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1. THE SYSTEM OF MEASURING LONGITUDES

One characteristic of Hindu Astronomy is that from time immemorial it has
been following the sidereal system instead of the tropical system. From the
earliest Rgvedic period of their history, the Hindus have been following a luni-
solar calendar. The lunar month, which is the period between two conjunctions
(or oppositions) of the sun and moon, was observed as a natural unit of time, and
used to measure time. It was also discovered that another natural unit, the
year, in which the seasons recur, contains twelve of these months and about
eleven days more. Continued observation showed that nearly once in twenty-
seven days, the moon came practically to the same point in its path, marked by
certain stars and star-goups, twenty-seven in number, Citrd, Svafi, Visakhd, etc.,
each one roughly corresponding to one day. The twelve lunar months were
named after certain of these asterisms, selected for their suitability, at or near
which the full moons occured, like Caitra, Vaisikha etc. When the full moons
of the lunar months receded too far away from the asterisms to which they were
assigned, by the eleven day defect of the lunar year accumulating, an extra
month was given to the year, in order to bring them back to their assigned
asterisms. This automatically tied the lunar year to the solar sidereal year,
and has ever been keeping the names of the months Caitra etc. meaningful.
Why sidereal and not tropical, it may be asked. The asterisms mark fixed
points on the zodiac, (We neglect here their proper motions), and the opposi-
tions, (and thereby also the conjunctions) of the moon with the sun, being

associated with these fixed points, make the periods of the moon or the sun
once round the zodiac, sidereal.

It is true that the solar year, conceived through the coming round of the
seasons, is tropical, i.e. equal to the time taken by the sun to move once round
the movable zodiac from equinox to equinox, made shorter than the sidereal
year by the precession of the equinoxes. But the difference is so .small that
hundreds of years would have to pass before it would be observed. Indeed,
during the long Vedic period itself the difference was observed at long intervals,
and since the seasons occur earlier and earlier in the sidereal year in the course
of time, earlier and earlier new moons or full moons were enjoined by the vedic
seers for the rituals depending on the seasons, like “caitrasya amavasyd”, “caitrasya
pirnima”, “philguna amavéasyd”, “philguna piirnimad”’ etc. This itself shows
that the sidereal year was taken for granted.
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This is confirmed by the fact that in the period immediately following, the
Vedinga Jyotisa (c. 1200 B.c.) was based on the sidereal system. It divides the
zodiac into twenty-seven equal asterismal segments, with the twenty-seven asterisms
roughly corresponding to each, and says that in one year the sun traverses these
twenty-seven asterismal segments, and in five such years, (called a yuga), the moon
makes 67 such revolutions, with the result that there are 62 lunar months in it,
two of them being intercalary. The V. J. also says that the zero-point of this
sidereal system was at the beginning of the Sravistha segment, where the winter
solstice was decleared to be situated at that time. Earlier, during the vedic
period, we have evidence that the zero-point was taken to be situated near the
Orion, and then near Rohini and then again at Krttika at successive periods,
where the spring-equinox was situated at those periods.

The V. J. was intended to provide a scheme for a religious and civil calendar,
which purpose it could serve excellently, provided an intercalation was dropped
now and then on actual observation. We are sure that this was done, so that for
more than a thousand years afterwards, even during the period of the astronomical
samhitas, when the winter solstice had receded to the first point of Sravana the
zero-point was still taken to be Sravistha, and predictions made. Only the Jain
and Buddhistic astronomical works took the reality of the situation into considera-
tion, and shifted the zero-point of their sidereal system to Sravana.

About 570 A.b. the vernal equinox was very near the chief star of Aévini,
Zeta-piscium, and the siddhdintic astronomers took this as the zero-point of their
sidereal system, in which the position of the sun, moon and star-planets among
the 27 asterismal segments was sought to be found, and their periods were intended
to be sidereal. Excepting the Vasisthasiddhinta of the Paficasiddhantikd which
used a rough year of 365 1/4 days, and the Romaka of the same, which followed
the tropical system accepted to be foreign, all other siddhdintas give a sidereal
period for the sun in the neighbourhood of 365-15-31, (while the actual sidereal
period is 365-15-23), so far removed from the tropical that it borders on the
anomalistic though intended to be sidereal. The result is that the zero-point has
pro-cessed at the rate of about a degree per 420 years, and is now forward by
more than 3°, creating ali sorts of confusion in fixing the ayanamsa (i.e. the
distance between the Hindu zero-point, and the Vernal equinox forming the zero-
point of modern astronomy). Consistent with this pro-cessing of the first point,
all Hindu astronomers have given in general longer sidereal periods for the moon
and the planets and the moon’s apogee, and a shorter period for the moons nodes,
and a larger rate of precession. In comparing the Hindu sidereal periods and
rates of precession with the modern ones, this should be borme in mind.

