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table (page 66); then follows the longitude Cancer 21° 49', which is
found by adding this are to the longitude of the preceding line, not
present here; by adding the next are 29° 41' to this longitude, we get
Cancer 21° 49' +290 41' =Leo 21° 30'. The sign ush in the next column
denotes the second station. Then comes the next section, with data for
the heliacal setting (indicated by shu in the next column). It opens with
a fint column (43, 45, 30 as first value, in sexagesimals) serving, as did
the first column in the preceding section, for computing the dates; then
follow year, date, synodic arc and longitude, as in the other section.
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Fig. 5. Cuneiform text of Jupiter table

These tables of the third kind present a higher staglof accuracy,
since the synodic arcs and the time intervals of the dates vary continuously between an upper and a lower limit; these limits are 28° 15t'
and 38° 2' for the arcs. Their mean, the average ofall the separate values
in the long run, 33 ° 8' 45", is identical with the value adopted in the
tables of the first kind. The tables enable us to derive more details
concerning the basic suppositions applied by these astronomers. One
rise and fall of the zig-zag line, after which the velocity has returned to
the same value, corresponds to one revolution of the planet; together
they amount to twice the distance of the limiting maximum and minimum, 2 X9° 46t' =19° 33'. One step of 1° 48' corresponds to one
synodic period; hence one revolution contains 19° 33': 1° 48'=IOH
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synodic periods. In other words: 391 synodic periods are equal to
36 revolutions, which last 391 +36 =427 years. This is a more accurate
approximation than the one given above (p. 54) for the planetary
period; but it can be derived from the data given there: if we take six
times 65 periods, each ofsix revolutions minus 5° 33', increased by one
period; or if we take five times 76 periods, each of seven revolutions
- minus 0° 57', increased by I I periods forming one revolution. The
synodic are found in dividing 360° by the number of periods W is
33° 8' 44.8", for which 33° 8' 45" used above is a sufficient approximation.
The length of the synodic period, the interval in time between two
successivelines in the table (in the first column of a section) is computed
after the same principle. The values are represented by zig-zag functions
proceeding by steps of 1,48 between the limits 50, 7, 15 and 40,20,45
(the commas separate the successive sexagesimais), which show a
difference (in days) of 9, 46, 30, the same number for the arcs (in
degrees). These periods were used for computing the dates. Here the
Babylonian astronomers faced the difficulty that they had no possible
way ofknowing the length offuture months, whether 29 or 30 days, so
that future days became entirely uncertain. Future months, however,
by the I9-years calendar period, were never uncertain. So they devised
this simple method: they took 30 days for every month. This means that
they worked with fictitious days of fi month, somewhat smaller than
real days. The small deviations in the time thus expressed against the
real dates, at most half a day, are of no importance, since the moments
of heliacal rising and setting or station, even of opposition, cannot be
fixed with greater precision. It is necessary, then, that the mean excess
oftheJupiter period over rz lunar months, 44.53 days (in our decimals),
be increased to 45.23 of these smaller fictitious days to add for every
next line. Indeed we find that the mean value between the upper and
the lower limit is I (50, 7, 15 +40, 20, 45) =45, 14, the same value in
sexagesimal writing.
'
The accuracy of the Jupiter tables of the second kind, of which a
larger number offragments is available, stands between that ofthe two
other kinds. The synodic arc for opposite regions of the ecliptic is again
taken to be 30° and 36°, but only over smaller intervals of 120°and 135°
oflongitude; in the intermediate regions extending over 53° and 52° of
longitude, an intermediate value of 33° 45' was adopted. Thereby the
large errors remaining with the first method are reduced in the border
regions. It may be mentioned that, besides tables, a text has also been
found, a 'procedure text' , consisting merely of directions on how to
compute such tables of the second kind, clearly intended for the scribes
or the apprentices of the temple.
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The above statements on the accuracy of the Chaldean tables deal
solely with the formal accuracy attainable through this theoretical
method, not with the real accuracy attained. The real errors may be
considerably larger through imperfect knowledge of the basic quantities.
The errors in longitude of the second station in the tables of the third
kind sometimes exceed Il°, not because of the inadequacy of the zigzag function but because the amplitude was taken too large and the
minimum velocity was assumed to occur at longitude about 150°
instead of about 160°. For practical purposes the theoretically less
perfect ephemerides, directly derived from former observations, could
give better results; but the tables represent a higher stage of theoretical
mastery.
Sirnilar tables for other planets have been found, but they are less
complete. For Saturn a small fragment of the third kind is known,
containing oppositions from SE 155 to 167. They are based on the relation: 9 revolutions =256 synodic periods =265 years. A tablet from
Uruk, dealing with Mars, is remarkable because the strongly variabie
velocity of this planet has been represented by more consistent application of the principle of the second kind. The ecliptic is divided into six
sections, each embracing two signs; the value of the synodic are is
constant in each section and jumps at the boundaries: from 90° (in
Capricorn-Aquarius), over 671°(in Fishes and Ram) and 45° (in Bull
and Twins) to 30° (in Cancer and Lion), then over 40° (in Virgin and
Scales) and 60° (in Scorpion and Sagittarius) back to 90°. Iffor example,
a synodic are had to proceed from Aquarius ro", then 20° (i ofthe total
are) is situated in Aquarius, the remainder in the next section has a
length ~ x67!0=52tO, hence reaches beyond the Fishes to Ram
22° 30', its end.
By computing the average number of synodic arcs in one circumference, we find from these data 133 : 18. Mars in one synodic period
completes an entire circumference of the ecliptic plus the synodic are;
hence in its 133 periods it passes through 151 revolutions, taking
133+151 =284 years. This relation is more accurate than the relations
given in the table on pages 54-5; it is indeed the best value we can
derive by means of continuous fractions from our present knowledge of
the periods. The same holds for the large period of Saturn.
For Venus th ere are some fragments of tab les indicating appearance,
disappearance, and stations in the evening and morning. Because the
phenomena return after eight years with only a small decrease oflongitude, 2° 40', no detailed data about the synodic arcs can be derived from
them. For Mercury, in all centuries the most difficult of the planets,
because of its irregularities and its difficult visibility in strong twilight,
there are also some texts, but many numbers in them are nearly
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illegible. They give time and place for appearance and disappearance
as evening and morning star in the years SE 145-53 and SE 170-85.
Kugler found that sirnilar methods were followed for the appearance of
Mercury as for the other planets: for three sections of the ecliptic three
different constant values were adopted for the synodic are. They are
106 from longitude 121° to 286°; 141tO (=! X 106°) from 286° to 60°;
and 94io ( =i X 106°) from 60° to 121°. It is a curious asymmetrie variation; but the corresponding
average synodic are, N;,8ä X 360° =
114° 12' 31.5", is only 4" smaller than the real value; and also the corresponding synodic period, 115d 21h 3m 51", is more accurate than rnight
be expected even after many centuries of observation. The times and
places of disappearance we re found by adding to the values for appearance amounts different for each zodiacal sign, varying between 44°
and 12°. This, of course, is a rather poor procedure; and indeed the
errors, though usually of only a few degrees, in some cases amounted to
10°. Still this success deserves respect; but Mercury presents too many
difficuIties to be treated satisfactorily in this way.
AU these planetary tablets treated by Kugler had come, as was found
afterwards, from the ruins of one temple in the town of Babylon.
Tablets that were dug up later in Uruk confirmed his resuIts and sometimes augmented them by more details.
It must be added that these were not the sole planetary tables in
Chaldean astronomy. A tablet was found containing the computation
of Jupiter's longitude for all the consecutive days during some months
of SE 147-48, including a station as maximum.ê" The daily motions
from which they were formed by summation we re themselves obtained
by sumrning a series of regularly increasing values. So the longitudes
form a curve of the third degree covering the two stationary points and
the intermediate retrograde motion.
In turning now to the tables of the moon, one is struck by their
complicated structure, i.e. by the high state of knowlëdge of the
irregularities of the moon's motion and the skill in treating and representing them. But hardly less is our admiration for the ingenuity and
perseverance of modern investigators-chiefly
the three Jesuit fathers
Epping, Kugler, and Schaumberger, who from 1889 to 1935 continued
each other's work-to
bring to light this ancient science from no more
than some few sherds with nearly illegible characters. They found two
kinds of systems of computation. From one system, dating from later
years, there exists, besides some small pieces, one large table, from
SE 180 (130 BC), assembied by Strassmaier from separate fragments; it
contains 18 columns of quantities used in the computation.
From
another more prirnitive system of computation
appearing earlier
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(SE 140), only a number oflittle fragments exist, which nowhere showed
the complete computation for a single case. Vet it was possible to reconstruct the working method of this system with the help of a couple of
eclipse tables and a procedure text with working directions.
The course of the computation consisted in the derivation, first, of
time and place of the exact conjunctions of sun and moon (which we
now call 'new moon') and, mostly on the reverse of the same tablet, of
their oppositions (full moon). From the conjunctions the day and the
aspect of the first appearance of the crescent were derived by the
application of corrections. Both eclipses were computed by introducing
the variations in latitude of the moon; solar eclips es were derived as weIl
as lunar eclipses.
The problem was intricate because conjunctions had to be derived
of two bodies, each progressing with a variabie velocity. If one (here
the moon) moves rapidly and the other (here the sun) moves slowly, the
meeting place depends chiefly on the slow body, and the meeting time
on the fast one. That the Babylonian astronomers understood the problem is apparent from their method of attacking it, namely by dividing it
into separate stages of approximation. First, the variations of the solar
velocity were used in computing the place of conjunction and opposition, i.e. the longitude of the invisible new moon and of the full
moon; all quantities depending on this longitude could then be derived.
Thereupon, the irregularities of the moon's motion were considered, in
order to find the time interval between successive conjunctions or
oppositions.
The first columns of the tables giving the longitude of new moon and
full moon exhibit the variability of the solar velocity. In the older
system it is expressed in the same crude way as in the planetary tables of
the first kind; for one part of the ecliptic a greater constant speed, 30°
per month, is adopted, and for the other half the lesser speed of
ti X300=28io. To get the true mean speed in the long run, the two
parts must be taken of unequal length; the large value holds over
194°, from longitude 163° to 357°; the smaller one over 166°, from 357°
to 163°. It follows that there are 12& synodic months in the year. We
will find later (p. 75) 29d 12h 44m 3ts for the length of the synodic
month; so the year must be 365d 6h 15m 19"-thus 6 rninutes 8 seconds
too much. This is the sidereal year, the revolution of the sun relative to
the stars. For the period ofthe seasons (tropical year) the calendar rel ations: 12-tu months per year, combined with the synodic month give
365d 5h 55m 25", also too large.
How did these astronomers acquire their knowledge of the variabie
velocity ofthe sun? They may have derived it from the unequallengths
of the seasons. The Babylonians, according to Greek testimony, used a
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vertical pole for measuring shadow length; thus they could determine
the moments of solstice and, as medium points between the solstices,
the moments of vernal and autumnal equinoxes. From the Babylonian theory of the two alternative constant values we compute for
spring and autumn, situated entirely within the slowand rapid parts,
94.5 and 88.6 days; and for summer and winter, which extend over
the limiting points, 92.7 and 89.45 days; conversely, using the same
relation, they must have been able to compute their theoretical data on
the variations of velocity from the observed lengths ofthe seasons.
The later less primitive system is similar to that of the planetary tab les
of the third kind. The differences in longitude between successive new
moons or fuil moons regularly increase and decrease and are expressed
by zig-zag functions running between an upper and a lower limit. These
limits are 30° I' 59" and 28° 10' 391"; their difference (the amplitude) is
1° 51' 19k", their average is 29° 6' 19f', one step is 0° 18'; these data
allow us to derive the periods used. The number of synodic periods in a
year is the number of steps contained in twice the amplitude, the return
from maximum to the next maximum; it is 2 x r" 51' 19t"+0018'=
121-*. It is also the number of times that the mean are 29° 6' 19k" is
contained in the circumference 360°. This does not give the same result;
it is indeed a different thing. The first result is the number of returns to
the same extreme ofvelocity, the other the return to the same longitude.
Accordingly, by multiplying the mean synodic are with the ratio
12~~~ the result is not 360° but 29.8" more. Can these ancient astronomers have known that the longitude ofthe point of maximum velocity of
the sun slowly increases? If so, they adopted too great an increase; in
reality the progress is only I I .8" per year. The synodic are according to
modern data is 29° 6' 20.2"; the Babylonian value is only 12looo smaller,
so that it would take three centuries to cause a difference of 1°.
The resulting longitudes of the sun for the successive new and full
moons are used to compute some quantities, dependent on thi,s longitude. Among them is the length of daylight, the interval between sunrise
and sunset. The procedure text of the older system indicates how it
changes with the season, between the symmetrical extremes: 14h 24m in
summer, 9h 36m in winter. This, however, is a curious statement; for it
does not fit in with the well-known latitude of Babylon, 32° 30', for
which these extremes should be 14h I lm and 9h 49m. A fantastic explanation was the assumption that in the distant past the town, or at least its
sanctuary, was situated 2° farther north and tradition had retained the
former values. A more natural though hardly sufficient explanation is
that because of the finite solar diameter, the refraction, and the dip of
the horizon for the high towers, the length ofthe daylight was increased
at the summer solstice and that for the less well observable winter solstice

