahar does not cover any part of the “lunar disc”.

Pointer of the hours
of the begining of
the eclipse

Pointer of the
hours of half the
time of the ecplipse

of moon rising

during nighttime
and daytime

+ Pointer of the

hours of totality

15t pointer
of distance

FIGURE 9: Use of the back side of the plate, turning the grid counterclockwise.

198. Pointer S shows the time between the beginning of the eclipse and the opposition, which
is close to half the time of the eclipse (and totality) that pointer O should show. Probably this is
the reason for which there are no entries in table 1 for the graduation of the scale corresponding to
pointer O. In this table, there is a column with title “Hours of the whole eclipse”, but without any
entries, while in manuscript B the title of the same column is “Hours of the emersion”. Since there
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Comparison with the lunar astrolabe by Nastiilus

As previously mentioned, manuscript Mulla Firtz 86/3 (ff. 44v-45v) contains
instructions for the use of the plate of eclipses invented by Nastalus.' Al-
though the text does not contain a detailed description of the instrument, one
can deduce the arrangement of the various elements on the plate and discern the
differences between the initial form invented by Nastilus and the one described
by al-BirainT. A possible reconstruction of the instrument by Nasttlus is presented
in figure 10;2° this figure can be used to produce a model of the instrument. The
entries of table 1 were used for the graduation of the scales.

The first part of the instructions deals with the phases of the moon and the time
of moon rising, and the second with the study of the lunar eclipses. It seems that
both operations are conducted on the same side of the plate, thus the plate de-
signed by Nastalus contains, on only one side of the plate, most of the elements
presented for both sides of the plate by al-Birani.

The phases of the moon are depicted using either the difference in longitude
AL between the sun and the moon divided by 3, or the day of the Arabic month
multiplied by 4; both methods give equivalent results between 0° and 120°. The
index of the moon attached to falak al-jawzahar on the grid is directed to the scale
on the limb, starting from the first point of Capricorn that corresponds to 0°, to the
respective degree up to 120°.2°" At this position, the circular opening on the grid,

are no entries in this column, the exact content cannot be verified. For the difference between the
time of the opposition and the mid-eclipse, see Claudii Ptolemaei, Opera quae extant omnia, vol.
1,1 (ed.) J.L. Heiberg: V1.7, Leipzig: Teubner, 1898 — 1903, pp. 504-5 and G. J. Toomer, Ptolemy’s
Almagest, Princeton: Princeton University Press, 1998, pp.296-298.

199. For the comparison I have used the edition and translation of MS Mulla Firtz 86/3 in
Appendix III of Johannes Thomann, “Astrolabes as Eclipse Computers: Four Early Arabic Texts
on Construction and Use of the saftha kusifiyya” and the manuscript itself. I am grateful to Dr
Johannes Thomann for sharing his article before its publication and providing me microfilm scans
of the manuscript.

200. The positions of the scales for the hours of moon rising, the hours of totality and emersion,
and the degrees of distance between the moon and the node are mentioned to be on the inner part
of the plate; the exact positions are not explicitly described. For the reconstruction, the positions of
the scales were chosen taking in consideration the functionality of the instrument.

201. The scale 0°-120° on the limb is the counterpart of the scales of the lunar month days de-
picted on the grid according to the description of al-Birtini. The scale on the limb corresponds to a
full month of 30 days, while those on the grid cover both the hollow and full month.
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where “circle showing the increase and decrease of the moon” is written, depicts
the phase of the moon, while the index of the hours on the grid indicates the
time of moon rising during daytime, at the first half of the lunar month, or
nighttime at its second half. The hours of day and night are inscribed on the inner
part of the plate.

As for the lunar eclipse, first the time of the opposition t must be deter-
mined using a zij. According to the text, a lunar eclipse can occur when the
ecliptic latitude of the moon is not greater than 64 minutes, or when the dis-
tance between the “degree of the opposition” and the closest node (y / lit.
dragon) is less than 12°.2°2 The two approaches are almost equivalent; moon’s
ecliptic latitude of 64 minutes corresponds to a distance of 12;17° between the
“degree of opposition” and the closest node. When a lunar eclipse occurs, the time
of the opposition is taken as the time of the middle of the eclipse. For determin-
ing the magnitude and duration of the eclipse, the index of the eclipse should be
directed to the corresponding degree between 1 and 12 on the scale of the “dis-
tance between the moon and node”. This is situated on the inner part of the plate
and is probably the counterpart of the “distance” with range between 1 and 12
in the description of the plate by al-Birtnt. There is no reference to a scale for
the latitude of the moon.

The magnitude of the lunar eclipse is measured on the “solar disc” which
is divided into 12 divisions / digits; thus the maximum magnitude to be meas-
ured is 12 digits. There is no additional scale for adapted digits. This “solar
disc” is the counterpart of the lunar disc in the description by al-Birtini, and
this name is an indication that the elements on the two faces of the plate were
condensed on only one face in this earlier version. According to the descrip-
tion, the part of the “solar disc” covered by falak al-jawzahar corresponds to
the part of the moon that remains not eclipsed, while the visible part of the
“solar disc” represents the eclipsed part of the moon. When these two discs
are tangent, there will be a total lunar eclipse without duration, and when the
discs have a distance between them the total lunar eclipse will have a duration
that can be measured on the plate, within the distance between the discs. The
above description shows that the pair comprising the “solar disc” and falak

202. Since the degree of the opposition and the ascending and descending nodes are on the
ecliptic, the distance between the degree of opposition and the closest node corresponds to their
difference in longitude.
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al-jawzahar functions as the pair “lunar disc” and falak al-jawzahar in al-
Birani’s description, but the scale of the time of totality should be close to the
“solar disc”.