Thus it will be seen that throughout in Hindu astronomical history, the sidereal
system has been is use, implicitly in the vedic period, and explicity from the time
of the V.J. onwards. I have made this discussion a little elaborate, because for
various reasons, (like astrology and modern convenience) some people have wished
that the Hindu system be tropical, and so have asserted that it was tropical during
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the vedic period, (and according to some even in the later classical period) and
tried to distort history instead of looking facts squarely in the face.

Another thing must be mentioned here. Recently some people have expressed
the novel idea that the Hindu longitude is polar, i.e. the great circle arc joining
the celestial pole, (as distinguished from the pole of the ecliptic), and the moon
or planet is projected on the ecliptic, and the logitude of this point measured from
the first point of A$vin? is given as its longitude by the Hindus. But no siddhanta
or karana says so. They give the polar longitude for a specific purpose: For
the sake of astrological predictions the moon sun and planet’s conjunction in
polar longitude is given. This is also given to check their correctness in position
by comparing them with the polar longitudes of the stars. For this purpose most
siddhantas give the co-ordinates of the stars in polar longitude readymade, and
this has misled these people. Commentators have all made this point clear, not
to speak of the texts themselves.

In contrast to the Hindu system, western astronomers, like the Egyptians,
Greeks and Romans, very early adopted the tropical or seasonal year, on which
essential civil activities like agriculture depend. When would Father Nile bless
them with his yearly floods, was the problem of the Egyptians, and seasonal
effects would be more marked in regions of higher latitudes like Greece and
Rome. On the other hand the asterisms, and the days and months occurring with
these at full or new moon, became sacred to the Hindus even in the vedic period,
and important religious rites like dar{apiirnamasa depended on these, and so the
sidereal calendar, originating in the way we indicated, has persisted, requiring the
sidereal system of longitude reckoning, so much so that even the rituals depending
clearly on the tropical year, later came to be fixed according to the sidereal calendar
by the Dharma Sastras.

2. CycLES IN YUGAS AND KALPAS

In order to give the revolutions of the sun, moon etc., and of their apogees
and nodes in whole numbers, and at the same time secure sufficient accuracy, the
siddhdntas have used long periods called the yuga and even vastly longer ones
called the kalpa. The yugas and kalpas are not equal in duration for all. There
are four main schools of siddhintins in this respect (1) The Old Sirya Siddhanta
condensed by Varahamihira used perhaps a yuga of 1577917800 days. Aryabhata’s
ardharatrika system clearly had this number, and following it, the Khanda
khadyaka. A Paulisasiddhinta, quoted by Bhattotpala in his commentary on
the Brhatsamhita belongs to this school. We do not know whether this school
had a kalpa, nor how long it was.

(2) The School of Aryabhata, represented by his Aryabhatdyam, has a yuga
of 1577917500 days. This is divided into four equal sub-yugas Krta, Tretd,
Dvapara and Kali. 1008 yugas make a kalpa. (3) The Visnudharmottara School
has 1577916450 days for the yuga. The Brahmasphutasiddhinte and the
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Siddhinta Siromani belong to this school. The length of the sub-yugas are in
the ratio 4:3:2:1. One thousand yugas make the kalpa. (4) The later or new
Siirva siddhiinta has 1577917828 days for the yuga. A number of new siddhantas
fike the Soma, the Brahma the Vrddha Vdafistha the (new) Romaka etc. belong
to this school. The sub-yugas are in the ratio 4:3:2:1, and the kalpa equal
10 1000 yugas. But the revolutions begin, not with the beginning of the kalpa,

but 3.95 yugas later, when according to these the creation of the planets was
completed.

The same number of revolutions per vuga for the sun, is given by all schools.
Excepting school no(3) all other three give the same number of yuga revolutions
for the moon also viz. 57753336. No. (3) gives 57753300. As for the revolu-
tion of the other planets, the four schools agree or disagree with one another in
various ways. It must be noted that even if two schools agree in the number
of revolutions of a particular body, the body cannot have the same period,
because the vwga days are different. This is natural, and must be expected, or
else what is the distinction between the schools?

In spite of the above mentioned various differences, all schools take almost
the same point of time as the beginning of the Kali sub-yuga. Schools (1) and
(4) take the mean midnight at Ujjain, February 17/18, 3102 B.C. beginning
Friday, as the beginning of Kalivuga, (the Kali epoch), while the other two
schools take the time of mean sun-rise following six hours later, as the point
at which Kali yuga begins. (This would mean that the ywgas and kalpas
according to each may vary with regard to the times of their beginning by several
years, and even yugas, inspite of the popular feeling that they do not differ, but
occur at the same point of time.)