ihe symmetrical value had been adopted.ê" Perhaps it was the simple
ratio 3 : 2 of these values that persisted as the legacy from times of
primitive knowledge.
Noteworthy also is the statement in this instruction: 'at 10° of the
Ram the duration is 12 hours: for every next degree thou shalt add
160 seconds .. .' and so on, a line for every zodiacal sign. This implies
that the equinox was situated at 10° ofthe Ram. In two different texts
ofthe later system it is put at 8° and 8° 15' ofthe Ram. The Chaldean
astronomers did not count their longitudes from the vernal equinox,
but from the beginning of the first zodiacal constellation or perhaps
from a star. Because the precession changes the place of the equinoxes
among the stars, different values for its longitude are given in different
times and texts.
It has often been a point of surprise that the Babylonians, notwithstanding their centuries of observation, did not recognize the precession
but left this discovery to the Greeks, who borrowed from them so many
other data. We have to consider, however, that their minds were not
bent on the discovery of new phenomena. I t was their task in religious
devotion and attentive perseverance so closely to follow and study the
course of the heavenly phenomena that for the coming years they could
calculate them in advance 'for the festivals'. Even had they perceived
that the equinoxes more over, of secondary interest to them, were displaced compared with the former records, the idea did not occur to
them that this was a noteworthy special phenomenon.
Returning now to the main road, to the derivation of the time of
new moon and full moon, we have next to consider the moon's variable
velocity. We know that, because of the progress of the lunar perigee,
the return to maximum velocity, the so-cailed 'anomalistic' period,
takes longer than the true (sidereal) revolution. The tables of both
systems have a number of columns intended for this computation. In
the later more perfect system a column gives the lengths of the successive
synodic periods; they are situated on a regular zig-zag line with limiting
points 29d 17h 57m 48tS and 29d 7h 30m 181s, and with steps of Ih 30m.
The mean of the limiting values is the mean synodic period, 29d 12h
44m 3tS; this is a very accurate value, since it depends on eclipse
observations of many centuries. It is the same value mentioned by
Ptolemy as having been derived by Hipparchus; it now appears to have
been known in Babylon at the time when Hipparchus lived. The
difference between the limiting values is IOh 27m 30S, and the number of
steps contained in twice the amplitude is 13H=W.
One step in the
table, standing for one synodic period, means that from one new moon
to the next, the moon makes more than a complete return, nearly
more to the same maximum ofvelocity. The ratio found shows that in
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251 synodic periods this point of maximum has been passed an additional 18 times, hence in total 269 times. The same relation which
Ptolemy aseribes to Hipparchus, that 251 synodic periods are equal to
269 anomalistic periods, here appears to be the basis of the Babylonian
tables. The ensuing anomalistic period, 27d 13h I8m 34.758, deviates
only 2.7 seconds from the modern values.
The lengths of the months which must be added successively to get
the next time of new moon and full moon have first to undergo one
more correction, due to the variations in the sun's velocity. The
interval covered monthly by the sun may deviate up to IOfrom the
mean, which is the distance traversed by the moon in two hours. In
some further columns this correction is computed, reaching between
4 and minus 2h 9m 528. Now at last the computation is ready, and,
starting from a well-observed eclipse, all further epochs of conjunction
- and opposition ofsun and moon can be established. In this computation
'-..the days are all equal, and the hours are reckoned from rnidnight.
The main objective of the long computation was to find the first
day of the month, i.e. the first appearance of the crescent. For this
purpose five more columns follow, which have been deciphered by
Schaumberger. First comes the interval from new moon to the sunset
of the next day, which is usually the moment that the crescent may be
expected. By means of the known daily velocity of sun and moon, their
difference in longitude is found for this sunset. This quantity alone is
not decisive for the visibility of the crescent that evening; what matters
is how long after the sun the moon will set. This depends also on the
inclination of the ecliptic to the horizon, which varies greatly with the
seasons and, moreover, on the moon's latitude north or south of the
ecliptic. All these corrections are given in minutes, which is amply
sufficient for the purpose. The result is the time the moon remains above
the horizon after sunset; it determines the visibility that evening.
Here, then, the goal is reached. The phenomenon that thçoughout
the past centuries had been the chief and most important object of
observation by Babylonian astronomers was now entirely controlled by
theory as a numerically computed event. In the same way, by reekoning
back from the conjunction, the visibility of the disappearing morning
sickle could be derived.
It will not be necessary here to enter into the details of the older
system, which was at once more primitive and more cumbersome. It is
a notable circumstance that there are not only pieces of numerical
tables but also a detailed procedure text on their construction, for the
use of apprentices. The quantities appearing as nameless numbers in
the tab les here are designated by their names. It is interesting, linguistically, to see the daily move ment of sun and moon given by the
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expression zi sha Shamash and zi sha Sin, literally 'life of the sun-god',
'life of the moon-god'. The progress of sun and moon along the sky was
to the priest-astronorners the visible manifestation of the life of these
light-gods, which they subjected to precise numerical operations.
Numbers with six sexagesimals even occur in the tables, not to exhibit
an accuracy ofthousand-millionths,
but because the ratio of -Ha needed
here can only be ,expressed in the Babylonian numerical system by a
very long number. They also had to face the difficult problem ofhow to
derive the lengths of months from a column of varia ble velocities, a
problem indeed of integration of reciprocals, and they solved it in a
cumbersome way by dissecting the process into small parts, hence in a
way sirnilar to what in modern times is called 'mechanical quadrature'.
But in the columns of this system there are many numbers as yet
unravelled.
Computation of eclipses was the other objective of the lunar tables.
Eclipses depend on the moon's latitude. Hence some few columns are
interposed to serve for the computation of latitude. By their skilful
structure they have presented great difficulties to modern investigation;
Otto Neugebauer, with the aid ofspecial arithmetical contrivances, was
the first to succeed in deciphering and explaining those of the older
systems. The Babylonians were well aware that the representation ofthe
variations of the moon's latitude by a pointed zig-zag line was not
satisfactory; if the extreme values are right, the inclination near the
"",T .
1,

;6

"- "-

i

Fig. 7
nodes is Ii times too small, and at this point especially the correct
latitude is needed for the eclipses. If, conversely, the zig-zag line at the
nodes is given the correct slope, its maximum is far higher than the
maximum latitude ofthe moon, and this impairs the computation ofthe
crescent. The difficulty was solved by the tab les giving a broken zig-zag,
which has its inclination doubled at the intersection with the ecliptic.
It was constructed in such a way th at in a simple zig-zag line between
+6 and -6 all values below It were doubled and all above it were
increased by It. There is no indication of the unit used. If we assume
this maximum of 7t to correspond to 5°, the well-known greatest lati-
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tude of the moon, then one unit must be -Ho, nearly one-third of the
above mentioned ammat which is between 2° and 2'5°.
Whereas the nodes are regressing regularly, the longitudes ofthe sun
and, hence, ofthe full moon have an annual irregularity. In this system
its monthly progress jumps between 30° and 28tO; this was taken into
account in such a way that in alternating half-years a larger and a
smaller slope were given to the basic zig-zag line in the same ratio of
16 to 15. It is clear how difficult and complicated the computation
must be when the basic line already consists of broken parts. We can,
as in former cases, derive the periods used from the data of the zigzag line. The average value of a step (per synodic month) is 2,2,40,58,
in the same unit in which the basic zig-zag runs between +6 and -6;
hence the total course up and down amounts to 24. This means th at
one 'draconitic' period from a zig-zag top to the next top is equal to
24 units, of which one synodic period comprises 26, 2, 40, 58. This is
not equal to the simple saros ratio 223 : 242; it is somewhat larger,
223.00112: 242, and nearer to the true modern value 223.00121 : 242.
It is not unexpected that a more precise knowledge is shown here, since,
according to the saros-canon, it was already known in the third century
BC that the saros relation was not exact. It must be added that a still
more accurate value has been used in the later system. Here one course
up and down is '1:~~8
times one step; the ratio of the draconitic and
the synodic period is here 5,458 : 5,923. It is the same ratio as Ptolemy
aseribes to Hipparchus, corresponding to 223.00118 : 242, hence
coming still nearer to the true value. In the tables of latitude of this
later system there is much of which we do not yet understand the
meaning, and special eclipse tables are lacking.
For the older system, however, we can follow the computation of the
eclipses to the end. In part of the fragments, following the column of
latitudes, another column is inserted in which most of the lines remain
blank and a number appears every sixth line only, where the J.atitude is
smallest and an eclipse may take place. This 'eclipse-index', as we may
caU it, is found by subtracting the moon's latitude before the node from
the value (in sexagesimais) I, 44, 24 (which is the above unit of HO
which amounts to I ° 12'), and after the node adding it to the same value.
Thereupon, in order to have a ten times smaller unit, the result was
multiplied by 10, which makes its constant part 10 X I, 44, 24 =17,24, o.
This constant part (of approximately 1° 12' in our units) slightly
exceeds the sum total of the shadow's and the moon's semidiameter;
when the moon's latitude before the node is equal to this value, the
moon's disc is tangent to the shadow, a partial eclipse begins to be
possible, and the 'eclipse-index' is o. The slight excess means that the
limits of possibility have been taken somewhat too wide, probably in

order not to miss an eclipse because of the vagueness of the shadow
border, and the small irregularities in the apparent size of shadow and
moon. The eclipse-index indicates how far the moon dives into the
shadow, expressed now in a unity of nearly I of the moon's diameter.
Thus it starts with zero or a small negative value, increases nearer to
the node until it has the value 17, 24 for latitude 0 and continues to
increase past the node to 34, 48, twice the constant which indicates the
limit where the moon comes free from the shadow and eclipses even of a
smaller border part are no longer possible.
Such a list of all successive eclips es and nearly-eclipses exists for the
years SE 138 to 160 and has been discussed by O. Neugebauer. The
relevant columns are given here in the accompanying table. The first
columns give the year and the month, the longitude in the ecliptic and
the moon's latitude. Then follow two characters, u and lal, which mean
'up' and 'down' or 'positive' and 'negative' and which can best be
expressed by our + and -; the first indicates whether the moon's
latitude is north or south, the second whether it is near the ascending
or the deseending node. It is easy to see that the combination + or - + means: before the node, and the comhination + + or - means past the node; so the 'eclipse-indices' in the last column are
found according to the rule given above.s"
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This list, if we take only the first and the last columns, has some likeness to one column of the saros canon of the preceding period. It
represents a higher stage ofknowledge, because, besides year and month
(merely stating that an eclipse may be expected), it gives the 'eclipseindex' affording information ab out the character of the eclipse. When
this eclipse-index is between ca. 12 and 23, the eclipse is total, and its
duration is longer the nearer the index is to 17 or 18. For values above
23 and below 12, the eclipse is partial; ifbelow zero or above 35, there
is no eclipse. Qualitative descriptions or arrangement in groups by
dividing lines are no longer necessary.
In the 'eclipse-indices' of the above table the variations in the sun's
motion are conspicuously shown. The irregularities found in the
computed valties of out preceding chapter (p. 59) recur in the same
way in these Babylonian results; in their upward course larger values
repeatedly preeede smaller ones. The irregularities have been somewhat
increased here by the primitive method of sudden jumps in the sun's
velocity. These tables show impressively how far Chaldean astronomy
had risen above the previous level of the saros canon in the numerical
and theoretical con trol of the eclipse phenomena.
Thus we see how in the ancient land of Shinar a theoretically highlydeveloped astronomy came into being in the course of a thousand years.
It is true that our knowledge of this astronomy is as fragrnentary as the
few damaged sherds from which it was derived; the meaning of many
numbers we can only guess and of their origin we know practically
nothing. But what we do know shows an admirable and unique system
of science, the only specimen of a highly-developed priestly science. lts
theory does not imply a new system of world structure, or a physical
interpretation, but merely a formal mathematical representation of the
phenomena. If the dictum is true that knowledge is science only in so far
as it contains mathematics. Chaldean astronomy certainly de serves this
name. For it managed to express the motion and phenomeria of the
celestial bodies by some few numerical data which were suitable for
predicting these motions over any number ofyears.
The conditions which enabled the Babylonians to attain this high
performance were, first, the abundance of observational data provided
by a favourable elimate and ihe social demands of chronology and
astrology. No less essential was the fact that they had a mathematical
apparatus, a practical system of reekoning with numbers based on the
, place-value notation. As Neugebauer says: 'This gave the Babylonian
number system the same advantage over aU other ancient number
systems that our modern (decimal) place-value notation holds over the
Roman numerals.P" It was fully developed as early as the first Baby80
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lonian dynasty, probably as the result of a flourishing commerce, and
texts of th at time already dealt with algebraic problems. Neugebauer
points out that this algebraic character of symbolic representation of
quantities was probably due to the system ofwriting, in which the use of
Sumerian characters as ideograms played an important role.
The origin of this form of theory is unknown. Chaldean astronomers
were known in other parts ofthe ancient world but only by their names.
If these tables are predictions, then they must have been made before
the first-mentioned year; which means before 188 BC and 178 BC for the
older, more primitive lunar and planetary tables; before 133 BC and
157 BC for the later system with zig-zag functions. The Roman author
Pliny speaks of different astronomical schools existing in different
Babylonian towns, in Sippar, in Borsippa, and in Ochloe. Strabo in his
description of the world mentions the Chaldean mathematicians and
astronomers Kidenas, Naburiannuos, and Soudinès; a later au thor,
Vettius Valens, mentions the first and last of these names, and Pliny
nam es Cidenas. The border of the great moon-table of the later system
contains the title: 'Computing table of Kidinnu for the years 208 to 210,
[made byJ Bania [son of] Nabu-balat-suikbi, and Marduk-tabik-siru,
son ofthe priest of Bel in Sippar .. .'30 Here the same Kidinnu, whom
the Romans called Cidenas, is named as the author of the later system
of lunar tables; and the third name, Soudinès, has been thought to be
identical with the Chaldean Anu-shé-shu-idinna,
which appears in
another text. So it is often assumed that the older more primitive
systems are due to an astronomer Naburianna or Naburmiannu, and
that Kidinnu is the au thor of the more refined system of expressing the
periodic irregularities of the sun and the planets by zig-zag functions.
They must then have lived in the half-centuries before and after 200 BC
or at some earlier time; all evidence about their dates is lacking.
The time covered by these tables extends up to 45 BC; the last tables
(ephemerides) used by Kugler dealt with the year 10 BC; the fragment
of a table of ecli pses reaches to SE 353 (AD 42); afterwards one astronomical text from AD 75 was found. Then all testimony about Babylonian
astronomy ceases. The roots ofBabylonian culture had died long before;
now under Parthian domination; cut off from the Mediterranean,
thrown back upon the mid-Asian nomads, its spirituallife also perished.
It had, however, exerted its influence upon the Western countries,
. where in Greece a new astronomy had arisen.
)