According to the text, the start and end time of the eclipse are calculated as
t-t and 1 +1 respectively, where t is the time of the opposition and ¢ the
“time of half totality and emersion”. The latter can be found via the “pointer
of the hours of totality and emersion” that is attached to falak al-jawzahar on the
corresponding scale, which is on the inner part of the plate.

the moon
falak al-jawzahar
index of the hours

of totality and
emersion

index of '

the eclipse

i index of the hours
owin
0oWING g5

\S

P 5eg0
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<
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FIGURE 10: Possible reconstruction of the plate and grid of Nasttlus’ lunar astrolabe.
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Other instruments related to lunar eclipses from Arabic sources

In his article “Astrolabes as Eclipse Computers: Four Early Arabic Texts on Con-
struction and Use of the saftha kusiifiyya”, Johannes Thomann presents another
two instruments related to lunar eclipses. One of them is attributed to ‘Al1 ibn ‘Isa
(fl. 830 AD) and it can provide information for both the lunar phases and the lunar
eclipses. It consists of a double-sided plate and a grid, like the plate described by
al-BtrinT, but the various elements seem to have different sizes and placements on
the plate and grid. The description of the other instrument comes from an 11" cen-
tury manuscript and is written by an anonymous author probably in the 10™
century AD. This instrument has no moving parts and the scales drawn on it can
convert the argument of latitude of the moon to ecliptic latitude and vice versa.
According to the latitude of the moon, the instrument can give information on
when a lunar eclipse can take place and whether it will be partial or total.

‘Abd al-Rahman al-StfT (903-986 AD) presents a study on the lunar and solar
eclipses using a plane astrolabe in chapters T145-147/P140-142 and T152-157/
P147-153 of his first treatise on the astrolabe (version T).203

Some centuries later, Jamshid Ghiyath el-Din al-Kasht (1393-1449) invented an
instrument called the Plate of Zones. Among other functions, it can help to compute
the times of first contact, first totality, middle of the eclipse, end of the totality and
complete clearance, and also the magnitude of a lunar eclipse, when the time of the
opposition, the lunar latitude at the time of the opposition and the rate at which
the moon is elongating from the sun are known. This instrument consists of a plate
with graduated limb, an alidade and a ruler, both of them graduated, and has been
studied by E. S. Kennedy.>*4

203. Flora Vafea, “‘Abd al-Rahman al-Stfi: Study of the lunar and solar eclipses with the astro-
labe”, in Navigating across Mathematical Cultures and Times, .M. Vandoulakis, Liu Dun (editors),
World Scientific Publishing Co, 2017 (forthcoming). Chapters T145-147 and T152-157 correspond
to the numbering of chapters in the facsimile reproduction: ‘Abd al-Rahman al-Saft, Two books
on the Use of the Astrolabe (Y,adl Jasll 5LLS), Frankfurt am Main, Institute for the History of
Arabic-Islamic Science, 1986, pp. 181-185 and 189-206, while chapters P140-142 and P147-153
correspond to the numbering of chapters in the edition Kitab al-‘amal bil asturlab by ‘Abdur
Rahman b. ‘Umar as-Siafi, (0Yaudb Jasdl 0LS), (ed. M. ‘Abdul Mu‘id Khan), Hyderabad-Deccan:
Osmania Oriental Publications, 1962, pp. 111-114 and 117-127.

204. E. S. Kennedy, “A fifteen century lunar eclipse computer” in Scripta Mathematica, Vol.

17, 1951, pp-91-97.
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REMARKS

1. The results obtained by this device are approximate, as al-BirGinT mentions at
the beginning of the next chapter. Important parameters, such as the varying dis-
tance between the earth and the moon — hence the velocity of the moon — and the
varying distance between the earth and the sun are not taken into consideration.

2. On the entries in table 1
The results obtained by this device are based on the pre-calculated entries of the
table given at the end of the chapter (table 1).

The table provides the “distance”, the adapted digits m of the lunar eclipse,
the start time of the eclipse 7 in hours and minutes that could be taken as half the
duration of the eclipse, and half the duration of the totality 7 in hours and minutes,>s
when the ecliptic latitude 3 of the moon in minutes is known. Although al-Birant
deals with the detailed description of the plate’s construction, he neither enters
into the values presented in table 1, nor alludes to the background theory that
generated this table. Below, we shall investigate the possible origins of table 1
and the background theory on which it is based.

The calculation of these magnitudes is presented by Ptolemy in the study of
the solar and lunar eclipses in book VI of his Almagest. After the discussion on
conjunctions and oppositions in chapters VI.1-4, Ptolemy defines the limits of the
eclipses. When the moon is at perigee, he takes the moon’s radius as R =0;17.,40°
and the shadow’s radius as RS=0;45 ,56°, then the greatest distance between the
centers of the moon and shadow that can produce alunareclipseis R +R =1;03,36°.
This corresponds to a distance of about a=12;12° from either of the nodes on
the inclined circle of the moon,>° and an ecliptic latitude $=1;03,19°.2°” When the
moon is at apogee, the moon’s radius is taken as R =0;15.40° and the shadow’s
radius as RX:0;40,44°, so the greatest distance between the centers of the moon

205. The values in the column “Hours of totality” correspond to the values of half the duration
of the total phase of the eclipse, as it will be shown below.

206. Claudii Ptolemaei, Opera quae extant omnia, vol. 1,1 (ed.) J.L. Heiberg: VL5, p. 484; also
G. J. Toomer, Ptolemy’s Almagest, pp. 286-7.

207. This value is calculated using the formula sin S=sin a-sin i, where i is the inclination of
the moon’s orbit, taken by Ptolemy as i=5°. Ptolemy considers as negligible the difference between
the sum R +R_and the maximum lunar latitude S that can produce a lunar eclipse (see Toomer,
Ptolemy’s Almagest, pp. 296-8).
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and shadow that can produce a lunar eclipse becomes R +R =0;56,24°. The cor-
responding distance of the moon from the closest node is a=10;48° % and the
ecliptic latitude of the moon is 3=0;56,8.6°. The limit for moon’s latitude 5=60
min provided in table 1, which can produce a lunar eclipse, is between the two
limits given by Ptolemy.

Then Ptolemy proceeds to the computation of the distance the moon travels
during half of the eclipse and the totality in order to construct lunar eclipse tables
for the positions of the moon at both the perigee and the apogee.2* The underly-

ing formula for half the eclipse is s, = ,/(RY +R, )2 - B% (1) and for half the total-

ity is s, = ,/(RX -R, )2 - B* (2), while the ecliptic latitude f3 is related to the mag-

nitude m of the eclipse (in digits) with the linear equation =R + R, — %2Rm ,

R +R -p

m

which can provide the magnitude as m =6- (3). The resulting tables
provide the magnitude, minutes of immersion and half totality of a lunar eclipse,
when the argument of the moon’s latitude, measured from the north limit of its
inclined circle, is given.