Further all schools agree that the mean sun and moon is at the zero point of
Asdvini at the above mentioned Kali epoch. Excepting school (3) the others are
also agreed that the mean planets too are at that point at the Epoch, and that
the moon’s apogee is 90°, and the node 180° from that. What are we to under-
stand from this? Are we to think that at such an ancient date as 17/18,
February, 3102 B.c. the Hindu astronomers gave this result as got from their
observations? Or was this point of time fixed by some later astronomers as
a convenient epoch for starting their calculations, and followed by all the
later siddhantins? The former alternative cannot be accepted, because the
mean sun, moon and planets were not the same but differed widely from one
another, nor were they at zero A$vint as calculated by modern astronomy for
that epoch. Scholars like Bentley first conceived this idea of verification by
calculation. Bentley showed that starting from the epoch and working by each
siddhanta the error gradually became less and less, until at the time of the latter
siddhintas the error became a minimum, as must be expected. Thus he proved
that the second alternative was the correct one, and that the Kali era starting

from this epoch, was an e’xtrapolated era, founded by the astronomical
siddhantins.
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Before this was done by the astronomers, the concept of the four sub-yugas
Krta etc., was a vague one, without any definite number of years attached to
them. The concept of the yuga itself had arisen in the vedic times, and was
perfected in the Vedanga Jyautisa period, the idea being that at the beginning
of every yuga, consisting of five solar years, the sun and moon came together at
Sravisthd where the Winter Solstice was situated at that period. At the time
of the jyautisa samhitas a larger sixty year yuga was conceived, in which not
only the sun and the moon, but also Jupiter met together at a given point in the
zodiac. (The Romakasiddhanta of the Padicasiddhantika gives a luni-solar
vuga of 2850 years of which the famous Metonic cycle is the 150th part. (P.S.1,
15). The Siuryasiddhanta condensed in it gives a luni-solar cycle of 180,000
years (P. S. I, 14). We do not know whether these were of the original
siddhantas themselves, or Varahamihira gave them as fractions of the original,
for convenience). Then the idea of a larger yuga was evolved; at the end of which
the other planets also came together with them, and repeated their motions.
Along with this concept of a very long yuga arose the idea that the first part
of the yuga was a golden age. the second not so very good, the third passable,
and the fourth bad, an idea naturally occurring in the minds of ancient peoples.
The names Krta, Tretd, Dvapara and Kali, used for very good, good, passable,
and bad throws of dice, current from vedic times were borrowed and given to
these sub-yugas. But no definite periods were attached to them, until the
astronomers used the concepts for their own purpose, giving a definite number
of years to them, as we have seen, and fixing the beginning of Kali as an important
epoch. The vagueness of the original concept can be inferred from various
incidents of different times being taken as occurring at the beginning of Kali, by
different ancient authorities. For example, the astronomical Kali is accepted by
most purdnas and given as the date when Krsna left off his mortal body, and
ascended to heaven. But certain other traditions give the first coronation of
yudhisthira at Indraprastha, others the Mahabharata war, and yet others the
abdication of Yudhisthira and starting on the mahiprasthina, as the starting
point of Kali. The Jain and Buddhistic writers take a period 468 years after
the astronomical Kali as the time when Yudhisthira lived and established his
Yudhisthira era (corresponding to 2634 B.c.) Varahamihira and following him
Kalhana, state that the Yudhisthira era began in 2449 B.c. While the Sakalya
Samhiid and the Matsyapurana say that the Saptarsis were at Krttika at the
beginning of Kali, the Gdrga Samhita and other purdnas say that they were at
Magha at the beginning of Kali. Thus there is a difference of about 700 years
in the times given by them for the Kali epoch. Thus we see that the early
astronomers fixed the Kali epoch arbitrarily, as a convenient starting point for
their calculations, and others accepted and followed it.