EGYPT

GYPTconsists of a narrow sinuous gorge sunk in the Libyan desertthe valley of the Nile-and
of the broad delta where the distributaries flow into the Mediterranean.
The sun radiates powerfully and
continuously upon men and country, and at night the stars shine with
unsurpassed brilliancy. No clouds come to pour their fructifying rains.
Nor are they needed; the Nile provides fertility. So the sun, bounteous
deity, can permeate land and people with its intense glow.
When at the beginning of summer the equatorial rains reach the
sourees ofthe White Nile, and the melting ofthe snow on the Abyssinian
mountains fills the Blue Nile, enormous masses of water flow north,
and during the following months flood the whole of Egypt. The silt
th at gives the country its marvellous fertility th en settIes down. The water
is directed by canals and dykes over the entire land and is stored in lakes
to provide the artificial irrigation needed for the fields in this rainless
desert climate. When the water has flowed away, there comes the time
for sowing and growing. The necessity for planned regulation of the
water supply gave rise in early times to a central government; the first
dynasty (in all there were 26) is usually put before 3000 BC, sometimes
even a thousand years earlier. The need to resto re the boundaries of the
fields after the floods turned the Egyptians into practicalland surveyors
and created a knowledge of geometry (geometry literally means 'rneasuring the earth') at an early date. Repeatedly proofs of'profound
geometrical knowiedge, e.g. of the golden section, have been found in
the dimensions of the large Pyramids, the slope of their plan es and
passages, and the figures in their Chambers of the Dead.
The purpose of all early astronomical practice was the measurement
of time and this was based originally on the moon. But later this moonreekoning had entirely disappeared; the only evidence to show that in
prehistorie times a lu nar calendar existed is found in a few traditions
and in the number of the months as 12. The yearly alternation of the
phenomena in nature and in work made so strong an impression that in
the earliest historie times the solar year already dominated the calendar.
The year was divided into three parts of four months: the inundation

fromJuly to November; sowing and growing in the wet silt from November to March; harvesting etc. from March to J uly.
The year of 12 times 30, i.e. 360 days, had already in early times been
found to be too short; then five days were added after the twelfth
month (additional days, epagomenes as they were called in Greek
reports) and used as festival days because they were considered to be
unlucky for work. Such a year of 365 days could suffice an entire
century, longer than the memory of two or three generations. The
flooding of the Nile, being influenced by the weather, was irregular,
sometimes varying by a month from year to year; the calendar error of
1day became a month only after more than a century and so for a long
time could remain undetected. But in the long run the priests, who had
to take care of the calendar, must have perceived that the floods arrived
in later and later months. Then a distinction was made between the agricultural ceremonies of sowing and harvesting, and the calendar rites,
e.g. New Year's day. The calendar continued with years of 365 days,
and the Nile floods passed successively through all the twelve
months.
The regularity of this progression in the agricultural years showed
itself in the heavenly phenomena also. In ancient times it had been
perceived that when in the capital, Memphis, the Nile began to rise,
Sirius, the brightest of the fixed stars, became visibie for the first time in
the morning twilight just above the eastern horizon. This coincidence
was too remarkable to be accidental; in it there must be some purpose
of world order. Thus the divine star 'Sothis', by its reddish morning rise,
became for the Egyptians the au thor or harbinger of the beneficent
flood. The heliacal rising of the star is an entirely regular phenomenon;
its period of 3651 days is the mean agricultural year independent of the
irregularities of the river's rising. Every four years it advances one day
on the monthly dates; and after 1,460 (=4 X 365) years, Sirius again
rises on the same date. In the years 2770 and 1314 BC this feIl upon New
Year's day; the interval is somewhat less (1,456 years) because of
Sirius' slow displacement relative to the equinoxes. In later time this
period was called the 'Sothis period', which was allegorically expressed
in the tale reported by Herodotus of the holy bird Phoenix returning
every 1,460 years, burning itself and arising rejuvenated out of the
flames. In practical chronology it was not used.
It must be remarked th at Sirius could play this role only in the ancient
history of Egypt. Since agriculture and flood dep end on the equinoctial
dates, as in our calendar, and Sirius, like all stars, is displaced relative to
the equinoxes through precession and proper motion, our dates for its
heliacal rising change continuously but slowly. Whereas the first rise of
the water at Memphis occurs about June 25, the heliacal rising of
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Sirius in 3000 BCwas June 22; in 2000 and 1000 BC,June 30 andJuly 18.
Thus in these later years it lost its annunciatory value.
The question may be raised as to why the Egyptians always held
fast to this complicated calendar with two different mutually shifting
years and festivals. It would have been so simple to install an agricultural Sothis year with fixed month dates by adding six instead offive
days every fourth year. Sometimes, when secular rulers attempted such
changes, these were frustrated by the opposition of the priests, who
defended the sacred traditions. Since they were the experts in regulating calendar and ceremonies, this monopoly of subtle knowledge
gave them a social power they did not want to relinquish.
The paramount significanee of Sirius in Egyptian life assured it a
place among the deities; Isis, the goddess of agriculture and fertility,
revealed herself in the Sothis star. Other major dei ties of the Egyptian
pantheon also found their visible representation in the stars; such as
Osiris in the constellation of Orion, which had already risen high in
the sky when Sirius appeared. The sun, all-powerful rul er ofthe sky, as
the sun-god Ra, occupied the predominant place in the divine world. It
is well known how King Amenhotep IV (Ikhnaton), in his struggle
against the power of the priestly hierarchy, raised the sun to the rank of
sole deity, under the name 'Aten'; the decline of the rayal power foiled
this attempt soon after his death.
It is difficult to ascertain the real state of knowledge of the starry
heavens in this ancient Egypt. In the rock sepulchres and on the lids of
mummy caskets lists are found of the so-called 'decans', ten-day periods
or weeks, sections of the months, each under the proteetion of a deity
represented by a star or a star group. The structure of these lists points
to their use for determining the night hour. But there is considerable
uncertainty about the objects represented by the names, and it is difficult
to identify the pictures. There are pictures of numerous human and
animal figures which probably represent constellations; but the stars
themselves are missing, since only the celestial beings depicted hefe were
of real importance to man. In the place of the Great Bear we see a bull,
or only its foremost leg, the embodiment of the evil god Seth; moreover,
there is a hippopotamus (the Little Bear) , a crocodile, a lion, a sparrow
hawk; but what stars belong to them is mostly a matter of conjecture.
The most renowned and most-of ten reproduced picture of the sky,
copied from the temple of Denderah, is from the later Hellenistic
period, with astrong influence of Babylonian and Greek science.
There is in Egypt no trace of a development of astronomy to scientific stature. After the calendar had been fixed in a rigid system of
years, the concern with the stars could be restricted to the heliacal
risings of Sirius. Observations ofthe moon could no longer serve a useful
84
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purpose. The hours of daylight could be re ad from the sundials an? at
night could be deterrnined by water clocks. Egypt ~a~ show us how little
a science of the stars is fostered even by an ever brilliant sky unless that
science finds a practical basis in human life and activity.

CHINA
CHAPTER

8

CHINA

C

HINESE
authors ascribe great antiquity-earlier than 2000 BC-tO
astronomy in their country, but like all that is written about that
time, tbis belief is chiefly legendary. Real history only comes into consideration after 1000 BC.The fertile loesshills and plains along the middle
course of the Hwang Ho, the Yellow River, were the site of the first
Chinese culture, when the south-eastern plains along the Yangtze Kiang
were unreclaimed swamps and jungle. In the inhabited territories,
centred in Honan or Shensi, agriculture was the chief occupation under
a feudal organization of society. Under the nominal supremacy of the
Chou dynasty, warring lords and princes ruled over the peasants. With
the development of urban handieraft and commerce in the following
centuries, the feudal order gradually dissolved and there emerged a
new class of inteHectuals-scribes at the courts, experts in old wisdom,
officials and counsellors of the princes-mostly from the impoverished
nobility. Among them were famous philosophers such as K'ung Fu-tze
(Confucius, 551 to 470 BC)and Meng-tzu (Mencius, 372 to 288 BC),
who transformed the old ideals ofknighthood into teachings ofvirtuous
behaviour as the basis of a Good State; virtue means good conduct
according to the rites, propriety, Tao.
When the conquest and reclaiming of the oft-flooded eastern marshland demanded continual central regulation of the water by dykes and
canals, feudal decentralization had to give way to a centralized empire
governed by officials called 'mandarins' . The old culture was adapted
to the new conditions and consolidated in fixed norms under the Han
dynasty (205 BCto AD22 I). A still higher stage of art and science was
reached later under the T'ang dynasty (AD618 to g07). Such epochs
alternated with centuries of disruption and confusion, civil war and
agrarian revolts, and with attacks and conquests by barbarian nomads.
These nomads, as probably did the original inhabitants, came from the
north-western Asian steppes, from which side the country is not protected by oceans and mountain ranges. These warlike Mongols infused
fresh blood into the ruling class, but their relatively small numbers were
soon absorbed and assimilated into the mandarin class which governed
86

the millions of farmers. Such alternations of conquest, power and prosperity with decay and con~usionoccurred o~er and over. again up to
modern times. The Mongolian nomads, who In western Asla acted only
as destroyers of culture, built in eastern Asia a culture of their own,
strong enough, through its agrarian basis, to assimilate wave after wave of
conquerors. This determined the slow autonomous development and
gave it a strongly conservative character.
Astronomical ideas play their important part in this culture. It is
difficult to arrive at a true picture of their development because later
Chinese authors try to ascribe an earlier origin to later ideas in order to
give them venerability and invariable validity. A general burning of
books had taken place in 213 BCat the command of the strong upstart
emperor, Shih Huang Ti, probably with the purpose of breaking the
influence of feudal traditions and norms. In the ensuing Han period
however, the old philosophers were restored, as were the ancient books;
this meant that they were largely rewritten in distorted form. In the old
burned books was a note about two collegesof astronomers named Hsi
and Ho which for having taken sides in a civil strife, were exterminated
by the victorious party. The later edition transformed this into the
anecdotal moralizing tale of two astronomers Hi and Ho who, in a
merry life, neglected their duty, failed to predict asolar eclipse and
were punished by decapitation. Since the day (the first day of autumn)
and place (the moon-station Fang, i.e. the Scorpion's head) had been
added to the tale, modern authors calculated that it related to the
eclipse of October 22,2137 BC.But it is clear that in such ancient times
there could be no question of predicting asolar eclipse, and it is difficult
to judge the reliability, if any, of the original tale.
The unity oftime-reckoning was provided of old by the lunar period;
this lunar calendar has always persisted. But since agriculture is bound
to the year, intercalation was an object of incessant care. Since 350 BC
the length of the year was known to be 365t days. From this date a rule
existed that the year begins with the heliacal rise of Spica, i.e. in
autumn. From later centuries a prescript was given that the full moon
at the right-hand side of Spica belongs to the foHowing year, which
therefore begins in spring.
Astronomical-or rather cosmological-ideas were deeply interwoven with the Chinese world concept, which embodied only simple
knowledge of the celestial sphere with its daily rotation, of the pole and
the equator; the horizon played a role, but the planets and ecliptic
were hardly mentioned. Heaven and earth were closely related and in
complete harmony. This found expression in a state religion with its
ceremonials. China is the centre of the flat earth, the 'empire of the
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midst', corresponding to the celestial pole, the centre of heaven; there
the god Shang-ti rules as does the emperor on earth. The emperor is the
'Son of Heaven'. He maintains the harmony ofheaven and earth by his
actions in following precisely the ritual and the prescripts of his forefathers. Disorder on the part of one brings disorder on the other. This
means that not only are irregularities in heaven the cause of calamities
on earth but also th at the evil actions of man bring about disturbances
in nature and in heaven. Eclipses and cornets are an indication th at the
emperor or the officials have sinned, governed badly or neglected the
right ceremonial. 'When a wise prince occupies the throne, the moon
follows the right way. When the prince IS not wise and the ministers
exercise power, the moon loses its way. Wh en the high officials let their
interests prevail over public interest, the moon goes as tray toward
north or south. When the moon is rash, it is because the prince is slow in
punishing; wh en the moon is slow, it is because the prince is rash in
punishing.' This was written in the astronomical work of Shih-shen in
the fourth century Be.31
Chinese philosophy sought to find symmetry and relationship in life
and world. The four directions, east, south, west and north are correlated with the four seasons, the four parts of the day, the four sections of
the celestial equator. Added to the 'middle', they constitute a pentad
correlated with other pentads in different realms; elements or basic
matters, plants, colours, parts ofthe body, musical instruments, planets,
flavours. Combined with another series of twelve differing kinds, it
produces a period of 60 years for use in chronology. There is a kind of
arid harmony of schematic order in this world doctrine with its associated rites.
The mental condition and mode of thinking of the Mongols of East
Asia are entirely different from that of the Semitic and Aryan peoples of
the Near East. In the countries adjacent to the Mediterranean,
the
rich variety of wooded mountains and fertile plains, of burnjng deserts
and cool oases, of capricious rocky coasts and green islands, of varied
landscapes and scenery, ofbounteous and harsh natural forces, produced
a flowering fantasy, creating a gay procession of gods and goddesses as
their personifications. In the Far East it was just the contrary: the heavy
weight of endless monotonous steppes and the mighty mountains of a
gigantic continent discouraged fantasy and in a difficult, often cruel
struggle for life produced a chilly harshness ofthought and feeling. The
patriarchal
family system of the roaming nomads, who had no fixed
sites, no villages, at most caravan towns, prevented the rise of that
multitude oftribal deities which in agrarian countries formed the basis
of a rich pantheon. Worship and offerings were confined to the ghosts
of parents and forefathers; the smoke rose to the vault of heaven;