The first table on p. 222 of Heiberg’s edition includes the necessary correction
for the various positions of the moon between perigee and apogee, while the sec-
ond one gives the correspondence between the eclipse’s magnitude measured in
linear digits (fraction of the moon’s diameter eclipsed) or area digits (fraction of
the lunar disc surface eclipsed).

Formulas (1) and (2) give the arcs s and s_ traveled by the moon; to find the
corresponding time, these arcs should be increased by one twelfth (for the ad-
ditional motion of the sun) and then the result be divided by the hourly motion
of the moon. 2™°

208. Claudii Ptolemaei, Opera quae extant omnia, vol. 1,1 (ed.) J.L. Heiberg: V1.7, p. 502; also
G. J. Toomer, Ptolemy’s Almagest, p. 296.

209. Claudii Ptolemaei, Opera quae extant omnia, vol. 1,1 (ed.) J.L. Heiberg: V1.7-8, pp. 507-
512, 520-522; also G. J. Toomer, Ptolemy’s Almagest, pp. 298-302, 307-308.

210. Claudii Ptolemaei, Opera quae extant omnia, vol. 1,1 (ed.) J.L. Heiberg: V1.9, p. 524; also
G. J. Toomer, Ptolemy’s Almagest, pp. 306, 308.

331



FLORA VAFEA

Muhammad ibn Masa al-Khwarizmi (ca.780- ca.850) had also studied the
solar and lunar eclipses in his Zij al-Sindhind. The Arabic text of this important
work is apparently lost, but the treatise is available in Latin translation, edited
with commentary by Heinrich Suter.2'* As for the lunar eclipses, there are tables
that provide the magnitude in digits, the minutes of immersion (casus) and the
minutes of half the totality (mora) as functions of the argument of latitude (ar-
gumentum latitudinis), taken as the distance of the moon’s center from the as-
cending node, when the moon is at apogee (tables 73-74) and perigee (tables
75-76). The last four columns of tables 73-75 are independent from the previ-
ous ones and serve to correct the obtained results according to the distance of
the moon between apogee and perigee; they bear the title Tabula proportionis,
while the last 5 columns of table 76 give the correspondence between linear and
area digits for the eclipses. The Latin text describes how to use the tables to
compute the magnitude of the eclipse, the whole duration of the eclipse and the
totality. It is clear from the Latin text and Suter’s commentary that the minutes
of immersion and half totality in these tables are minutes of arc, not minutes of
time. To convert such an entry into hours of time one should first add 1/12 of the
selected entry to it and then divide the result by the velocity of the moon in
minutes per hour. For example, for the position of the moon at apogee and an
argument of latitude 4;30° we obtain 4 min for half the totality from table 73;

then adding 1/12 of this to it, we obtain 4min+ % 4 min = 4,20 min and dividing

by the velocity of the moon at apogee, found as 30;12 min/h from table 61
(p.175), we obtain 0;08,37 h for half the totality; hence, the totality will last
17;14 min. This method is similar to that presented in the Almagest, but al-
KhwarizmT uses different parameters for the diameters of the moon and the
earth’s shadow, the inclination of the moon’s orbit etc.

The entries of table 1 for the start time of the eclipse and the duration of
(half) of the totality are given in hours and minutes. In order to compare the

211. Suter, Heinrich, Die astronomischen Tafeln des Muhammed ibn Miisa al-Khwarizmt in der
Bearbeitung des Maslama ibn Ahmed al-Madjritt und der lateinischen Ubersetzung des Adelhard
von Bath, Copenhagen: Kongelige Danske Videnskabernes Selskab, 1914. The Latin text on deter-
mining the lunar eclipses is on pp. 26-28, Suter’s commentary on pp. 86-91, while the correspond-
ing tables 73-76 are on pp. 187-190.
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entries of table 1 with those of al-Khwarizm’s tables, we can follow the steps
mentioned below:

(i) Conversion of the latitude S of table 1 (given in minutes) into argument of
latitude a (in degrees). This can be achieved either using the formula
sinf=sina-sini, where i is the inclination of the moon’s orbit, taken by al-
Khwarizmi as i=4.5°, or using al-Khwarizmi’s tables 21 and 26 (pp.132,
137) with interpolation.

(i) Computation of the results (magnitude, half eclipse, and totality) for the arcs
of latitude found in step I, using al-Khwarizm1’s tables for both perigee and
apogee. The results are found with interpolation. Half the eclipse and total-
ity are measured in minutes of arc.

(iii) Conversion of minutes of arc into hours of time by al-Khwarizm1’s above

12-v

m

(4) for the time of

mentioned method. The formulas ¢, =

2 2
half the eclipse and ¢, = 13 (Rslg R,) -8 (5) for half time of the totality
: vlﬂ

are used.

The results of this comparison are presented in the following tables and graphs: 2'2

latitude magnitude at perigee magnitude at apogee table 1

10-mal 60-mal 10-mal 60-mal 10-mal 60-mal
20.14544 20;09 19.16884 19;10 19.68333 19;41

19.4514 19;27 18.37064 18;22 - -
12 17.33843 17;20 15.93679 15,56 17.8 17;48
16 15.99207 16;00 14.30517 14;18 15.93333 15:;56
22 14.01795 14;01 11.84415 11;51 14.05 14;03

27 12.15859 12;10 9.817752 9:49 - -
28 11.78847 11;47 0.412043 9;25 12.16667 12;10
31 10.75713 10545 8.157204 8;09 10.25 10;15

(Continued)

212. Some additional values for the latitude have been inserted in the tables; these values will
be useful for comparison with the recalculated table 1.

333



FLORA VAFEA

37 8.728527 8;44 5.71186 5:43 8.4 8;24
42 6.965664 6;58 3.658776 3;40 6.483333 6;29
46 5.730342 544 2.028143 2;02 4.6 4;36
52 3.423241 3;25 0 0,00 2.733333 2344
58 1.407764 1,24 - - 1.333333 1,20
60 0.684293 0;41 - - 0.166667 0;10

TABLE 2: Comparison of magnitude, measured in digits, between the values of table 1 and

those calculated from al-Khwarizmi’s tables.