3. THe CONCEPT OF PRECESSION OF THE EQUINOXES
In most Hindu siddhdntas the precession of the equinoxes has been given

as oscillatory about the fixed first point of A$vini and not as a continuously
regressing phenomenon, which it is. The later Siryasiddhanta says that there
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are 600 such to and fro full oscillations in the yuga, i.e. the period of oscillation
is 7200 vears. According to this the equinox coincided with the First Point of
4$vini at the Kali epoch. During the first 1800 years of Kali it uniformly moved
forward by 27°, i.e. to a point 20" beyond Bharani and then in the next 1800
vears, i.e. at 3600 Kali, {corresponding to 499 A.D.), it regressed to the First Point,
and from that time on is continuing the regression till in 2299 A.D. it will stop at
27° behind A4%vini and begin moving forward again (Sii.S. III. 9-10). From
this we can also see that the rate of motion is 3° per 200 years. Some works
give the amplitude of oscillation as 24° instead of 27°. Some like Murijala
quoted by Bhiiskara 1I. give the phenomenon as continuously regressing and
making 199669 revolutions in a kalpa, i.e. about 22000 years per revolution,
giving a precession of about 1 per annum. The earlier Siddhantins like Aryabhata I
and Brahmagupta do not mention any motion of the equinoxes. But Bhaskara I,
a senior contemporary of Brahmagupta and follower of Aryabhata, discusses it
in his Arvabhaliva Bhasva, (pp. 174-76 of R 14850, Oriental Mss. library, -
Madras), mentions the Romakas who assert there is precession, characterises them
as people who do not know the truth, (aviditaparamirthah) and dismisses their
view saying it is a temporary and unnatural phenomenon of the nature of a
portend. But Varahamihira who came before him and just after Aryabhata, is
more positive and says, (P. S. I11. 21,23 Br. §. III 1-2) “Certainly in the ancient
times the Winter Solstice was at Sravisthd and the Summer Solstice at the
mid-point of A$lesa as mentioned in the earlier Sastras, (like the Vedanga Jyotisa).
Now they are at the beginning of Makara rasi and Karkataka rasi respectively.
If they have moved away even from these points at a later period, the amount
of this unnatural change can be found out by observation of the sun’s shadow
and examination.” Not knowing the rate of precession, he does not mention
calculation for this purpose. For the matter of that even Bhaskaracarya II,
advocates finding the amount of precession by observation, since there is
difference of opinion among the siddhintins about the rate of motion. Earlier
than Vardhamihira, excepting the Romaka which is clearly of foreign origin,
no Hindu astronomical work mentions precession, though its effect on the
seasons was observed even in the vedic times, as I have already mentioned.
Even the shifting of the Vernal Equinox from Mrgaliras to Rohini, and from
Rohint to Krttika had been observed in the Vedic period. But this had not
resulted in the idea of the tropical year as such, as distinguished from the
sidereal year, so strong was the hold of the sidereal year upon the astronomical
and calendric system of the age. This must be the reason why, even after
knowing the continuous motion of the equinoxes, they considered the phenomenon
oscillatory, i.e. something temporary which would rectify itself by an equal
motion in the opposite direction. Even if a Murijala gives it as continuously
regressing, it can have no value unless he had adequate reason to know it for
certain (and he had no reason, it could only be a guess), for the real cause of
the phenomenon, viz. the behaviour of the earth rotating like a spinning top
in resisting the pull of the sun, moon and planets on the extra matter on its
cquatorial bulge, this was not known at that period.
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Another fact, also indicated earlier must be mentioned here. We have
seen that the Hindu sidereal vear, being more than 8 vinadis longer than the
correct sidereal year, the point of Asvin7 itself has a progressive motion of more
than 8 per annum. Since the correct precession is about fifty and a quarter
Seconds, the rate of precession with respect to the Hindu First Point must be
more than 58 1/4, since the siddhinias advocate getting the precession by
observation of the sun’s shadow. Accordingly. Muifijila and the later works
give a rate of precession nearly equal to 1’ per annum, which is quite proper.
It would be a mistake to suppose as far as ancient Hindu works are concerned
that the nearer their rate of precession is to 50 1/4” the more correct it is, e.g.
it would not be proper to commend the S#rvasiddhanta for its rate of precession
of 54”7 per annum, on the ground that it is so near 50 1/4”.

4, THE ECCENTRIC AND EPICYCLIC THEORIES OF PLANETARY MOTION.

From the time of the Old Sirva Siddhanta, ie. the one condensed by
Varahamihira in his Pancasiddhantikd, the eccentric and epicyclic theories have
come to be used in Hindu astronomy in computing and geometrically explaining
planetary motion. The ancient Veddrnga Jvotisa gives only the mean sun and
moon, and problems connected therewith. like the ending moments of tithis etc.
Even these are rough, keeping in view the convenience of a civil calendar. But
the religious rites like darSapurnamdasa rtequire the correct computation of
things, like the day when the moon sets or rises heliacally. Certainly by long
observations the ancient priests must have arrived at rules to rectify the positions
of the sun and the moon got by the rough rules, so that at least for a few synodic
revolutions forward, the heliacal setting and rising of the moon etc. were computed
tolerably correctly. But even in the later Jyotisa samhitas like the Garga samhita
we do not see rules for the computation of the true sun and moon, not to speak
of the planets. It is so in the Paitamaha siddhanta also (the one condensed by
Varahamihira). It is in the Vasistha siddhanta of the Pasicasiddhantika that
we see for the first time distinction made between mean and true sun and moon.
A rough and empirical rule is given to get the true sun. The variation in the
moon’s motion is recognised, but this is supposed to increase and decrease
uniformly over its mean motion, during its anomalistic revolution, and the true
moon is computed by arithmetically summing the varying motions, the excess
or defect over the mean answering for the equation of the centre. Of course
this cannot be very correct, since the variation is really with the cosine of the
anomaly, and the equation of the centre is a function of sine anomaly. This
was recognised and used in the later Paulifa and Romaka siddhantas, as seen
from the empirical values given being roughly proportionate to the sine of the
anomaly. This must have suggested that the equation of the centre is truly
proportionate to the sine of the anomaly, and was accepted as such.