heaven was invoked as the highest power, with sun and moon in addition.
This Mongolian character persisted in China; religion, here a eentralized state religion, did not find its expression in supernatural
poetical fantasy but in practical prescripts of virtuous behaviour. In
China temples are found wh ere offerings are celebrated not to gods but
to philosophers credited with holiness. The fate of man was not ruled by
gods; good or bad luck was determined by virtue, by following the
commands of heaven. The emperor set the example; he extolled
virtue, and when he was virtuous himself, order and prosperity reigned.
The imperial ceremonial providing for this was an essential part of
governmental
practice. The intellectuals-the
cultural leaders-were
not priests but mandarins, who, from their study of old literature, knew
and practised virtue, i.e. the correct ritual behaviour;
they were
officials with a slight trace of state-priestly
functioning.
The often
praised beauty of Chinese poetry does not consist in flowery imagination
but in profound and harmonie worldly wisdom.
In the state organization the colleges of astronomers were responsible
for orientation and time-reckoning, to ensure that all should be done in
the right order and at the right time in keeping with prescripts. Temples
and palaces were built in exact accordance with the four points of the
compass. In his official acts the emperor was seated at the north side and
looked towards the south; and so did the ruling officials. According to
the 'book of rites', it was the duty of the chief astronomer to inform the
emperor when the first month of each season was due to begin; in spring
the emperor, at the he ad of the court, went to the eastern suburb,
solemnly to inaugurate the new year. He prayed to Shang-ti for a good
harvest; then on the first propitious day indicated by the astronomer,
he went to the fields and with an ox-drawn plougli cut three furrows
and was followed in this by his ministers. The college of astronomers, in
order to fulfil its task, had to keep continual watch, to attend to the
celestial phenomena, to note everything they saw, and to report on the
most important ones; for this purpose there was an observatory in the
palace. They saw to it that their instructions were sent to all parts ofthe
empire. They prepared the calendars, which were offered with great
solemnity to the emperor, who orde red their publication. These contained the lucky and the evil days for all important actions.
Astronomical knowledge arose from the need of time-reekoning
in
the Chou period, the century of philosophers and literary men. The
seasons were known by the positions of particular
constellations:
midsummer by Antares in the sou th at sunset, winter by the belt of
Orion; the year began when the Bear's tail pointed downward.
Astrology played a big role; the so-called 'astronomical'
works of this
time were works ofastrology, collections of statements on the meaning of
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the phenomena. Because emperor and state were the objects of the
omens, the entire terminology bore the character ofthe royal household;
a group of stars was named a 'Palace' and the stars carried the names
of court officials. In the 'Purple Palace' , a group of stars of the Little
Bear, near the pole of th at time, the brightest ((3 Ursae Minoris) was
called the 'Emperor'; the second in brightness (y U rsae Minoris ), the
'Prince-Royal'; a smaller star was the 'Empress'; another very faint one
was called the 'Axis of Heaven'. The North Pole and its surroundings,
at the top of the heavens, was the seat of the emperor (plate I).
The astrological work of Shih-shen, just mentioned, of which only
some fragments are preserved by later authors, is said to have contained
a list and description of at least 122 constellations with 809 stars; this
catalogue, th en, would be earlier than the time of Hipparchus. The
constellations were other and smaller groups than ours. The stars in
later maps and globes are represented by equal dots, without distinction
in brightness, and the maps show differences. Thus the identification of the stars has been difficult.
Apart from the polar region, it is the 28 moon-stations, hsiu, al ready
mentioned, mostly situated near the ecliptic, which occupy an important
place. Afterwards they were often considered as sectors of different
width, measured along the equator, all of them reaching from pole to
pole. The ecliptic was not known as a cirde but as a belt through which
the moon and the plan ets travelled. A division into twelve constellations
is also mentioned, partly as the monthly path of the sun and partly as
the yearly course of Jupiter. That soIar eclipses were connected with the
moon was known to Shih-shen, but they were not explained as occultations; it was the power or essence of the moon which, wh en it was
invisible at the end of a month, vanquished and suppressed the power
ofthe sun. Oflunar eclipses stillless was known; Shih-shen makes them
occur at many different dates of the month. His notions of the course of
the moon have been quoted above.
,
The motions of the planets were perceived only in their most general
features, as variabIe direct retrograde veloeities and stations. They were
often represented rather weU, but sometimes-if
translation and interpretation are right-entirely
wrongly. In a summary concerning
Venus, the phenomena as evening star are repeated with exactly the
same intervals as the morning visibility; here the Babylonian Nin-daranna text of a thousand years earlier was superior. At another place the
succession of five Venus periods in eight years is weU recorded: 'When
she appears in the east, she appears in the station Ying-she [Cl( Pegasi]
and disappears in the station Kio [Spica]; she appears in station Kio
and disappears in station Pi [Aldebaran]; she appears in station Pi and
disappears in station Ki ['Y Sagittarü]; she appears in Ki and disgo
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appears in Liu [~ Hydrae]; she appears in Liu and disappears in
Ying-she.'32 In every cyde she proceeded 17 stations, and the next
morning reappeared in the same station where she had disappeared
nine months earlier. Of Mercury no motion is mentioned, only its
appearance and disappearance with the moon station for every month
and the astrological meaning. Concerning Mars only some quotations
have survived: 'When Mars is retrograding in the station Ying-she, the
ministers conspire and the soldiers revolt.'33 In a work of a century later
a more detailed description is given. The direct andretrogrademotionof
Jupiter and Saturn were known and used as presages; of Jupiter also
the synodic period and the period of revolution, 400 days and 12 years,
were known; and for Saturn they are found in a somewhat later work.
In the first centuries ofHan the data became more accurate. Now the
height of the sun was measured by the shadow of an 8-foot vertical
bamboo pole; in the summer solstice it was 15.8 inches (each of io foot);
in the winter solsti ce 131.4 inches. These correspond to altitudes of
78.8° and 31.4° from which the obliquity ofthe ecliptic 23.7° is found
and apolar altitude of 34'9°, indicating an observation site in Honan.
The times of soIstice thus determined were used for correcting the
calendar. A conference of astronomers was held in 104 BC in order to
improve time-reckoning; from this time calendars were published
regularly. An important part in this activity was taken by Ssu-maCh'ien, who published an astronomical work in which the moon's
motion was treated more accurately. He was assisted by the astronomer
Lo-hsia-Hung, who was the first to construct an armiUa sphere consisting of rings for equator and meridian; only some centuries later it was
improved by adding a ring for the ecliptic. The cirdes, curiously, were
divided not into 360° but into 3651°. He measured the extent of the
28 moon stations by meridian passages and a water dock. He is said to
have been the fi.rst to ascertain the regularities ofthe planetary motions.
Ideas on world structure were said by later authors to have originated
in this period. For Lo-hsia-Hung heaven was similar to an egg and it
enveloped the earth, which, like a yolk, swims on the water beneath;
heaven rotated around the pole, and the seasons were caused by shiftings
of the earth up and down, to and fro, 'the earth moves constantly but
people do not know it; they are as persons in a dosed boat; when it
proceeds they do not perceive it'. 34 Another doctrine, according to
Yang-Hiong (53-18 BC), regarded heaven as extending like a beU
glass over the vaulted earth; heaven rotated but did not come below the
earth; night was caused by the sun moving so far away that its rays
could not reach the earth. Later authors illustrated these ideas by
computations of dimensions and distances in Chinese li.
In the 'Annals of Han' (Han-shi) there is an astronomical part35
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taken from a textbook composed in AD 25 by Liu-Hsin, known in history
as an adviser in the reforms of the Emperor Wang-Mango Compared
with the work of Ssu-ma-Ch'ien of one century earlier, it shows
considerable progress. The synodic month was given as 29* days
(29d 12h 44m2 78, 23 seconds too large). The relation 19 years =235
synodic months =254 sidereal months was assumed to hold exactly so
that a year was 365/M or 365.25016 days (11minutes
too large).
Eclipses were computed according to the relation that 23 passages of
the sun through the nodes were equal to 135 synodic months, so th at
these passages returned after W- X29*=I73t
days; this eclipse period
is 35 minutes too long. Extensive directions, in the form of examples,
were given for computing new moon and full moon, the length of a
month (29 or 30 days), the solstices, the relative position of sun and
moon, the intercalation and the eclipses. The computing apparatus
consisted of a system of numerals with place value to allow the writing
oflarge numbers; and their computing method consisted in removing all
fractions by multiplication of the periods, so that they had to work with
entire numbers ofseven and more figures. The periods ofthe planets are
also given by the ratio oflarge numbers: Saturn 4320 : 4175 (=377.93
days) , Jupiter
1728: 1583 (=398.71
days), Mars 13824: 6469
(=780.52
days) , Venus 3456: 2161 (=584.13
days) , Mercury
9216 : 29041 (=115.91 days). The errors of these values are only
-0.16, -0.18, +0.59, +0.21, and +0.03 days. Here also directions
are given for computing the visibility, the place, the appearance, and
the disappearance of the planets. Yet the practical results must have left
considerable errors, for in the following centuries the need of correcting
the calendar was frequently mentioned.
This considerable progress in astronomical knowledge has led to the
assumption that inftuences from Babylonian or Greek science had been
at work; similarity with Babylonian omens was sometimes noted. Even
cultural interchanges with the Maya civilization in Central America
have been suspected. Yet th ere is too much that is genuine in Chinese
astronomical methods to make such borrowing probable.
The first centuries AD again brought nota ble progress. The inequality
of the seasons and the inequalities in the moon's motions began to be
known; as well as the precession, designated as I ° per 50 years by Yu-hsi.
The inequalities in the planetary motions were treated in a later book
from AD 550. In these developments Western inftuences certainly played
a role. In the first century AD Chinese conquests in Central Asia
opened up connections with Iran and led to regular overland commerce
with the Roman Empire. Greek science, introduced into India by way
of Bactria, could now reach China along the same routes as Buddhism.
In later Chinese sourees it is mentioned that in AD 164 persons
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acquainted with astronomy came from Near Asia to China and that in
440 Ho- Tsheng- Tien, who is known to have determined the latitud es ofmany places by solar altitudes, was taught astronomical science,
especially concerning eclips es, by an Indian priest.
Under the Sui and T'ang dynasties astronomical practice developed
still further. Dshang-Dsisin is mentioned as having made observations
with an astrolabe about AD 550, and the astronomer I-Hang (AD 724) as
having constructed shadow-poles, quadrants and armillas. There
were now regular connections with the Mohammedan states in Central
and Near-Asia which resulted in more accurate values of the periods,
the inclination, and the nodes ofthe lunar orbit. Several Chinese astronomers, authors oftextbooks and observers, are mentioned; but they no
longer represent an independent autochthonous development. First
among them is Shu-ging (1231-1316), a capable mathematician; he
improved tab les of the sun and the moon, secured new instruments for
the observatory and made new observations of solar altitudes and
solstices. He determined the obliquity of the ecliptic 23° 33t', which is
only 11' too large, and determined the latitude of Peking at 40°, too
great by lo 0. This took place in the reign of Mongol Emperor Kublai
Khan (1260--94), about whom we are informed by Marco Polo. Since
at the same time the Mongols under the Emperor's cousin Hulagu ruled
in Near-Asia, there was considerable commercial and cultural exchange
between East and West. An Arabian astronomer, Dshemal-al-din, came
to China in 1250 and introduced Western instruments and observing
methods. But they did not find favour; Chinese science retained its traditional and conservative character. Notwithstanding many attempts to
improve them, the calendars remained unsatisfactory until the Jesuits
came to China in the sixteenth century and were commissioned to
establish them reliably. Thereafter th ere is no longer any question of
independent astronomical development in China.
This medieval tide of practical astronomy in China has provided a
great number of observational data. Conjunctions of planets with one
another and with stars were recorded, though not in exact measure.
Among the irregularities in the sky watched and carefully noted were
the cornets as well as the eclipses, haloes, aurorae and meteors. The
observations of cornets are interesting: the date of observation, the
constellation, and the movement were usually recorded. These Chinese
observations of cornets have been important for later science because
attention was given to them nowhere else during these centuries. Thus
Cornets appearing in 989, 1066, 1145, and 1301 could be recognized as
earlier appearances of Halley's cornet.
. Highly interesting was a new star, 'Nova', which appeared in 1054
10 the constellation Taurus. In the twentieth century, measurements of
AD