Comparison of magnitude
Plate of eclipses / al-Khwarizm1

——

—&— al-Khwarizmi / perigee
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GraPH 1: Comparison of magnitude between the values of table 1 and those calculated

from al-Khwarizmi’s tables.

latitude half ec%ipse half eclipse sable I half tol.ality half totality cable I
at perigee at apogee at perigee at apogee
0 113.021 108.979 - 50.0257 45.98786 —
4 112.7629 109.0972 118 49.39415 45.17044 52
12 110.8919 105.8799 116 44.99304 37.55843 48
16 109.1679 103.194 114 40.5749 30.52738 43
22 105.6599 06.8441 111 29.61511 5.53543 32
27 101.7859 92.71256 - 8.471969 - —
28 100.9946 91.10401 106 1.376546 - 28
(Continued)
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31 98.1699 86.33911 101 - - -
37 90.83749 | 74.67336 94 - - -
42 83.24119 62.60878 84 - - -
46 76.84627 45.88619 76 — - _
52 61.06701 - 56 — - -
58 39.61541 - 37 - - -
60 27.17518 - 17 - - _

TABLE 3: Comparison of the duration of half the eclipse and totality, measured in minutes,
between the values of table 1 and those calculated from al-KhwarizmT’s tables.

Comparison of half eclipse time —#— al-Khwarizm/ perigee

Plate of eclipses / al-Khwarizmi al-Khwarizmi/ apogee
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GraPH 2: Comparison of the duration of half the eclipse between the values of table 1 and
those calculated from al-Khwarizmt’s tables.
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Comparison of half totality time
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GRraPH 3: Comparison of half duration of the totality between the values of table 1 and
those calculated from al-Khwarizm’s tables.
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Al-Battani, in his Kitab al-Zij, studies the lunar eclipses following the Ptole-
maic tradition.?'3 He describes formulas that are equivalent to the methods pre-
sented by Ptolemy to compute the magnitude, half eclipse and half totality, when
the argument of latitude a (measured from the ascending node) or the ecliptic
latitude S of the moon is known. The results, obtained in digits for the magnitude
and minutes of arc for the moon’s travel during the eclipse, are presented in two
tables (vol. II p. 9o0) for the position of moon at apogee and perigee. For the inter-
mediate positions of the moon, there is a table of correction (v. II p.89) similar to
that presented by Ptolemy in Almagest VI.8. Al-Battani, further, divides the ob-
tained minutes of arc by the praecessio Lunae (3.x) to determine the time of half
the eclipse and totality. Nallino, who edited, translated into Latin and commented
this work of al-Battani, explains that praecessio Lunae respectu Solis est motus
synodicus horarius (note 1, v. I p. 98), so the divisor should be the difference
between the apparent velocity v of the moon and that of the sun v _per hour>'+ In
the commentary of this passage, it is noted: “minuta morae sunt i, longitudo (bc)
spatii quod Luna intra umbram percurrit ab initio ad finem totalities. Horae mo-
rae vel tempus morae indicant temporis intervallum in quo Luna a b ad a per-
venit, nempe dimidium tempus totalitatis” (v. I p. 275). So the formula used by

- . : - (R, +R,) -
al-BattanT for the computation of the time of half the eclipse is ¢, = ——"——
Vm - vS
. (R, -R,) -’ ,
(6) and for half the totality ¢, =————"~—~—— (7). The corresponding mag-
m - vS

nitudes presented in table 1 are measured in hours and minutes, so these formulas
could be applied for their calculation.

Since the lunar eclipse tables of al-BattanT use as an independent variant the
ecliptic latitude of the moon, a comparison between the results of al-BattanT and
the values of table 1 can be conducted directly using graphs. For the magnitude

213. Al-Battani sive Albatenii, Opus Astronomicum, ed. Carlo Alfonso Nallino, 3 vols. Milan:
Reale Osservatorio di Brera in Milano, 1903, 1907, 1899. The study of lunar eclipses is in v.I pp.96-
104 (latin translation) and pp. 275-276 (commentary), in v.II pp. 86-91 (tables) and pp.231-232
(commentary on the tables) and vol. III pp. 146-156 (Arabic text).

214. Here al-Battant divides the arcs s, and s by vV for the additional motion of the sun,
while Ptolemy and al-Khwarizmi increase these arcs by their twelfth and then divide them by the
apparent hourly velocity v of the moon. The results of both methods are close to each other. For all
necessary calculations I assume that the sun moves 1° in 24 hours thus v =2;30 min/h.
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of the eclipse the values are taken directly from the tables.?'s For the half time of
the totality the values of quantitas [dimidiae ] morae of the table must be divided
by v —v , while for the values of the time of half the eclipse the quantitates inci-
dentiae and quantitas [dimidiae | morae should first be added and then divided by
v —v; such a comparison is presented below in graphs 4, 5 and 6:

. . e - ant 1
Comparison of magnitude al-Battani/ perigee

Plate of eclipses / al-Battani al-Battani/ apogee
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GRrAPH 4: Comparison of the magnitude between the values of table 1 and those taken
from al-Battant’s table.

Comparison of half eclipse time ¢— al-Battani/ perigee
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GRraPH 5: Comparison of the duration of half the eclipse between the values of table 1 and
those calculated from al-BattanT’s tables.

215. Al-Battani, Opus Astronomicum, ed. Nallino, v.II, p.go.
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GRrAPH 6: Comparison of half duration of the totality between the values of table 1 and
those calculated from al-BattanT’s tables.

Al-BattanT makes a further step towards accuracy: since the moon moves on
its inclined circle and not on the ecliptic, the ecliptic latitude of the moon varies
during the lunar eclipse. Taking the moon’s latitude in the middle of the eclipse
as 3, let 8_be its latitude at the start time of the eclipse, 8, at the start time of total-
ity, §_at the end of totality, and 5 at the end of the eclipse. Then, if 7 is the time
of the opposition,

JR +R, ) =B +(B-B,)

the start time of the eclipse will be at time 7, =¢, - — )
the start time of the totality at ¢, =¢, - \/(RS ~R, )Zv_ ?{ +(B-4) ,

the end of the totality at ¢, =¢, + \/(RS “R,) ZV_ {36: +(B-4.) ,

and the end of the eclipse at 7, =7, + \/(RS R, )ZV_ /j) ": +(B-A) . 216

The values of the start time of the eclipse according to al-Battant’s formula

JR. +R, ) -B.2+(8-8,) have been calculated and the results are compared

Vm _VS

216. Al-Battani, Opus Astronomicum, ed. Nallino, v. III, pp. 148-149 and v. I, pp. 98-99.
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with the corresponding entries of table 1; the results are presented in graph 7.2'7
The rest of the formulas give similar graphs.