A natural tendency would -be to picture the motion by a graphical
representation. Circular motion, the synodic revolution of planets, and the
representation of the equation of conjunction of planets by circles, with which
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the astronomer’s mind was already familiar, readily suggested the epicycle, with
its centre moving on a deferent, as a means of representing the equation of the
centre, and this picture was adopted, as first seen in the Old Suryae siddhanta.
Very soon an exactly equivalent method of represention was discovered, viz.
making the body move uniformly on a circle, called the eccentric circle, the
centre of which is off the centre of the earth in the direction of the point of
slowest motion, by a length equal to the radius of the epicycle. The Aryabhaliyam
gives both representations.

While both can give the same locus of the moving body forming the orbit
of the body, the eccentric would seem more real, because in the former an
imaginary non-physical mean body, moving on the deferent would not be
acceptable to the mind, and would appear only as a devise to represent the
effect of the equation of centre graphically. This would mean that the distance
of the actual planet from the earth’s centre called the manda karna (hypotenuse
of Eq. cent) need not be taken seriously. This explains why most siddhantas
like the Siddhanta Siromani do not use the karna in finding the equation of
the centre. On the other hand the School of Aryabhata, on the plausibility of
the motion of the actual body to be on the eccentric, has taken the representation
more seriously, and used the karna in the epicyclic representgtion also, as
being more logical. Incidentally, this would accord better with the actual orbit
of the body, which is an ellipse. The equation of the centre of a body moving
in an elliptic orbit is of the form:—2e x sine anomaly+5/4¢ x sine 2 anomaly—
etc. where e is the eccentricity of the ellipse, and the anomaly is reckoned from
the apogee (or aphelion). Taking the karna into consideration would give part
of the second term also, while neglecting it would give only the first term.
(This has been shown by me in the paper, ‘A Historical development of certain
Hindu Astronomical processes,” presented at the seminar of the Indian National
Science Academy, held in 1968, and published in the Indian Journal of History
of Science Vol. IV 1-2, 1969.)

A question may now be asked: as early as ¢. 225 B.C. in Greece, Apollonius
of Perga developed the theories of epicycles and eccentrics. The Old Surya
siddhanta, using the epicycle, must be later and the Aryabaliyam mentioning
both theories, is certainly later. There is no doubt that there was contact
between India and Greece from earlier times. Did the Hindu astronomers
borrow these ideas from the Greeks, or did these occur to the Hindus naturally,
as it had occured to the Greeks? We cannot answer this question with certainty.
But an independent origin in India seems more probable, when we see that the
clearly western and earlier PaulilSa and Romaka did not have either of these
theorijes, that the Hindu constants were different and better in general, that there
was already the analogy of representation of the equation of conjunction, which
must occur to the astronomer naturally to explain the motion of the star-planets
as seen from the earth, and that the Hindus, having already a theory of the
variant motion in the form of the pull or repulsion of the apogee on the planét,
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required the epicyclic representation as a geometrical model, for which there
would certainly be an urge.

Before proceeding we must understand in terms of modern astronomy the
meaning of certain Hindu terms used in the context of planetary motion.
Madhya graha is the mean planet in its own orbit round the earth, when
applied to the moon. When applied to the sun it means the mean longitude
of the earth round the sun, plus 180°. In the case of Mars, Jupiter and Saturn,
it means their mean heliocentric longitude, and the longitude of the superior
conjunction in the case of Mercury and Venus, the mean sun being that point.
Sighra graha means the mean planet in its own orbit round the sun in the case
of Mercury and Venus, and the superior conjunction in the case of Mars,
Jupiter and Saturn, the mean sun being that point. According to modern
astronomy, and correctly too, the equation of the centre is to be applied to the
mean body in its own orbit round its central body. This will give the true
longitude in the case of the sun and the moon, and the true heliocentric longitude
in the case of the five planets Mercury etc. The equation of conjunction is
then applied to these five™planets, using the true sun to convert their heliocentric
longitudes into geocentric longitudes. Any instruction given in Hindu astronomy
must in essence follow this procedure, or else the instruction would be wrong.