93

A HISTORY

OF ASTRONOMY

the telescopic expanding 'Crab Nebula' in Taurus made it probable
that it had originated from a stellar explosion eight or nine centuries
before. Nowhere except from China could notice of such an event be
expected, and, indeed, Chinese annals mentioned the appearance of a
'guest-star' on exactly that spot in Taurus, and described its history. It
appeared in June 1054,was visible in the daytime, and disappeared two
years later, in 1056.3&
Astronomy in China, because of the remoteness of the country, has
had no perceptible influence on the progress of science elsewhere. It
developed independently at first and produced remarkable original
methods; afterwards it became increasingly subject to the influence of
Western science. lts importance is confined mainly to supplying data of
observation for a time when they are missing elsewhere.
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the Greeks appeared on the scene ofhistory, the stars held
for them the same significanee as they had for other primitive
peoples. Celestial phenomena formed part of their surrounding world,
which they needed to know for their work, for orientation in navigation
as well as for time-reckoning. This is clearly seen in the great poetic
works from the earliest times of tribal kings, in Homer's Iliad and
Oc[ysseyand in the Works and Days of Hesiod.
Homer mentions some stars by name; in the Iliad he speaks of the
Evening Star and the Morning Star, the Pleiades, Orion, the Great
Bear, and 'the star which rises in the late summer ... , which is called
among men Orion's Dog [i.e. Sirius]; bright it shines forth, yet it is a
baleful sign, for it brings to suffering mortals much fiery heat'.3? And in
the other work he says of Odysseus: 'No sleep befell his eyelids while
regarding the Pleiades and the late-diving Boötes, and also the Bear,
which they also call the Wain, which always turns around at its own
place and watches Orion and alone does not participate in bathing in
the ocean. For the goddess Calypso had bidden him to keep it at his left
hand when sailing over the sea.'38The Little Bear was evidently not yet
known; at that time the celestial pole was located between the Bears,
far remote from our present Pole Star.
In his description of country life, Hesiod indicates the phenomena of
the stars which accompany agrarian activities in different seasonsofthe
year. When the Pleiades rise [heliacal rising, May 1oth ofour calendar], *
it is time to use the sickle, but the plough when they are setting [in the
morning, November reth]: 40 days they stay away from heaven
[line 382]. When, 60 days after the winter solstice, Arcturus ascends
frorn the sea and, rising in the evening, remains visible for the entire
night [February 24th], the grap es must be pruned Cline 566]. But
when Orion and Sirius come in the middle of heaven and the rosyfingered Eos seesArcturus [September 14th], the grap es must be picked
Cline 610]. When the Pleiades, the Hyades, and Orion are setting
[November 3rd, 7th, 15th], then mind the ploughing Cline 615].
HEN

• Our remarks to a quotation are put in brackets.
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When the Pleiades, fleeing Orion, plunge into the dark sea [morning
setting, November rzth], storm may be expected [line 619]. Fifty days
after the sun's turning [i.e. the summer solstice] is the right time for
man to navigate [line 663]. When Orion appears [Ju ne 17], Demeter's
gift has to be brought to the well-smoothed threshing floors [line 699].
Such were the beginnings from which Greek astronomy developed.
What we know of it, through the scanty information reaching us from
later centuries, does not deal with observations of celestial bodies but
with opinions of philosophers on the world. Here we meet with a mode
of thinking and a people quite different from those of Mesopotamia and
Egypt, the results of completely different conditions of life.
Greece is a deeply indented, mountainous peninsula, with small
areas of arabie land on the coasts or along the short rivulets, isolated
from one another by steep rocks and thickly wooded mountains. It is
surrounded by numerous islands which form a bridge toward Asia
Minor. The Hellenic tribes penetrating from the north found here a
good elimate and good harbours but insufficient land to cultivate for an
increasing population. They became navigators, populated the islands
and migrated to the opposite coasts. Overseas trade became their chief
occupation and a souree of wealth for such towns as Corinth on the
mainland and Miletus, Ephesus and Smyrna on the Anatolian coast.
By their commerce they soon dominated the Aegean and, as competitors
of the Phoenicians, the eastern part of the Mediterranean. Along with
the trade went adventurous people who settled on foreign shores; they
founded colonies in southern Italy and on the Black Sea, as far as
Marseilles and the Crimea. Some colonies later became eentres of new
expansion.
Here new forms of economy and poli tics arose. Settlers in new
countries, naturally already the most energetic and independent oftheir
peoples, are least dominated by traditions. Through changed life conditions and racial intermixing, new ideas came to thern more easily
than to those who remained behind. Then there were the new forms of
work and ways of living; industries developed in the trading centres,
and there emerged a bl!!Xher class of artisans and industrialists who
manufactured products for remote markets and often travelled in
person to sell them. Navigators and traders develop a state of mind
different from farmers bound to their plot of land. Farmers are conservative through close contact with constantly recurring experiences
and conditions; thought and feeling are bound to tradition and petrify.
But for travellers the contact with various countries and peoples
opens up new vistas; it makes thought mobile and free and the mind
receptive to new ideas. Craft and competition make them inventive;
techniques develop and physical knowledge makes them criticalof

traditional beliefs. Thus among the Ionians of the Anatolian coast and
rhe Greeks of southern Italy we find the first philosophers to proclaim
new theories of the world.
These Greek colonists, living between continents, bet ween the
barbarian tribes of Europe and the despotic empires of Asia, were the
first 'modern' men, comparable to the burghers of later European
states. They were the first to free themselves from the worship of the
Olympian gods. Here for the first time a vigorous middle-class spiritual
life sprang up that found expression in a flourishing poetry, and astrong
middle-class independenee of mind th at found expression in a flourishing philosophy of nature. The strong individualism that in later history
determined the character of civilized man first developed in the free
citizens of Greece and first of all in the Greek colonies. Later generations
could borrow this spiritual character from predecessors when their
economie and sociallife developed similarly; thus western Europe in the
Renaissance took it over from antiquity. The Greeks alone could not
borrow from others; in Greece, especially in the colonies, this modern
character evolved of itself autochthonously. This is the significanee of
ancient Greece and its culture for world history. It has sometimes been
assumed that the first Greek thinkers took their ideas from Egypt or
Babylon; but, considering the different social conditions, we may be
sure th at except for some minor details this is out of the question.
There is still another difference. Egypt and Babylonia consisted of
extensive fertile plains, where the necessity for central regulation of the
water by dykes and canals required astrong government. Moreover,
spiritualleadership
was concentrated in a powerful hierarchy of priests
which practised science but bound it to strong religious traditions.
In Greece no such centralization of political power was necessary, nor
was it possible. The small, isolated, warring city-states remained independent; each had its local deities-collected
into a hierarchy on
Olympus by the poets only-and
its own priests, with purely local
functions and little influence. This state of affairs put its stamp upon the
spirituallife in Greece, including Greek science. In the Orient science
was a priest-science, chained to traditional worship. In Greece it was a
lay science, freely sprouting and expanding in the versatile minds of
colonists and seafarers.
In books on the history of Greek astronomy we find, first, in the
seventh and sixth centuries BG the nam es of a number of famous
philosophers, all from the towns of Asia Minor and southern Italy.
But our information about their doctrines and opinions is scanty and
often contradictory. This should not cause surprise when we consider
how much of the writings of antiquity was lost and how little has been
preserved. Certainly the works of Plato and Aristotle have been pre-
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served; they were highly esteemed and often copied; Aristotle often
gives information about the opinions of former philosphers. However,
since he mentioned themchieflyto add tohis own reputation, his account
is seldom entirely objective. His successor, Theophrastus, wrote a book
on Physical Opinions, and his pupil Eudemus wrote a history of astronomy;
both are lost. These and some other sourees were the basis for a collection of Opinions in the last century Be, but this was also lost; it served as
the souree for a work of Aëtius On Opinions, c. AD 100, and was extensively used by all Iater authors. Excerpts were published in the second
century under the title Opinions of the Philosophers, by an unknown author
who ascribed them to the famous biographer Plutarch. These and other
sourees served the Christian authors in the next centuries in their
polemics against and their refutation of pagan philosophy. Since this
Christian literature was well preserved, it could be used to restore
important parts of the later collections, especially of Aëtius. Some
quotations by well-informed Roman authors like Cicero may be added.
But we can understand how incomplete, sometimes contradictory, often
distorted, or even entirely wrong, were the ideas thus ascribed to the
ancient thinkers, and how little success modern scholars could have
when attempting to construct profound world conceptions from them.
These thinkers are called 'philosophers', because their speculations on
the nature of things deal with the world in its entirety. They were,
however, as the English classicist T. B. Farrington explains, not recluses
engaged in pondering upon abstract questions; they were active men,
taking part in practicallife; the range of ideas, the modes of thought
which they applied were those they derived from their active interest in
practical affairs. When they turned their minds to wondering how
things worked, they did so in the light of everyday experience, without
regard to ancient myths. 'With the Milesians technology drove
mythology off the field. The central conception of the Milesians was
the notion that the whole universe works in the same way as the little
bits ofit that are under man's control.'39 This implies that their explanations are more interesting from the physical than from the astronomical
point of view.
Concerning the oldest of the Ionian philosophers, Thales of Miletus
(624-547 Be), it is said in the most reliable sourees that he postulated
water as the first principle of all things and th at the earth floats on the
water like a flat disco Later authors ascribed to him a knowledge of the
sphericity of the earth and of the true cause of lunar eclipses; but this
eontradiets other more trustworthy information. For his compatriot
Anaximander (611-546 Be), the indeterminate or the infinite was the
principle ofthe world, and the cylindrical earth floated free in the midst
ofspace. What he said about sun, moon, and stars, to the effect that they