—— al-Battani/ perigee
Corrected start time for the eclipse al-Battani/ apogee
—&— plate of eclipses

140
120 —%——

100 n—o--o-mm*
80 ~
Q\

60

40
20 B\

time / min

0 10 20 30 40 50 60 70
latitude / min

GRraPH 7: Comparison of the start time of the eclipse between the values of table 1 and
those calculated with al-Battani’s more accurate formula.

The comparison of the values of table 1 with the corresponding values calcu-
lated with the tables and theory of Ptolemy, al-Khwarizmi and al-Battani leads on
to the following conclusions:

(i) There is an obvious discrepancy between the values of table 1 and those
calculated above for both the perigee and apogee, which cannot be explained
if the moon is considered in an intermediate position.

R +R, -

(i1)) The linear relation m =6- (3) between the magnitude of the

eclipse and the ecliptic latitude of the moon should result in obtaining their
graphs as straight lines, but this is not the case for the graph of magnitude in
table 1 (line marked with triangles in graphs 1 and 4). This fact could be ex-

217. The latitude ﬂa of the moon at the start of the eclipse is calculated according to al-
Battant as follows: For a given latitude 5 in the middle of the eclipse, the corresponding values

of 5, = (RS +R, )2 - B? and argument of latitude a are found from the tables (al-Battani, Opus
Astronomicum v. Il pp. 90, 78-83); the argument of latitude at the start of the eclipse will be

13 . . . . L. .
a,=a- Esl. The latitude ﬁa is found by converting the argument «_ into ecliptic latitude.
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plained by assuming that either there are some copying errors in the table, or the
values of the radii of the moon and earth’s shadow are not taken as constants in
all cases, meaning that the distance between the earth and moon had been taken
varying, as if the entries of table 1 are results of observations of real eclipses.

(iii) The comparison of the time of totality from table 1 with the calculated half
time of totality (table 3, graphs 3 and 6) shows that the values in table 1 refer
to the half time of totality as well. The pair of values (3, m) = (28, 28) is obvi-
ously a result of a copying error: the value =28 min can hardly produce a
total eclipse.

(iv) The graphs of the time of half eclipse corresponding to perigee and that coming
from table 1 intersect each other (see graphs 2, 5 and 7). This means that differ-
ent values of the parameters R , RS and v had been used in the formulas (4) and
(6) to calculate the time of half of the eclipse in table 1. This is not unusual,
since the values accepted for these magnitudes by Ptolemy, al-Khwarizmt and
al-Battant are different; these values are presented below, in table 4.

perigee apogee
Rm RS vm R)?l RS vm
Prolemy 17:40 45356 - 15340 40344 -

al-Khwarizmt 17:17 44316 35:40 14;38 36:27 30;12

al-Battant 17:37,30 46;0 36,04 14:45 38:30 3018

TABLE 4: Values of the parameters R , R and v used by Ptolemy, al-Khwarizmf and al-
Battan. The radii R , R are measured in minutes and the velocity v in min/h.

We proceed now to the calculation of the parameters R , R and v used for the
entries of table 1.1 assume that the formulas used for the compilation of table 1 are

m=6.Rs+1’:m‘/3 (), tl=W (8) and tz=m ),
u

m

where 4 = %vm oru=v -v >' Since table 1 provides for the total eclipse the values of
B, m, ¢ and 7 , there are 3 unknown values to be determined from the above 3 equa-

218. The former value of u corresponds to the method of Ptolemy and al-Khwarizmi, while the
latter to that of al-BattanT.
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tions: R, R and u. Solving the simultaneous equations produced by each row of the
table corresponding to a total eclipse, we obtain the results presented in table 5:

p t t m R R u R/R
min min min digits min min deg/h -

4 118 52 19.68333 | 11.43623 | 30.08096 | 0.35020 | 2.63032
6 118 52 19.68333 | 17.15435 | 45.12145 | 0.52531 | 2.63032
12 116 48 17.8 19.22856 | 49.81616 | 0.58615 | 2.59074
16 114 43 15.93333 | 15.49541 | 41.65351 | 0.48126 | 2.68812
22 111 32 14.05 | 19.08674 | 47.60804 | 0.56722 | 2.49430
28 106 28 12.16667 | -22.2545 | 5.12730 - -

28 106 10 12.16667 | 15.21098 | 43.63351 | 0.48826 | 2.86855

TaBLE 5: The solutions of the simultaneous equations (3), (8) and (9). Values on grey
background are unacceptable, values in bold box replace the values above them to pro-
vide acceptable results.

Only the line corresponding to latitude f=16 gives as a solution a full set of
three acceptable values, while, if the latitude =4 is replaced by =6, the resulting
solution is also acceptable. For latitude =28, only 1 =10 can give acceptable
values for R and R .

For the rows of table 1 that correspond to a partial eclipse, there are only two si-
multaneous equations and three parameters to be determined. To proceed to the solu-
tion, I assume that the ratio RS/Rm=/1 is constant. Since the solutions presented in ta-
ble 5 are not helpful for determining the parameters, I apply this procedure to the
entire table 1. The value A=2.6 used by Ptolemy does not provide acceptable solu-
tions.>"9 In all cases examined for the latitude S=4 (and sometimes for $=5) the re-
sults for R ,R and v are not acceptable; thus it could be replaced by f=6. Also for
p=28 no total éclipse is possible, while f=27 can produce such an eclipse.>>° Only a
small range of values for A (2.64 < A < 2 %) can give acceptable values for the pa-

219. The value 4=2.6 is mentioned in Claudii Ptolemaei, Opera quae extant omnia, vol. 1,1
(ed.) J.L. Heiberg: V.14, p. 421 and VIL.5, p. 480; also G. J. Toomer, Ptolemy’s Almagest, pp. 254
and 285. This value produces unacceptable solutions for the latitudes 4, 12 and 28 and does not
allow a total lunar eclipse for f=27 or 28.