Now, Hindu siddhantas instruct what amounts to applying the equation of
the centre, in the case of Mercury and Venus, to the mean sun instead of their
own mean longitude, and this is wrong. Further instead of taking the true sun
as the superior conjunction the mean sun is so taken. On account of these
and the error in the equation of the centre itself, the computed true planets
did not agree with observation, and various attempts were made to correct these
errors, with very little success, since they rarely touched the real cause. For
example, the Aryabhala and New Siirva Siddhanta schools made the radius of
the epicycles vary with the anomaly. Before applying the equation of the
centre and the equation of conjunction, the Old and New Surya siddhinta
schools made a preliminary operation, and applied a half-equation of conjunction
and half-equation of the centre respectively, to the madhya of the planet. The
Aryabhatiya varied this by instructing the half equation of the centre to be
done first, and dispensing with it altogether in the case of Venus and Mercury.
The Siddhdinia Siromani instructed full equation of the centre, and full equation
of conjunction, for the preliminary operation too, except in the case of Mars,
where repetition of the whole set of operations is enjoined. This disagreement

among the siddhintas itself shows that the preliminary operation is an unessential
hotchpotch.

We have said that the application of the equation of conjunction converts
the heliocentric longitude into the geocentric. This can be readily seen in the
case of Mercury and Venus (see fig). If the line joining the earth and sun be
taken as unity, the sun being the planet’s mean longitude in these two cases,
the epicycle of conjunction round the sun is the planet’s orbit and the radius of
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the epicycle is the distance of the planet from the sum, taking the distance of
the sun from the earth as unity. Since the ratio of the radius to the circumference
in any circle is constant, the degrees of epicycle = 360° will give the ratio of
the distance of the planet to unity. (If the epicycle varies we can take the
mean.) In the case of the superior planets, viz. Mars, Jupiter and Saturn also,
since the application of the equation of conjunction converts the heliocentric
planet into the geocentric, the geometrical representation must be true, which
can be shown thus: Interchange P and E in the figure. This is a representation
of the earth circling the sun. as seen from the planet, and the earth will be
viewed always near the sun, even as Mercury and Venus are seen always near
the sun as viewed from the earth. By comparison, we can now see that if we
take the distance of the earth from the sun as before, the degrees of epicycle
— 360°, gives the reciprocal of the ratio of the distance of the superior planet
from the sun to the distance of the earth from the sun. In the table below,
these ratios are given. They can be compared with the correct ratios of
modern astronomy given.

Planet Modern Siddhanta Old Sarya New Sirya Aryabhatiyam
Siromani Siddhanta Siddhianta
Earth 1.00 1.00 1.00 1.00 1.00
Mercury .39 37 37 37 .38
Venus 72 72 72 73 .73
Mars 1.52 1.48 1.54 1.54 1.54
Jupiter 5.20 5.29 5.00 5.07 5.16
Saturn 9.55 9.00 9.00 9.11 941

We see the agreement is fairly close, and the Aryabhatiyam comes closest.
If the Hindu siddhantins had only taken the geometrical representation more
seriously, and if they had not been wedded to the geocentric hypothesis so
strongly, they could have noticed the correct ratios of the distances of the
planets from the sun, and even postulated the heliocentric hypothesis, as Aristactus
of Samos had done before, in ¢. 280 B.c. They would have also seen that
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their postulate of equal linear motion for all planets as well as the sun and
the moon, is wrong. (The Hindus estimated the distance of the moon to be
about 65 times the earth’s radius, fairly correctly by using the moon’s horizontal
parallax. But they calculated the sun’s distance to be about 13.4 times the
moons distance, since their postulate of equal linear motion is equal to postulating
that the distances are proportionate to the periods of revolution. Really the
sun’s distance is about 390 times the moon’s. This enormous real distance was
not realised even by Copernicus, who gives it as about 25 times that of the
moon. The Greek Aristactus of Samos had estimated it to be about 20 times,
using a method ingenious but useless, on account of the impossibility of making
correct measurements. According to the Hindu theory, Jupiter will be 12 times
and Saturn 29 times distant as the sun. Quite arbitrarily, they gave a distance
to the stars, i.e. the stellar sphere also as 60 times that of the sun, and for the
celestial sphere, 4320000000 times, practically infinity. The distance they gave
to the stars is one reason why they clung to the geocentric hypothesis, for they
thought that if the earth moved round the sun there would be a large stellar
parallax that could be observed, but no such parallax was observed. But in
fact there are stellar parallaxes. On account of the stars enormous distances
these are so small that only modern instruments can measure them. It was
left for Copernicus to propound the heliocentric hypothesis anew. Whether it
is the epicyclic theory or the eccentric theory, whether it is the geocentric
theory or the heliocentric theory, one is as good as the other as far as the result
is concerned, and this was known to the ancient, both Greeks and Hindus. As
long as the real reason why the sun should be considered the central body, viz.
the strong pull it exerts over the other bodies, is not known, the only recommenda-
tion for the heliocentric hypothesis is its simplicity. But simplicity can masquerade
as truth, and the simpler hypothesis can appear to the human mind as more
real, for nature’s laws are characteristically simple. It should be noted that
Copernicus, in propounding the heliocentric hypothesis in his ‘Revolutionibus
Orbium Clestium’, published in 1543 A.D.,, very carefully explained that
he was adopting the theory only for its simplicity, for if he had not done so he
would have lost his valuable influence with the Church, and might have had
even to face the inquision like Galileo later.