are hollow wheels, full of fire shining through narrow openings which
are closed during eclips es, is rather obscure. According to Anaximenes,
also a Milesian (585-526 Be), the flat disc ofthe earth is carried by the
air, and the sun and moon, likewise flat discs, float in the air. The stars,
he said, do not move under the earth but around the earth as a cap
moves about the head; and the sun does not go beneath the earth but is
lost to view behind high northern mountains and is invisible because of
its great distance. Another statement, that the stars are fixed like
nailheads in the crystalline vault, does not accord with this.
Still more singular, astronomically, are the opinions attributed to the
poet Xenophanes of Colophon (570-478 Be): that the sun is born anew
every day at its rising, and at night becomes invisible because it retreats
to an infinite distance; that eclips es occur through extinction ofthe sun,
and that the moon shines by its own light and disappears because it is
extinguished each month. Similarly, Heraclitus of Ephesus (about
500 Be) is reported to have said th at the sun is a burning mass, kindled
at its rising and quenched at its setting; 'the sun is new every day'. u
And these same two philosophers are considered most important and
profound thinkers! Xenophanes attacked traditional religion by proclaiming broader and freer ideas, and Heraclitus, 'the obscure', is
even now higWy esteemed for his doctrine of eternal flux and change in
all things in the world. That they expressed opinions which can be
disproved by any attentive scrutiny of the sky shows that they were not
astronomical observers but imaginative thinkers and as such have little
importance for the history of astronomy.
Astronomy in the real sense of the word could be found in the statement that Thales predicted the solar eclipse of 584 Be. Herodotus
relates that when the Medes and the Lydians fought a battIe at the
River Halys, the day turned into night, and th at Thales of Miletus had
foretold this eclipse within the period of a year. But the indefinite nature
of the latter part of this statement must arouse distrust. Moreover,
Thales could only have predicted such a phenomenon ifhe had learned
either the principle of eclipse prediction or simply from Babylonian
sources the expectance of this special occurrence: but at that time the
Babylonians themselves, although they could predict lunar eclipses at
short intervals, were not yet able to solve the far more difficult problem
of solar eclipses. So this report should probably be dismissed as a
fable.41
A more developed world picture appears with the Greeks in southern
ltaly. Here we first meet the prominent figure of Pythagoras of Samos
(58o-c. 500 Be). No writings ofhis are known; legends by later authors
teIl how in Egypt he learned the wisdom ofthe priests. He then founded
a school or a kind of monks' order in Croton which, as part of the ruling
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aristocracy, was later dispersed by a popular uprising. Many new
scientific discoveries are attributed to him, especiaUy in mathematics:
geometricallemmas,
the golden section, the theory of numbers and the
arithmetical basis of musical harmony. Aristotle never speaks of
Pythagoras but of the Pythagoreans, and it is not certain to what extent
their opinions were due to the master himself. Knowledge of the
sphericity of the earth is generally attributed to him, as weU as to the
later Alcmaeon of Croton and Parmenides of Elea (probably 504-450
Be); this knowledge quite naturally arose among observant Greek
navigators. It led to an understanding of different climatic zones.on the
earth which later authors attributed to Pythagoras and Parmenides. A
sentence which has been preserved of the later Bion of Abdera states
that there are regions on earth with days and nights both lasting six
months; it shows that the consequences ofthis theory were understood.
Pythagoras is said to have been the first to put forward the identity of
the Evening Star and the Morning Star; he (or Oenopides of Chios)
first recognized the obliquity ofthe ecliptic and the orbits ofthe plan ets
therein. With Empedocles of Agrigentum (probably 494-434 Be) we
find the doctrine of the four elements, fire, air, earth and water, moved
by Love and Strife.
The cosmological ideas of Anaxagoras of Clazomenae (c. 500-428
Be) are more clearly defined. He settled in Athens, then the powerful
political and cultural centre of Greece in its Golden Age of literature
and art. A friend ofPericles, he was renowned in antiquity as the philosopher who proclaimed 'mind' as the moving principle of the universe.
He was the first to state clearly that the moon shines by the light it
receives from the sun and that lunar eclipses occur when the earth (or
another dark body!) intercepts the sun's light. He assumed the earth's
surf ace to be flat, the upper surf ace of a cylinder freely suspended in
space, whereas the rotation of the celestial sphere, to whi~h t:he s.tars are
affixed, carries them below the earth. So there was a duality 11}. his world
picture: the earthly phenomena of gravity, falling bodies and fluid
surf aces were arranged on a rectangular pattern, whereas the celestial
phenomena showed a spherical symmetry of radü and circles around a
centre.
For all these philosophers the earth rested in the centre ofthe universe.
Another doctrine developed among the 'Pythagoreans' at the same time,
ascribed especially to Philolaus of Tarentum (between 500 and 400
Be), according to which the centre of the universe is a fire, called
'Hestia' (i.e. the hearth); the spherical earth describes a daily circle
around this fire, always turning its uninhabited side towards it. Thus
day and night alternate; we cannot see the central fire, since (to make
, the number ofworld bodies ten) another dark body, the counter-earth,
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is interposed between us and the fire. The sun is a transparent globe
receiving its light and heat from the central fire and from the fire outside
the heavens.
Greek philo~ophy took a new trend with the Sophists and Socrates,
and the Soeratic discourses ofthe 'sublime philosopher' Plato (427-347
Be). The problems of nature and of world structure no long er constituted its subject matter. With the development of commerce and trade
new social phenomena appeared, and through the political discussions
an~ decisions in the citizens' assemblies, the problems of man, state and
SOCIetycame to the fore. The philosophy of nature gave way to the
philosophy oflife. Socrates spoke with some disdain ofthe knowledge of
nature, and it occupies only a small place in his discourses. Their chief
content is the culture of the individual soul through the eternal values
oftruth, beauty and goodness. In the works ofPlato which are the first
of ancient Greek philosophy to come down to us in cornpleteness, there
are only a few parts informing us about his views on nature and the
heavenly objects. Usually these are clothed in symbolical and allegorical forms, so they later became the object of an extensive centroversialliterature .and of much modern exegesis about their meaning; this
controversy s1:1Ucontinues.
. Plato's philosophy was the most direct and extreme expres sion of the
ideas and mode of thinking of the wealthy citizens of Athens and of
other Greek towns of the time. They ruled over a numerous class of
slaves and artisans, and they looked down upon all manual work
with utter disdain, suitable only for rough people and slaves devoid of all
spiritual culture. Manual work was dishonourable for the free citizens,
who. should. occupy themselves with intellectual work only, with mathematics, philosophy and polities, This contempt for technique was
exactly opposite to the state ofthe mind ofthe early Ionian citizens and
not yet present in the artists of the Golden Age, who were themselves
technicians. It was typical ofthe philosophers throughout the centuries
of decline after the catastrophe which befell Athenian power at the end
of the fifth century Be. It was probably one of the main reasons why
experimental natural science did not develop in antiquity.
For Plato 'ideas', spiritual entities, constituted the real world of
whic~ our visible world is an appearance only. Reality cannot be
expenenced through the senses. The real world is perfect, pure and
eternal and can be ascertained only by the mind as long as it does not
allow itself to be dominated and distracted by the imperfect temporary
phenomena. This holds also for astronomy: 'Vonder broideries in the
heavens ... are properly considered to be more beautiful and perfect
than anything else that is visible; yet they are far inferior to those which
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are true ... the true objects which are apprehended by reason and
intelligence, not by sight .. .'
..
..
We should use the broidery in the heavens as illustrations to facilitate
the study which aims at those higher objects, 'just as diagrams are used
in geometry'. We shall pursue astronomy, as we do geometry, by means
ofproblems, and we shall dispense with the starry heavens, ifwe propose
to obtain a real knowledge of astronomy. 42 The true astronomer must
be the great wise man who does not, like Hesiod and others, occupy
himself with the risings and settings, but investigates the seven re~olutions contained in the eighth movement. 43 Here also appearance IS set
against reality, though not in the. way that a sp~rit~al world is set
against a material world. What In later eentunes IS expressed as
- astronomical reality against the visible phenomena-another
arrangement of orbits as seen from another point of view-is proclaimed (in
Plato's doctrine) as the spiritual essence of things, evidently because it
is only discoverabie by the mind through abstraction from practical
experience. So the practical task of the astronomer is to find out ~he
real regular motions in perfect circles which in essence stand behind
the apparently irregular wanderings of the planets. A later author
mentioned that in his oral discussions Plato set the students of astronomy
to solve the problem of'what are the uniform and ordered movements by
the assumption of which the apparent movements of the planets can be
_ accounted for'. u.
To Plato all stars were 'living beings, divine, eternal': their visible
form '[the Creator] made mostly of fire, that it rnight b.e mos~ b:ïght
and most fair to behold, and likening it to the All, he fashioned it like a
sphere .. .'45 The universe is eternal, living and perfe.ct, a perf~ct globe,
animated bya soul and with the move ment appropnate to this form: a
uniform revolution around an axis. The movements of the seven wand ering stars (sun, moon and planets) are explained in an allegorical myth
in the Republic and in a poetical description in the Timaeus;
.
In the last chapter of the Republic, describing what the souls saw In
heaven, Plato expounds a vision of a light like a pillar, which binds the
heavens together, and the Spindie of Necessity, by which all the revolutions are maintained; it shows eight whorls, fitting like boxes into one
another with their rims of different widths forming one single surface.
Then fellows a detailed description: the first and outermost with broadest
rim ofmany colours [the starry sphere], which revolves with the axis;
within it the other seven revolve slowly in the opposite direction. The
innermost, the eighth, goes most swiftly [the moon]; then next in
velocity and together come the seventh, sixth and fifth [the sun,
Venus, Mercury]; then third, fourth and fifth in velocity come tJ:e
fourth, third and second [Mars, Jupiter, Saturn]. The seventh IS
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brightest, and the eighth takes its colour from the seventh which shines
upon it [sun and moon]; the second and fifth [Saturn and Mercury]
are more yellow, the third [Jupiter] is most white and the sixth
[Venus] some~hat less white, whereas the fourth [Mars] is pale red.
These details show most clearly that this poetical account is an
allegori~al description of the plan ets and their arrangement. Less clear
is what IS added on the width of the rims; after the sphere of the fixed
stars, where it is broadest, the sequence in width is Venus, Mars,
moon, sun, Mercury, Jupiter, Saturn. It has been supposed that the
extent of the planets' deviations in latitude from the ecliptic might be
in~i~ate? by this widt?, or that it indicated the extent of the irregularities In the planets progress, e.g. the extent of their retrograde
motion. But in both suppositions the place of the sun and moon in the
series does not fit. We do not know what Plato meant by these statements. Modern scholars have tried with much ingenuity to interpret his
description into a detailed bodily structure of the universe. But as
T. Heath rightly remarks: 'The attempt to translate the details of the
poetic imagery into a self-consistent picture of physical facts is hopeless.'46 Not because Plato's metaphorical description ofworld structure
lacks precision, but because it is entirely different from modern ideas of
mechanical structure; strongly mystical and mathematical
it is essentially a spiritual image.
'
In Timaeus the creation of the soul and the world is described. Two
circles were made, crossing one another obliquely in two opposite points
and both revolving in themselves. 'The exterior motion he proclaimed
to be that of sameness, the interior motion that of difference. The revolution of the circle of sameness he made to follow the side toward the
~ght hand, and th at of difference he made to follow the diagonal
[i.e. an. inclined line] to~ar? the left hand; he gave the mastery to the
revol?uon o~ same and similar, for he left that single and undivided.
~h~ Inner circle he cleft by six divisions into seven unequal circles,
dlVl~ed by double and triple intervals, three of each number [which
was In~erpreted afterward as distances I, 2, 3,4, 8,9,27]; and he bade
these circles move in the opposite directions, three at the same speed,
and the other four differing in speed from the three and among themselves.'47 Here again it is quite clear that the movement of sameness is
the revolution ofthe celestial sphere, with for all stars the same common
rn·
onon toward the west, and the movement of difference represents the
course of the seven moving luminaries along the ecliptic toward the
east.
In order to make a moving image of abiding eternity, expressed in