220. According to table 75 (Suter, Die astronomischen Tafeln des al-Khwarizmt, p. 189), al-
Khwarizmi gives a total eclipse for =28 (#,=1;22,35 min) only when the moon is at perigee (see
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rameters; among them A=2.65 produces results (i, t .t ) with the greatest correlation
coefficients when compared with the corresponding values from table 1. The mean
values of the results computed for every row of table 1 for 1=2.65 are
Rm=16;3o,38 min ! RY =43:;45,10 min and #=30;43,05 min/h; then the hourly ve-
locity of the moon will be v =u+v =30343,00+2;30=33;13,06 min/h, or
v =13u/12=33;16.41 min/h. These values cdrrespond to a position of the moon near
its mean distance from the earth. The value =58 results in m=0;49,21 and 1=0;32,
which are far from the entries of table 1, thus it has been changed to 3=57. According
to the values of the radii, the limit of the latitude for alunareclipse is ﬁzRy+R"l:6o; 15,48
min and the limit for a total lunar eclipse is ﬂst—Rm=27;14,32 min.

The recalculated values of the magnitudes are presented in table 6 and the
comparison between the given and recalculated values is depicted in graphs 8-10.

distamce” magnitude half eclipse 1, half totality t, latitude

" v =13u/12 | v, Zutv |y =13u/12 | v, Sutv B

digits h;m,s h;m,s h;m,s h;m,s min
I 19;43 1,57,20 1,57,07 0;52,0 0,51,54 6
2 17332 155,34 1:55,21 0,47,51 0;47,46 12
3 16;05 ;53,41 | 1;53,29 | 043,09 | 043,04 16
4 13:54 1;49.47 1;49,35 0;31,26 031,23 22
5 12,05 1,45,25 1,45,14 0,07,06 0;07,05 27
6 10;38 1;41,07 1,40,56 - — 31
7 8;27 1;33,05 | 1;32,55 - - 37
8 6,38 1;24,34 | 1;24,25 - - 42
9 5511 116,11 | 1;16,03 - - 46
10 3;0 0;59,36 | 0559,29 - - 52
I1 I;11 0;38,17 | 0;38,13 - - 57
12 0;6 0;I11,01 0;11,0 - - 60

TAaBLE 6: Recalculated table of magnitudes of lunar eclipse for Rm=I6;3o,38 min,
RS=43;45,10 min and ©=30;43,05 min/h.

table 3 above) and al-BattanT presents the value $=28;16 as the limit for a total lunar eclipse at
perigee (al-Battant, Opus Astronomicum, v.11 p.9o).
221. The least value is R =15;57,56 for f=31 and the greatest one R =17;33,39 for f=12.
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GRraPH 8: Comparison between the given and recalculated values of magnitude.
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The “distance” mentioned by al-BirtinT seems to be used as an ancillary element
defining the rows of table 1 and connecting the function between the right and left
semicircles of the plate. In table 1, there is no unit of measurement below its name,
unlike the other magnitudes included in the table. On the other hand, in the instruc-
tions for the lunar astrolabe by Nastilus, the distance between the degree of opposi-
tion and the closest node, which corresponds to their difference in longitude AL , 18
the principal element for determining the duration, the start and end time and the
magnitude of the lunar eclipse. This difference in longitude is related to the ecliptic
latitude 3 of the moon with the formula tan/ =tani - sin AL, where i is the inclination
of the moon’s orbit, taken by Ptolemy equal to 5°. The choice of the values for the
latitude in table 1 has no obvious reasoning, but it could be related either to the above
mentioned distance A€ , or to the distance a between the center of the moon and the
closest node (sinf= sini - sina). The values of latitude calculated for both cases are
presented in table 7; these values are compared to those given in table 1 and the cor-
rected ones taken from table 6. The calculated values of latitude, using either the
distance A€ or &, do not diverge significantly. Thus, a probable reasoning that could
to an extent explain the particular choice of values for the latitude in table 1 is their
derivation from the distance A€ or a.2>* It is remarkable that a distance of 12° pro-
duces a result between 62 and 63 min, which is greater than the corresponding value
of 60 min in table 1 and less than the limit of 64 min for a lunar eclipse, as mentioned
in the instructions for Nasttilus’ instrument (=64 min corresponds to A€=12; 17°).

: latitude latitude B latitude B latitude 3
distance -
using A8 using a table 1 table 6

degrees minutes minutes minutes minutes

I 5.25 5.22 4 6

2 10.50 10.44 12 12

3 15.74 15.66 16 16

4 20.98 20.87 22 22

5 26.21 26.08 28 27

6 31.44 31.28 31 31

7 36.65 36.47 37 37

8 41.86 41.65 42 42

(Continued)

222. The step of the latitude calculated using AL or a is decreasing between 5;15 and 5;8,24
min, or 5;13,12 and 5;7,12 min respectively, and the step of the rounded values is 5 or 6 min, while
the corresponding step is between 2 and 8 in table 1 and between 3 and 6 in table 6.
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9 47.05 46.81 46 46
10 52.22 51.96 52 52
11 57-38 57.10 58 57
12 62.53 62.22 60 60

TaBLE 7: Calculation of the latitude corresponding to the distance A€ and a,
and comparison with the values of tables 1 and 6.

The magnitude of a lunar eclipse can be measured on the scale 1-12 within the
lunar disc on the plate of eclipses, following the tradition of Nastalus’ instrument.
This measurement can be visually conducted, but can neither provide accurate
results, nor the magnitude of a total lunar eclipse with duration. In addition, the
rotation of the grid corresponding to each unit of “distance” is 8.043055° (see re-
mark 3 below), while the step of the latitude is not constant in table 1. For this
reason, a new scale has been introduced onto the right semicircle of the plate,
where the pointer N223 indicates the magnitude in adapted digits.>** However, the
values of the magnitude in table I are not in complete agreement with the variation
of the latitude; these values have been recalculated in table 6. This fact could be
explained if the entries of table 1 were considered as data coming from various
observations of lunar eclipses with varying distances between earth and moon.

3. On the measure of arc HJ

In the construction of the scales on the back side of the plate (figure 5), the
manuscripts present a variety of possibilities for the construction of the arcs
HJ=RM. According to the manuscripts, the arc HJ could be taken as equal to:

(1) /5 of arc KH (S (g3 &&3) in M, N (considering ‘>’ that appears in M as ‘"),
(i) '/; of arc RKH (S g3 L) in T, L
(iii) “'/ of 2 arcs RKH” (5, gus &b) in B, S, Q, A (considering *;’ that appears
in Aas °,7). This can be interpreted as % of arc RKH (pS, w53 k,«.l.,)

The measure of arc RKH is equal to that of the central angle REH that it subtends,
which can be calculated as REH=60°-2HEW, where W is the point where the tan-

223. The arc of the pointer N is closer to the rim of the plate than the scale on the lunar disc, for this
reason it is longer so the pointer could provide better accuracy in reading the magnitude of the eclipse.