5. THE CONCEPT OF THE SIDEREAL DAy

Hindu astronomy from the time of the Vedanga Jyotisa has conceived the
sidereal day as being caused by the rotation of the stellar sphere round the earth
from east to west, the time of one rotation being one sidereal day. Classical
Hindu astronomy supplies a reason for the rotation, by assuming a wind called
Praviha in the upper regions, blowing the stellar sphere round. But Aryabhata
seems to have felt that the same result can be obtained by assuming the earth to
rotate on its axis, west to east. This can be seen from his Aryabhaiiyam-Gitiki
(1), where together with the number of east-ward revolutions of the sun moon
etc. in a yuga, he mentions the earth and the number of sidereal days in the yuga,
(1582237500), as the number of its east-waid revolutions. This is confirmed by
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his statement in Golapida (9): “Just as a man moving along in a ship sees the
non-moving mountains moving in the opposite direction, so also the non-moving
stars seem to move directly west ward in the sky above the equator.” But he
seems to contradict himself when he says in the very next verse, “Being blown
by the Pravdha wind for the sake of rising and setting, the stellar circle moves
westward above the equator at the rate of 1° per prana (i.e. 4 seconds of time).
In Gitika (4) too he says, “The star moves 1’ per Prana.” How are we to resolve
the contradiction? His successors, even from Bhaskara I onwards have taken
the latter as his own view, and interpreted the former so as to agree with the latter,
The stock argument of the generality of astronomers against a rotating earth,
(like the impossibility of birds leaving their nests reaching them again) seem
to have made them interpret Aryabhata thus. But it seems that the former
is Aryabhatas conviction and the latter is what he gives as a pirvapaksa, i.e.
the opinion of others, in the exceptional siitra style. For Brahmagupta, following
only a century after, in the disanadhvéya of his siddhinta condemns Aryabhata
for holding this view of a rotating earth. He even reads Gitika (4) as
Pranenaitikalimbhiih meaning. “The earth moves 1’ per prdang”, and probably
this was Aryabhatas original reading. Further whom were the generality of
astronomers condemning, if it was not Aryabhata and people like him? Thus
the scientific mind of Aryabhata, always seeking simpler assumptions, must have
arrived at the view that the rotation of the earth is simpler to assume, like the
Greek, Heracledes of Poutus before in ¢. 350 B.c. But he could not have borrowed
this idea from Heracledes since the latter’s view had died out even in Greece
long ago.

6. CERTAIN SPECIALITIES IN THE USE OF TRIGONOMETRY IN ASTRONOMICAL WORK

In Hindu astronomy, trigonometrical functions came to be used only after
the time of the Paulisa siddhanta condensed in the Paricasiddhantika. Upto the
time of the samhiras and the Paitdmahasiddhinta there was no need for them,
when only nean planets were given, and rough rules to compute the shadow,
fagna, time, etc. were considered sufficient. The later Vasisthasiddhanta, found
the equation of the centre as mentioned before by an arithmetical summation.
To get the point of contact in the lunar eclipse, it used the related degrees of
angles themselves instead of their sines, (P.S. VI. 7-8). The Paulifa also does
not seem to have used the sine etc. Here, in the case of the sun, empirical
values for 30°-intervals are given to make it true. TIts moon is common Wwith
that of the Vasistha. To find the moon’s latitude it uses the degrees of argument
of latitude, instead of its sine, though this is not explicitly stated. In dealing
with the solar eclipse in chapter VII. 2-4, three rules are given to represent
the parallax correction for latitude as a correction to the moon’s nodes, and in
all, degrees are used instead of their sines as multipliers. Only in one place,
(VII-]), is the sine used to correct the time of conjunction in longitude for parallax.
But this is most probably Vardhamihira’s own, to secure tolerable accuracy.
The same verse occurring as VII. 9 in connection with the Romaka, confirms
this. As for chapter IV, where a table of Rsines is given, and spherical
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trigonometrical problems are dealt with, that is the author's own, and if it
must go with any siddhdnta, it must be the Siryasiddhdnta there. We see
evidence of the use of sines etc. from the time of the Romaka and in the Sirya
siddhanta mentioned above, and the later classical works beginning with the
Aryabhalivam.