nurnbers, what we call Time, 'the sun, the moon and the five other
Stars whi ch are ca 11d
e planets, have been created' for defining and
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preserving the numbers of time .... The moon he placed in that [orbit]
nearest to the earth; in the second above the earth he placed the sun;
next, the Morning Star and that which is held sacred to Herrnes .he
placed in those orbits which move in a circle having equal speed with
the sun but have the contrary tendency to it; hence it is th at the sun
and the star of Herrnes and the Morning Star overtake, and are in like
manner overtaken by, one another.' To set forth the orbits ofthe others
'and the causes for which he did so ... would lay on us a heavier task.
... These things, perhaps, may hereafter, when we have leisure, find a
fitting exposition.i+" Thus day and night are determined by 'the period
ofthe one and most intelligent revolution' , a month by the moon, and a
year by the sun. 'But the courses of the others men have not grasped,
save a few out ofmany ... in fact, they can scarcely be said to know that
time is represented by the wanderings of these, which are incalculable
in multitude and marvellously intricate.t+"
In a posthumous work, completed by a pupil, these other planets are
said to have no names, as also the third, having the same velocity as the
sun [Mercury J, because they were discovered by barbarians liv~ng in a
better climate. But they were named after the gods: 'the mornmg and
the evening star after Aphrodite, the one just named after Herrnes ....
Three remain, slower than these; the slowest has been named after
Chronos the next must be called the star of Zeus, and the other one,
reddest of all, the star of Ares.' 5 0 The fact that Plato for the first time
used the Babylonian names for the gods of the planets indicates that by
this time oriental influences were already perceptible
in Greek
astronomy.
Because the movement of sameness is more rapid than all other
movements and supersedes them, the daily revolution of sun, moon and
planets is slower and in spirals; the bodies with the most rapid proper
movement [the moon Jare farther behind and appear to be the slowest.
This again led to opposing appearance and reality in ~he heavenly
motions. In the Laws it is said that the Greeks speak slander of the gods
by saying that they go many different ways, whereas in reality they
always go the same way, and also by calling the most rapid those
which in reality are the slowest.
Whereas in these fragments Plato's cosmological world system in the
main part presents itself without much ambiguity, there are s?me ~ew
sentences which give rise to the opinion-and
to much discussion
thereon-that
Plato in his later years adhered to the idea of the rotation
of the earth. First by the opposition just mentioned: only if Plato considered the daily rotation of the celestial sphere as an appeara~ce, a
delusion, could he call Saturn the slowest, the moon the most rapid; he
could not do so if the celestial rotation was a reality to him. But it must
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be said that for Plato the separation ofthe planet's slower daily rotation
into a common celestial rotation and an opposite proper motion of the
planet along the ecliptic was a work of the mind and amental abstraction, disclosing the deeper spiritual reality and the essence of world
structure.
Secondly, because of a sentence in Timaeus: 'But the earth, our fostermother, globed [rolled, wound, packed J round the axis [polos J stretched
through the universe, he made the guardian and operator of night and
day, the first and oldest of the gods that have been created within the
heaven.t+! Here, indeed the word 'operator' (demiurgos, 'artisan') would
be more appropriate if the earth itself rotated; but the evidence of .
celestial rotation is too manifest in all the rest to leave any doubt, so this
sentence must be understood in a broader sense. Thirdly, because of a
sentence in Aristotle: 'Some say that thc earth, lying at the centre, is
wound and moved about the polos stretched through the universe, as it
is written in Timaeus/w It deals, however, not with Plato but with the
Pythagoreans; and Thomas Aquinas already explained that the last
words refer to the axis, for which Aristotle never, but Plato repeatedly
(as in the above quotation), used the name polos. Nowadays there will
not be much dissension as to Plato's opinion on this point.
Astronomical knowledge in Greece had gradually developed to the
point that (in the fourth century Be) the separate plan ets and their
course along the ecliptic were well distinguished. In the preceding
centuries, 600-400 BG, the Greek mainland had reached a summit of
economie and political flowering: at home supreme freedom of the
citizens in trade and commerce, and abroad a strength that was respected in opposition to the Persian empire. It is a curious fact that,
whereas literature and art reached a supremacy scarcely ever matched
elsewhere, the science of astronomy rose so slowly. The first knowledge
of the most simple phenomena, easily ascertainable by anyone, was
ascribed to famous philosophers as their important discoveries. It shows
t~at the mind of the Greeks in these centuries of its flowering was not
dlrected towards practical astronomy; here, unlike Babylon, the detnands of practical life brought no strong incentive for an attentive
observation of the stars.
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Greeks, as for other p~oples, travel and ~~e-reckoning were
the bases from which practical astronomy ongmated. Dauntless
Greek mariners traversed the seas with their merchandise; yet there are
few reports on the use ofthe stars in navigation. In the narrow Mediterranean where coasts were always near, the stars were only required for
giving ~he direction of sailing and to indicate the hours of the night.
Later authors speak of a manual of nautical astronomy m.ade by
Thales of Miletus, the authorship of which, however, was ascribed by
others to Phocus of Samos.
More frequently we find mention of how the ancient Greeks determined the time of day and regulated the cal end ar by means of the
heavenly phenomena. The progress of the hours at night was re~ognized by the rising of the constellations, especially those o~ the ZOdl~C.
\ Knowledge of the twelve zodiacal signs, ascribed to Oenopides of Chios
I (about 430 Be), was doubtless borrowed, as the names. show, from
Babylon. In the course of the night five zodiacal .constellatIons are s:en
to rise, beginning at nightfall with the stars opposite the sun, ~nd enc;ling
with the stars appearing just before sunrise. So the appropnate urut of
time is the double-hour, which is longer on long nights, shorter on short
nights. In the daytime, when the simple estimate of solar altitude was
not exact enough ,the shadow ofa pillar, called 'polos' or 'gnomon',
was
.
paced off. In later centuries sundials of various construction were
erected; a simple specimen was a metal glob?le at ~he centr: ?f a
spherical bowl casting its shadow on the inner SI de, which was divided
by engraved circles. Water clocks also were used.
.
In Greece, long-range time-reekoning was from olden tirnes based
upon the lunar period adapted to the solar year. The month. began
with the appearance of the crescent; hence the. day beg~n. with the
evening. Originally this had doubtless been estabhshed e.mpmcally; but
as the elimate often impaired visibility, an artificial rule in the form of a
regular alternating of'full' and 'hollow' months (of go days and 29 days)
was established later on, in such a way that in 16 days 3 days had to be
added. Solon the Athenian, in rus biography by Plutarch, is said to have
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introduced the practice of calling the day of conjunction of sun and
moon 'old-and-new', to be reckoned partly to the old, partly to the new
month, and that the next day should be called 'new moon' and be the
first day of the month. In Greece the calendar was an affair not of
priests but of civil officials.
The twelve months of the year had different names in the different
towns and regions; the Athenian names, of course, were most frequently
met with in science as well as in trade. Nor did the practices of the
various regions coincide; in Athens the year began at the summer
solstice, in other states in different seasons. This again shows how
ancient Greece was largely split up into small and isolated units. The
years were named after the ruling officials, so that they too differed
from city to city. The problem for later authors ofhow to fix the date of
earlier events was facilitated by the Olympiads, the period of the great
games and contests at Olympia, which occurred every four years.
The moon calendar had to be adapted to the solar year, which
dominated practicallife, agriculture and navigation. A later author of
a manual of astronomy, Geminus, expressed this in the following words:
"To reekon the years by the sun means that the same offerings to the
gods are brought always in the same seasons ....
For they assume this
to be pleasing to the gods.' 5S The time of the year undoubtedly was
determined still long afterwards in Hesiod's way, by the risings and
settings, also the evening risings, of conspicuous stars. The need to fix the
year more exactly by astronomical phenomena may have led to the observation of the summer solstices. Wh en the sun reaches its maximum
altitude, the points of its rising and setting re ach their fartbest north,
after which they turn back; without instruments, these positions can
most easily be ascertained by comparison with earthly objects at the
horizon. This probably is the meaning of a sentence preserved from the
lost historical work of Theopbrastus.
The Athenian astronomer
Phaeinos determined the solstic es with respect to the Lycabettus, and
Cleostratus ofTenedos determined them from Mount Ida on the nearby
mainland of Asia Minor. Mount Lycabettus is a hill situated close to
ancient Athens on the north-east (today at the centre ofthe town). The
irregular profile ofthe mountain made it possible to find the day solstice
by detecting small variations in the azimuth of the rising sun.
The lunar calendar was adapted to the sun, just as at Babylon, by
intercalating a thirteenth month. This was decreed by local officials,
therefore rather arbitrarily, and differed according to locality. Astronomers then tried to derive and intro duce a regular intercalation by means
of fixed periods. The same Cleostratus of Tenedos (about 520-500
Be) is said by later authors to have introduced (or proposed) an
eight-year period (oktaëteris). This period of 99 months comprised
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2,922 days; so a year was taken to be 3651 days, and the moon's synodic
period 29.55 days (0.016 too small, because 99 periods in reality are
2,9231 days). This defect must have precluded its practical use over a
greater number of years. Geminus records that this period was improved
by Eudoxus of Cnidus (408-355 BC), who added three days every
sixteenth year, in order to give to the month its true length in days, and
then, after loof these periods, had to omit one thirteenth month in order
to adjust to the solar year. There is no indication, however, that either
the rfi-year or the rfio-year cycle was used in practicallife.
Before the time of Eudoxus another cycle had already been devised
by the Athenian astronomer Meton, pupil of Phaeinos, who is mentioned by Ptolemy as having made observations with Euctemon (about
433 BC). This is the I9-year cycle of235 months, equalling 6,940 days.
It is often called 'Meton's cycle' and is identical with the period we
found in Babylon. It is uncertain whether the Greeks borrowed it from
the Babylonians or found it independently; as a basis of chronology we
saw how it appeared in Babylon only at a later date, after 380 BG.
According to this cycle, the year is 6,940-:- 19 =365/0 days, larger by
-h day than the simple value 3651; the lunar period also comes out too
large, since 235 periods ofthe moon amount in reality to 6,939.69 days.
In such a calendar, with some years of 354 days and others of 384,
the dates of solar solstice and equinox, as well as the risings and settings
of the stars, make irregular leaps, now advancing I I days, then retreating 19 days. To make these variations known to the citizens, pillars
were erected with holes corresponding to dates, into which pegs were
placed to indicate the phenomena. Almanacs were constructed, called
'parapegm'; because they we re affixed to a pillar, and mostly containing the solar phenomena for a number of years, the risings and
settings of the stars and weather predictions. Meton is reported to have
published a parapegm beginning with the summer solstice observed
by him in 432 BC.
,
Meton's I9-year cycle greatly simplified calendar activities; the
knowledge of the series number of a year within a cycle at once gave
the dates of the phenomena, because they returned regularly. It is not
certain, ho wever, whether it came into general use as a substitute for the
local calendars. lts immediate purpose was to record the events in a
fixed scale, probably also for astronomical use. lt is supposed to have
been in use at Athens at a later date, after 340 BG, but data on years
with 13 months derived from later documents do not fit into a regular
I9-year period.
I.
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reckoning, we see a development of mathematical theory. In this field
the Greek mind, through its faculty for abstract thinking, was able to
establish a continually expanding structure of theorems and lemmas.
These soon found their application in astronomy.
Eudoxus of Cnidus, a famous mathematician already mentioned, is
known in the history of astronomy as the first to give a theoretical
explanation of the planetary movements. In accordance with prevailing
opinions, he supposed every planet to be aftixed to a sphere revolving
around the earth as centre. To explain the irregularity of planetary
motion, he supposed more spheres instead of one, aU homocentric;
that is, all turning regularly in different ways about the same common
centre. This theory offered a solution-perhaps
meant as such-to the
problem proposed by Plato: to represent the observed irregularity in the
visual phenomena by means of perfectly regular circular motions, the
only motions admissible for the divine celestial bodies.