224. The adapted digits are linear, not area digits as those presented by Ptolemy for measuring the
obscured area of the lunar disc in Almagest VI 7-8 (Toomer, Ptolemy’s Almagest, pp. 302-305, 308).
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gent ES touches the circle K (see also figure 13). Since HEW=w=1.045° approxi-
mately, 225 REH=60°-2.09°=57.91°. Hence the measure of arc RKH is 57.91° and
that of KH="/,-RKH is 28.955°. Each of the above cases gives the following results:

(1) If HI="/;; KH="/,-28.955°=9.652°, then HH"=RH+HJ=57.91°+9.652°=67.5617°,
thus each of the 12 subdivisions will be 5.630°. Assuming that the rotation
of the grid is 0° when falak al-jawzahar coincides with the lunar disc, the
“distances” 1-5, when they are indicated by the first pointer of “distance”,
produce the following rotations of the grid:

“distance” rotation
1 67.562°
2 61.932°
3 56.302°
4 50.672°
5 45.042°

TaBLE 8. Rotation of the grid corresponding to “distances” 1-5, if HJ = '/;-KH

When the rotation is less than 60°, the two circles -the lunar disc and
falak al-jawzahar- intersect each other. According to the rotations presented
in table 8, the “distances” 3-5 will produce a partial eclipse of the lunar disc,
namely the falak al-jawzahar on the grid will cover a part of the black lunar
disc on the back side of the plate, which is absurd, because the data of table
1 affirm that the “distances” 1—5 produce a total lunar eclipse.

() If HJ=/;RKH=";-57.91°=19.303°, then HH'=RH+HJ=57.91°+19.303°=77.213°,
thus each of the 12 subdivisions will be 6.434°. Following the previous assump-
tion, the “distances” 1-5 indicated by the first pointer of “distance”, will produce
the following rotations of the grid:

“distance” rotation
I 77.213°
2 70.779°
3 64.345°
4 57.911°
5 51.477°

TABLE 9. Rotation of the grid corresponding to “distances” 1-5, if HI=!/;;RKH

225. For the calculation of angle HEW see remark 4.
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According to the rotations presented in table 9, the “distances” 4 and 5
will produce a partial eclipse of the lunar disc, since the rotations are less than
60°. This is absurd, taking in consideration the data given in table 1.

(iii) If HJ=%4RKH=%5'57.91°=38.607°, then HH =57.91°+38.607°=96.517°,
thus each of the 12 subdivisions will be 8.043°. Following the previous as-
sumption, the “distances” 1-6 indicated by the first pointer of “distance”,
will produce the following rotations of the grid:

distance rotation
96.517°
88.474°
80.431°
72.388°
64.345°
56.302°

(@) W10, B RSN (USRS

TABLE 10. Rotation of the grid corresponding to distances 1-6, if HI=%-RKH

In this case, the “distances” 1-5 produce a total lunar eclipse, while “dis-
tance” 6 produces a partial eclipse, and the results are consistent with the
data given in table 1. Hence the correct choice is the third one: HI=%-RKH.

On this side of the plate, all the arcs traversed by the pointers of the grid
subtend a central angle of 96.5166°, which is equal to 1% of the angle REH,
since the two endpoints of each arc are marked while rotating the grid by the
above angle.

4. On the ratio of the radius of falak al-jawzahar to that of the lunar disc on the
plate of eclipses.

In Arabic astronomy, falak al-jawzahar is a circle corresponding to a cross sec-
tion of the cone of earth’s shadow, at the point where the moon enters this cone.??°
The radius R of this circle is greater than the moon’s radius R , not equal as de-
picted on the grid of the plate of eclipses. As previously mentioned, Ptolemy con-

226. This definition for falak al-jawzahar is mentioned by al-Suff in chapter T153 of his first
treatise on the use of the astrolabe (in MS Istanbul, Topkapi Saray, Collection Ahmet II1, 3509/1);
see the facsimile reproduction of the above manuscript in ‘Abd al-Rahman al-Saft, Two books on
the Use of the Astrolabe, p. 189, and Vafea, “‘Abd al-Rahman al-Suff: Study of the lunar and solar
eclipses with the astrolabe”, chapter T153 / P148.
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sidered the ratio izRS/Rm approximately as 2.6, while the value of this ratio that can
vindicate the entries of table 1 is approximately A=2.65 (see remark 2 above).
However, the instructions for the construction of the plate reveal additional
suggestions for the value of this ratio. Since the arc RKH contains 12 digits, the
arc HJ=% RKH contains 8 digits (figure 5). Thus the arc HJ could in theory be
divided into 8 digits, enumerated from 13 to 20. On the left side of the device,
when the first pointer of “distance” is placed between 1 and 5, the number (from
13 to 20) closer to the right edge of falak al-jawzahar on the grid would indicate
the magnitude of the total eclipse. In particular, when this pointer is placed at the
beginning of the scale of “distance” that corresponds to a latitude 3=0°, the cir-
cumference of falak al-jawzahar will touch point J, indicating a magnitude of 20
digits for a central lunar eclipse. In this case the moon crosses the earth’s shadow
passing through its center (figure 11); that is, the center of the moon will pass
through the axis of the cone of the earth’s shadow. If the values =0 and m=20 are
R +R -0 R +R,

used in formula (3) m=6~R7, we obtain 20=6-T©

m m

L= Z , thus the ratio of the radii will be A:RS/Rm:21/3.