As in modern trigonometry, the Hindus use the Jydrdha or half-chord, calling
it Jvd, (a synonym of the word sinjini, from which the word sine is derived,)
unlike the Greeks who used the full chord. The Hindu genius which invented
the place value decimal notation, and for its sake, the symbol zero, saw the
convenience in using the half chord, and used it. But instead of taking the
radius as unity like the moderns, the Hindus measure it in certain natural or
assumed units, so that the half-chords and arcs are measured in the same units.
So if the modern word ‘sine’ is to be used, the Hindu half-chords are to be
called R sines. The Aryabhatliyam is the first extant work in which an R sine
table is given. Aryabhata uses a natural measure, i.e. he takes the circum-
ference to be 21600 units, so that a minute of arc is the unit. Then the radius
will be 3438 units, being the number of minutes in a radian. Many siddhantas
adopt this measure. But some, for the sake of convenience, assume an arbitrary
value for the radius. For example Varahamihira assumes it to be 120 units,
because in all computations with R sines etc. R occurs as a multiplier or
divisor.

Usually the R sines are tabulated for intervals of 3°45, thus giving twenty-
four of them in all for the quadrant. The Vatesvara siddhinta tabulates 96
R sines (plus two more near 90°), to secure greater accuracy in interpolation.
With the R sine table, an R versine table is given by most siddhantas, and R
cosines are got by subtracting these from R, or taking the R sines of the com-
plements. Aryabhata gives a geometrical construction to derive the R sine
of §/2, when R sine g and its versine is known, by using the Pythagoras theorem,
{Arya-Ganita. 11). This can be carried to a very small fraction of an angle
where R sine p is indistinguishable from R #. He has used this to find the
circumference of a circle, the radius being given. He says: when the diameter is
20000 units, the circumference is 62832 units, thus giving , = 3.1416, which is
correct to four decimal places Varahamihira gives two formulae to find the
R sines, (P.S. IV 2-5) of successive half angles, and thence all the twenty-four,
tabulated. Using the first tabulated R sine 7°51”, he could have arrived at
m =3.14, which is correct to 2 places of decimals. Using the value of R=3438,
the circumference being 21600, the New Siuryasiddhinta could have found
m =3.1414, and so also Brahmagupta using his radius. But all these three
give what comes to m=4/10=3.1623, so incorrect, it passes my comprehension
why. If for ease of computation, the fraction 22/7=3.1429 is simpler to use,
and far closer to the correct value. The Aryabhaliya Ganita—12 gives an
alternative method to compute the R sines, and the Sirya Siddhanta repeats it.
It depends on the fact that the second differences of the R sines vary as the
R sines. But the constant divisor of the R sines, the number 225, seems to
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have been assumed empirically by a supposed identity with the first R sine. If
it had been found from R sine ( §—a), R sineg , and R sine ( 8 +a). by calcula-
tion, they would have arrived at the correct 234. Bhaskaracirya has appended
a whole section for getting the R sines etc. by various methods reminiscent of
modern trigonometry.

These R sines etc. are used in computing the equation of the centre, and
the equation of conjunction, which involve the solution of plane triangles,
and in solving spherical triangles, which occur in problems like finding the
right-ascension and declination and the polar latitude and longitude of heavenly
bodies when their latitude-lorgitude co-ordinates are known, as also in pro-
blems requiring the solutions of the spherical triangle SPZ, (S representing the
position of the body, P being the pole and Z being the zenith), problems like
finding the length of day-light, orient or meridian ecliptic point, amplitude,
azimuth, zenith distance, and hour angle of bodies, from which shadow, time,
etc. are found. But instead of using the spherical triangle formulae directly,
Hindu astronomy uses plane right angled triangles, whose sides correspond to
the sides of spherical rightangled triangles. These plane triangles are formed
by perpendiculars dropped on to the horizontal, primeverical, and meridian
planes, as the sides containing the right angle. These are all similar to the
right-angled triangle formed with the equinoctial shadow and the twelve-unit
gnomon, as its base and perpendicular, sine in all of them the latitude of the
place is involved, and therefore in every one the corresponding sides and hypo-
tenuse are proportional. These are eight in number, and called aksaksetras, the
equinoctial shadow triangle being the arche-type. Problems are solved using the
proportionality of these triangles. Siddhanta Sironmani Ganite Triprasna. 13-17
define these, and the vdsandbhasya thereon explains them exhaustively. From
the earliest siddhantas, viz. the Aryabhaliyam and the Padicasiddhantika, it is
this method of solving spherical, triangles that is used, and so it must have been
developed by the Hindus earlier still, and is a special feature of Hindu
astronomy.

1 have given above what I consider the most important characteristics of
Hindu astronomy.