R, +R, 10 R
= e

RWI 3 m
Shadow of the
Earth
Lunar disc
my, my, mg m,

FIGURE 11: The relative position of the lunar disc and the earth’s shadow for lunar eclips-
es of magnitude 0, 6, 12 and 20 digits.
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In a central lunar eclipse, the right edge of falak al-jawzahar on the grid reaches
the point J, thus the circle (K, KJ) depicts the size of the shadow of the earth in
proportion to the lunar disc on the back side of the plate (figure 12). In this case, the
ratio Ry/Rm could be calculated as 2.224. The calculation is as follows:

On the front side of the plate (figure 1), the arcs AR and AB are equal to '/ and '/,
of a circle respectively, that is AR=60° and AB=90°; thus the arc RB=AB-AR=30°
and the central angle BER=30°. The circles ABCD on the rim and the circles
on center K (for the solar and lunar discs) on the front and the back side of the
plate are equal, hence on the back side of the plate (figure 5) BES=30° (ES is
tangent to the circle K). The arc RKH passes through the center K of the circle, in-
tersecting the circle at points H and R, hence the point H is inside the angle BES, so
BES=BEH+HES. The angle HES=w can be calculated as w=1° 2’ 42"=1 .045° 227

227. Calculation of the angle w=HES.
Figure 13 is taken as a fragment of figure 5. Let W be the point where the tangent ES touches
the circle (K, r), =KH=KW, and x be the angle HKW,

B

Figure 13

The triangle KWE is right-angled (KWLEW) and WEK=30°, thus KE=2r and WKE=60°.

In the triangle KHE we know: KH=r, EK=EH=2r and the angle EKH =60°+x (1)

We apply the law of cosines to the triangle KHE: HE® = HK® + KE* =2+ HK - KE -cos(60 + x) =
(2rf =r* +(2rf =27 2r-cos(60 + x)= 4r% = 5> = 4r? - cos(60 + x)=> 41 - cos(60 + x) = r* =
cos(60+x)= %= 60+ x =360k + arc cos ¥, = x = 360k - 60 +75.5225 For k = 0 and taking the
sign “+” we have x=75.5225°-60° = x=15.5225°. (2).

N N 180° —
The triangle HKW is isosceles (KH=KW), then WFK = HIVK =120 ~*

X
=90°-

) 3)
From (3) and (1) we have: WHE = WHK - EHK =90° —%—(60° +x)=30° -—3; (@)

A X
The angle HWS is formed by the chord HW and the tangent EWS, thus HWS = 5 (5)
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Then KEH = BEH = BES — HES =30°—1.045° =28.955° and
REH =2-KEH =2-28.955° =57.91°. Since HEJ = 2REH =2-57.91° =38.607°,
KEJ = KEH + HEJ = 28.955° +38.607° = 67.562°.

In a circle of radius R, the length of a chord that subtends a central angle 6 is
equal to 2R-sin’/,, then KH=2R-sin?*955/, and KJ=2R-sin®75%2/, and the ratio of the
radii of the falak al-jawzahar and the lunar disc will be:

2R i 67562

R _ ks TP, sin3381_ o,
R KH . 28955 sinl4.478

m 2R~s1nT

The above study shows that there are various inconsistent values for the ratio
of the radius of falak al-jawzahar to that of the lunar disc used in the plate of

eclipses. The implied size of falak al-jawzahar and the position of point J are ap-
proximate.

lunar

HEN

5
=%
=
//

[l

FIGURE 12: The earth’s shadow-circle (K, KJ) placed on the back side of the plate.

In the triangle HEW using (4) and (5) we obtain:
®=HEW =180° - WHE - HWE = 180°—(30° -37’“) -(90°+90°-§) =2x-30°

Since x = 15.5225° (2), then w = 1.045° = 1° 2' 42".
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5. In the case where the first pointer of “distance” is placed on the interval be-
tween 1 and 4, which produces total eclipses (figure 9), the “lunar disc” is cov-
ered by the circular sector formed by the radii of the grid terminating at the 15"
and 29" days of the hollow month and it is not completely visible. It is not feasi-
ble to cut out that circular sector, because this would affect the depiction of the
moon phases, when the grid is placed on the front of the plate.

6. The term “&84.S” (kusifrya) that determines the plate in the title of the chapter
“d8guSd dowtiall Jos” is related to the term “guS” (kusiif) usually used for the
solar eclipse, while for the lunar eclipse the word “Ggws” (khusif) is used; but
this plate cannot be used for a solar eclipse. The “solar disc”” drawn on the front
side of the plate does not play any role. It is probably there to remind us that the
absence of its light causes the phases of the moon and the eclipses.??8

Conclusions

(1) The plate of lunar eclipses extends the range of problems that can be solved
with an astrolabe. The values of the scales on the plate are consistent with
the lunar eclipse theory by Ptolemy and the related works by al-Khwarizmi
and al-Battant, but different values for the radii of the moon and the earth’s
shadow are used.

(2) This instrument is an evolved form of the lunar astrolabe invented by
Nasttlus: it is extended on both faces of the plate, containing additional
scales for the lunar latitude and the adapted digits of magnitude, and uses the
lunar disc for measuring the magnitude of a lunar eclipse instead of the solar
disc. For the lunar phases the two scales for the days of the full and hollow
month on the grid replace the scale of 0°-120° on the limb of Nasttlus’ in-
strument.

(3) This plate can provide a view of the moon phase at any day of the lunar
month plus the time of moon-rising during night or day, when the grid is
mounted on front side of the plate, and can help to predict lunar eclipses, and
give additional information about them, when the grid is mounted on the
back side and the latitude of the moon is known. It does not deal with solar

228. The term “eclipse” comes from the Greek word “Exleupis” that means “absence”.
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eclipses, although the term “84.S” (kusiif) / solar eclipse is repeatedly used,
instead of “Ggws” (khusif) / lunar eclipse.

(4) The results obtained using this plate are approximate, and al-BiranT clarifies
this at the beginning of the next chapter. This is because important parame-
ters, such as the distances between sun, earth and moon, are not taken in
consideration. In some cases, the values for the various scales of the plate
presented in table 1 diverge from the expected ones and are recalculated in
table 6.

(5) The construction of this plate does not use the stereographic projection, as
other plates described in the same book by al-Birani. It is a smart way to
present the data of tables enriched with visual approximations of both, the
phase of the moon and the lunar eclipse.

(6) The representation of the lunar eclipse on the back side of the plate is not re-
alistic. The lunar disc is black, while the falak al-jawzahar has a brighter color
—that of bronze. When the falak al-jawzahar completely covers the “lunar
disc”, there is no eclipse. Moreover, the size of falak al-jawzahar, as it is
drawn on the grid, does not correspond to the size of the earth’s shadow. Thus,
this falak al-jawzahar should not be considered as a cross section of earth’s
shadow, but as a simple circular pointer that gives the magnitude of the eclipse.
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