s
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Fig. 8

In these same centuries of gradually developing knowledge of the
motions of the heavenly bodies and its practical application in time-

In order to understand his theory, we assume a celestial globe
turning about a horizontal axis directed north-south; then a body at its
equator rises vertically in the east, passes through the zenith, and
de~cends vertically in the west (case A in fig. 8). If, however, the
aXISis inclined, say 10°, upward to the south (case B), then the body,
on rising in the east at the same time, deviates to the north, passes
10° north of the zenith, and goes obliquely down in the west. Relative
to the body in A, it oscillates towards the north and back; in the further
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rotation, it deviates, below the horizon, the same 10° towards the south.
Moreover, by rising obliquely in the east, it 1ags behind, at first a smaU
amount (as shown by B2 -A2), only tO (proportiona1 to the square of
the inclination) , but then it catches up at the highest point (B3 -A3);
again in B4 it is the same smal1 extent ahead. The position of B relative to A is shown in the little figure (P.l09), where it is comp1eted by
a symmetrical loop for the hemisphere beneath. This picture of afigure
of eight on its side was caUed by the Greek authors 'hippopede' (horse
fetter) because in the riding-schoo1s fettered hors es thus paced a figure
of eight. So if in case B, where the rotation carries the body along BI,
B2, B3, etc., a backward rotation A ofthe sphere in which the rotation
axis of B with its po1es has been hinged is added, the motion east-west
of the body is neutralized by the motion west-east of the outer sphere;
there remains on1y the oscillation along the hippopede: 10° to and fro,
accompanied by small deviations of t ° up and down. This oscillation
has to be superimposed upon a regular west-east rotation along the
ecliptic, which takes place in the period ofrevolution ofthe planet along
the ecliptic.
Here we have an irregular oscillation produced by two spheres
rotating uniformly, as behoves celestial spheres; because they are
inclined and rotate in opposite directions, there is left only the small
hippopede. To apply this result to the motion of a planet, Eudoxus
assumed four homocentric spheres: the first, the outermost, rotates in a
day about the celestial poles, whereby the planet participates in eastwest motion of all the stars. The second, dragged along with the first
because its axis is fastened in the poles of the ecliptic, carries the planet
quite regularly along the ecliptic in a west-east direction in the period
of revolution of the planet. The motion along the hippopede, which is
performed in one synodic period, is superimposed to transfor,m the
regular mean move ment into the alternation of a long direct and a short
retrograde path. For this purpose the third sphere has its axis fixed in
two opposite points of the ecliptic, and it carries the fourth sphere,
contrarily revolving about an inclined axis. Thus all the phenomena are
represented: the daily rotation, the opposite revolution along the ecliptic, and the alternation of direct and retrogade motion in a synodic
period.
This explanation of the irregular planetary motions by perfectly
regular rotations of four connected spheres certainly was an admirab1e
performance of geometrical sagacity. For the sun and the moon three
spheres were sufficient, reproducing at the same time the inclined orbit
of the moon. It is only through a description by Simplicius, the wellknown commentator of Aristotle in the fifth century AD, that we are
acquainted with some details ofthis theory. Simplicius gave the periods
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used by E~doxus but was silent about the inclinations ofthe two hippopede-forming spher.es. The Italian astronomer Schiaparelli, who in a
~o~ern. study elucidated this theory, showed that by assurning this
inclination to be 6° and 13° for Saturn andJupiter, the right values for
the retrograde are, 6° and 8°, were found, whereas the deviations to the
north and south were 9' and 44' only, hardly noticeable at that time.
F~r Mars, however, ~twas .not possible to arrive at a good representation;
with the true synodic penod of 2t years, no inclination however large
could produce a retrograde motion; the oscillation was too slow.
Simplicius mentioned a rotation period of 8 months and 20 days for the
two sph~re~, wJ:ich, ~th an inclination of 34°, gives a regression of 160.
The deVlatI?nS m.latItude of the hippopede going up to 5°, of course do
not harmo~ze with the real variations of latitude of the planet. Moreover, what IS worse, there should be three retrograde movements in a
synodic period, one in opposition to the sun and two at moment where
they would be less perceptible, to both sides ofthe conjunction. Here the
theory, geometricaIly so ingenious, feIl short in representing the phenomena. The same holds for Venus. It is evident that Eudoxus had not at
his disposal sufficiently numerous and accurate observations with which
to cornpare his theory and detect its inadequacy. That knowledge in
G~ee:: at. that time of the apparent motion of the planets was rather
prirmtrve ISalso clear from the periods given by Simplicius as Eudoxus'
values: 30 years, 12 years and 2 years as the time ofrevolution ofSaturn
Jupiter a?d Mars respectively, and 13 months as the synodic period for
bothJup.Iter and Saturn. The empirical knowledge was confined mainly
to the existence of retrograde motions, without quantitative details; and
the theory gave an explanation only of this qualitative character. The
great Greek scientists were not observers not astronomers but keen
thinkers. and mathematicians.
Eudoxus" theory of the h~mocentric
spheres IS memorable not as a lasting acquisition of astronomy but as a
monument of mathematical ingenuity.
Yet there was progress in practical astronomy also. As the sun had to
~e carefuIly observed for calendar purposes, its irregularities came to
~ght; observation of the equinoxes as weIl as the solstic es disclosed the
lI~equalit~ of the four seasons. In the preceding century Euctemon had
gIven their length: 93 days for the spring (counted from equinox to
summer solstice), 90, 90 and 92 days, which deviate considerably from
the true values, 94.1, 92.2, 88.6 and 90.4 days. Far more accurate values
were given a century later by the able astronomer Callippus of Cyzicus
(bet:veen 370 and 300 Be), a pupil ofPolemarchus, who hirnselfwas a
pupIl of Eudoxus. His lengths for the seasons were 94, 92, 89 and 90
days-hence
correct to round figures.
That the sun takes a different number of days to complete the quadIII
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rants of its circle means that its velo city is alternately greater and
smaller. In the theory of Eudoxus this can be represented by ad ding
a small hippopede of 4°, which alternately accelerates and retards the
sun's course. Simplicius indeed records that Callippus had added, both
for the sun and the moon, two spheres to the three assumed by Eudoxus.
Moreover he mentions, without further details, that Callippus added a
fifth sphere for Mars and for Venus, probably to correct the defects of
Eudoxus' theory for these planets. Schiaparelli has shown in his study
that, with three spheres combined, a more complicated curve than a
hippopede can be obtained, which affords a velo city sufficient, for Mars
with a synodic period of 2t years, to produce a single retrogradation at
opposition. It can even be done in different ways; how Callippus, an
accomplished mathematician, did it we do not know.
An improvement of Meton's 19-year calendar period is also ascribed
to Callippus, about 334 Be. By subtracting one day from four periods,
he obtained a 76-year period of 940 months =27,759 days, hence with
h
ID
a year of exactly 365: days and a synodic month of 29d 12 44 25·5"
(22 seconds too large). Ris first cycle began in 330 Be; but it was only
used by schol ars and perhaps in parapegms but not in official calendars.
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ARISTOTLE (384-322 Be), from the Greek town of Stagira
on
fithe
Macedonian coast, was a pupil ofPlato, and in his first works
h~ closely adhered to his teacher's ideas. Later, ho wever, he developed
his own .world concepts, proceeding in less spiritual directions, perhaps
due to his descent from a country of a more rustic middle class. Whereas
f?r Plato ideas are the real worl~ and visible phenomena only a deceptrve appearance of them, for Anstotle the world of phenomena is the
real world, in which the ideas manifest themselves as their innermost
esse~ce. The visible world of phenomena originates by the working of
the 'ideas' upon unformed matter, giving it form and definiteness. The
world of phenomena shows incessant change and motion, genesis and
decay; but the essence of things is invariable and eternal. The aim of
science and philosophy, one and the same in Greece, is the recognition
through thought of this invariable essence, using the mind's power of
abstraction. Abstract conceptions are derived from the concrete facts of
the phe~omena ?bserved. Rence, more than his predecessors, Aristotle
ernphasizes the importance of careful observation and description of
eve~ detail of the phenomena; his later works constitute an encyclopa~dla of all the knowledge of his time, of natural phenomena, of the
ammal world, as well as ofthe human world, polities, ethics and art. On
the other hand it was necessary to give an exposition of the special
phenomena as the product of the ideas and, by deriving the facts of
nature from the essence of things, to demonstrate their essential truth.
This is don.e by careful reasoning in logical deduction. Thusknowledge is
presented m such a form that the phenomena described are the result
?educed by argument from the presupposed essence of the world, its
In~er ~ature and general principles. By what to modern ears is often an
artlficlal argumentation,
Aristotle's science, presented as the logical
Outcome of general principles, acquires a dogmatic character. At the
s~me time, by i~sw.ell.consi?ered coherence, his world picture acquires a
high ?egree of mtrmsrc logic and beautiful harmony.
~stotle
presents the structure of the universe as having perfectly
radIal sphencal symmetry. The world is arranged according to spheres
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and spherical shells around a centre, in which the simple movements
along straight lines are along radii from or to the centre. 'All change of
place which we call motion is straight or in a circle or a mixture of
them. These are the only simple ones ... [Motion ] in a circle is around
the centre, straight is the motion up and down. Up means away from
the centre, down is toward the centre. It follows that all simple movement is away from the centre, towards the centre, or around the
centre.'54
The contrast in Anaxagoras' world picture between the radialspherical structure of the surrounding heavens and the flat-rectangular
structure ofthe earthly phenomena is entirely removed here; the reduction of Anaxagoras' rectangular world to a small fragment cut out ofthe
big earthly globe means a considerable widening of the world picture.
With Plato and other predecessors, Aristotle assumed that the four
elements earth, water, air and fire, which in this succession are arranged
in layers one above the other, constitute the earthly part of the world.
Because each of them, when removed from its natural place, tries to
reoccupy it, the natural movement ofthe heavy elements is downward,
towards the centre, and of the lighter ones, air and fire, upwards,
where they come to rest. The element fire must not be considered as
flame and glow. The celestial luminaries are not made of fire, as has
often been supposed, but ofthe fifth element; they emit light and heat,
because the air beneath them is ignited by the friction caused by their
movement. * In the high layers, where air and fire are mixed, the
vapours from below assemble, and when they kindie are seen by us as
meteors and cornets.
Besides the natural movements, there are the enforced movements
transmitted by direct contact. There is no void in the world; each body
is surrounded by air or water, and its motion is always relative to this
medium. This principle involves a curious explanation of the motion of
missiles after contact with the moving hand has ceased. 'The prime
mover conveys to the air, as an intermediary, a power of conveying
motion, and when the prime mover's action has ceased, the intermediary ceases its motion but is still able to move the missile and the
air. Thus the moving power is transferred to the contiguous parts ofthe
air that convey it to the missile, until at last the moving impulse is
exhausted.t+" This theory ofthe conservation ofmotion by some kind of
propulsion by means of continuously propagated elastic force was often
refuted by later writers.
• This opinion of Aristotle has often been feit to be inconsistent, because air does not
extend into the celestial realms; it would seem to imply that all the celestial spheres carrying
the luminaries form, closely packed, a relatively thin shell around the world of the four
elements,
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The motion ofthe celestial bodies is not straight and finite, but circular, invariable and eternal. So they must themselves be eternaI, unalterable, divine. They are different from the four earthly elements; they
consist ofthe fifth element (quinta essentia), the ether, more perfect than
the other four. Changes in th at world have never been observed. The
realm of the ether reaches down to the moon; beneath the moon is a
mixed region where the 'sublunary world' ofthe four elements begins.
The earth is at rest in the centre of the universe. Because all heavy
parts tend towards the centre, this element has assembied here and
constitutes the solid body of the earth. Lengthy arguments are used to
show that any move ment of the earth would be contrary to its nature.
Because all the heavy parts push one another in trying to come as close
as possible to the centre, the limiting exterior surface must be a sphere
around the centre, so that the centre of the earth is the centre of the
universe. Moreover the spherical shape of the earth is shown by visible
phenomena; at lu nar eclips es the boundary of the shadow is always seen
to have a cu rva tu re corresponding to a globular earth. The earth cannot
be very large, for a short journey north or south changes the horizon; in
Egypt and Cyprus stars are seen that are not visible in Greece. The
mathematicians who tried to determine its circurnference gave it as
400,000 stadia.
The universe is finite and spherical. It must be finite because, were it
infinite, either simple or composite, one ofthe elements must be infinite,
and then there would be no room for the others. Furthermore, its
motions must be circular and an infinite circle cannot exist; moreover,
an infinite thing cannot have a centre, and the universe does have a
centre. That the universe is spherical is proved, first by the universe
being perfect and the sphere being the sole perfect figure and also by a
sphere in its revolution always occupying the same space; outside there
is no more space, there is 'neither void nor place'. Moreover, it is made
probable by the spherical shape of the other bodies. That the moon is
spherical we see by the boundary line between its dark and itsilluminated
parts. The stars aIso must be spherical; because they cannot move by
themselves, they cannot have organs for locomotion, and since 'nature
makes nothing in a haphazard fashion', the spherical shape is best
fitted for them. These arguments may serve as an instanee of how
Aristotle derived the phenomena from general principles and ideas.
As regards the arrangement of the celestial bodies, Aristotle agreed
with his friend Callippus, but on a different basis. For Eudoxus and
Callippus the rotating homocentric spheres were geometrical figures
without a physical character; for Aristotle, they were material objects,
real crystalline shells surrounding and carrying one another along.
The moving force comes from the exterior celestial sphere, which, as
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prime mover, in its daily rotation moves all the others in such a way
that every outer sphere transfers its motion to the next lunar sphere.
This means that when the planet Saturn by its four spheres has acquired
its special revolution in 29 years with retrogradations, the motion of the
three inner spheres must be neutralized by three contrarily moving
spheres, so that only the daily rotation remains and is transferred to the
next inner sphere, which is the most exterior one of Jupiter. This holds
for every next body, the moon excepted because it is the last one. In
addition to the 33 spheres of Callippus (4 for Saturn and Jupiter, 5 for
Mars, Venus, Mercury, sun and moon) , the system of Aristotle demanded
22 counter-rotating
spheres, in total 55 solid crystalline spheres, to
bring about the motions of the celestial bodies.
His later commentator, Simplicius, indicates th at Aristotle himself
was not entirely satisfied with this theory. For in earlier times it was
already known, e.g. to Polemarchus, that the planet Mars in opposition
during its retrograding, and also Venus when it retrograded, we re
much brighter than at other times, whereas the theory of the concentric
spheres keeps them always at the same distance from the earth. But we
have to remember that there was no other theory to explain the irregularities ofthe planets. Later on, other theories were devised. The general
world picture of Aristotle, however, was maintained throughout the
centuries that followed until the seventeenth. It shows how weIl this first
tight and harmonious structure of the universe corresponded to the
simple scientific experience of those times.
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This does not mean that Aristotle's theory of world structure remained
without riyal. In the fifth century BC Greece had experienced an epoch
of economie rise and political power that resulted in the fourth century
in considerable wealth and in vivid intellectual and scientific pursuits.
In this century of profound philosophic thinking we see the rise'of bold
and new ideas of world structure.
A contemporary
of Aristotle, Heraclides Ponticus (388-315 BC,
from the town Heraclea on the Pontus), is also sometimes reported
to have been a pupil of Plato. Though he was famous in antiquity,
none of his many writings on different subjects has been preserved.
So we have to consult the reports of later authors for his philosophical
and cosmological ideas. We find that Simplicius, in explaining one of
Aristotle's arguments, says: 'because there have been some like Heraelides ofPontus and Aristarchus, who suppose th at the phenomena can
be saved when the heaven and the stars are at rest, while the earth
moves about the pol es of the equator from the west, completing one
revolution each day, approximately .. .'56 And at another place: 'But
Heraclides of Pontus, by supposing that the earth is at the centre and

moves in a circle and the heaven is at rest, thought to save the phenomena.'57 This 'to save' the phenomena is a much-used term meaning
to represent, hence to explain the phenomena. Another well-known
later author, Proclus, in a commentary on Plato's Timaeus, writes:
'How can we, hearing that the earth is wound round, reasonably make
it turn round as weIl and give this as Plato's view? Let Heraclides of
Pontus, who had not heard Plato, hold that opinion and move the earth
in a circle; but Plato made it unmoved.t+" And Aëtius says: 'Heraclides
ofPontus and Ecphantus the Pythagorean make the earth move, surely
not in the way ofprogressing but in the way ofturning, in the manner
of a wheel, from west to east about its own centre.w?
Reading these quotations, we cannot doubt that Heraclides, in order
to explain the daily rotation of the celestial sphere with its stars, made
the earth rotate from west to east ab out an axis through the celestial
poles. That in some of them this is expressed as moving 'in a circle' has
given rise to the interpretation by some later authors-Schiaparelli
in
the nineteenth century and some years ago the mathematician Van der
Waerden-that
Heraclides had asserted an orbital motion ofthe earth.
The quotations, however, clearly deal with a substitute for the daily
rotation of the celestial sphere. A circular orbit to set the celestial
sphere at rest was contained in the theory of Philolaus concerning the
daily circuit around the central fire; the name also of Hicetas of
Syracuse, of whom little is known, is mentioned by Cicero in this
connection.
So it can be said with certainty that the doctrine ofthe rotation ofthe
earth found some adherents among Greek thinkers. Greek navigators
must often have observed how in their smoothly sailing ships the movement itself could not be felt, only its irregularities. Yet it was a big step
to proceed from this experience to the idea of a motion of the earth. F or
this means that the most direct fact of observation, the rotation of the
celestial sphere, as weIl as the still stronger conviction of the fixed
steadiness of the earth beneath our feet, was recognized as a deceptive
appearance only. That the ancient Greeks could rise to such a height
of insight in overcoming prejudice testifies to that profound thinking
and independenee of mind that gives them an exceptional place in the
history of science. Yet this brilliant idea could not maintain itself in the
later centuries against the logic of Aristotle's world picture.
Another progress in astronomical theory ascribed to Heraclides
relates to the motion of Venus and Mercury. There had always been a
difference of opinion as to their place in the sequence of the planets;
soma authors placed them above the sun, so that the sun came next to
the moon; others put them below the sun, between sun and moon.
This question was solved by having both planets perform circles with
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the sun as their centre, a likely conclusion from their apparent oscillating
to both sides of the sun. Aristotle did not touch on these phenomena,
which indeed do not fit into his world system. Later Roman authors
speak of this explanation and mention ~eraclides in conn~c?on with it.
Though th ere is much confusion in their statement of his ideas, ~ost
historians agree that it was Heraclides who first expounded the idea
that Venus and Mercury describe circles about the sun.
This idea then, was a stepping stone towards a still more radical
innovation regarding the world structure. It is connected with the name
of Aristarchus of Samos (c. 310-230 BC), afterwards called 'the mat~ematician' to distinguish him from the equally famous Alexandnan
philologist, Aristarchus of Samothrace. There is not the slightest doubt
that he put the sun at the centre of the univers.e and ~ade the :~rth
describe a circle about the sun. We do not know this from his own wntmgs
but through others. Only one treatise of his has been preserved, but it
contains nothing about world structure. It may, however, serve to
indicate how he arrived at his theory and it is important in elucidating
the scientific methods of the time. It is entitled On the Size and Distances
of the Sun and Moon, and was preserved in later centuries becau~e. it was
part of the much-copied Smalt Composition of half-a.-dozen wntmgs of
different authors, where the problems of the celestial sp~ere a?d the
phenomena of motions, risings and settings were treated m a simpler
way than in Ptolemy's Great Composition.
.
Both the content and the form of Aristarchus' treatise give a pecuhar
aspect of the character of Greek science. Following the exampl~ of
Euclid's great work on geometry, it consists of a series of 1S geometncal
propositions preceded by six 'hypotheses'. Among the latter the most
essential are: (2) 'that the moon receives its light from the sun';
(4) 'that when the moon appears to us halved, its distance .from the sun
is less than a quadrant by one-thirtieth of a quadrant' [l.e:'S7°]; (5)
'that the breadth ofthe [earth] shadow is that oftwo moons'; (6) 'that
the moon subtends one-fifteenth part of a sign of the zodiac'. And he
continues: 'Then it is proved: (I) that the distance of the sun from the
earth is more than I S times and less than 20 times the distance of the
moon (this follows from the hypothesis about the halved moon); (2),
that the diameter of the sun has the same ratio to the diameter of the
moon; and (3), that the diameter ofthe sun has to the d~ameter ofthe
earth a ratio greater than 19 to 3, but less than 43 to 6; this follows from
the ratio of the distances, the hypothesis about the shadow, and the
hypothesis th at the moon subtends one-fifteent h ~f a zo dilac.a.l si
slgn. '60
After this introduction, dozens of pages follow with proposmens an~
their demonstrations. This Greek mathematician was able to take his
stand outside the earth, where he could see it and all these celestial

bodies as comparable globes; he intersected them and their enveloping
shadow cone with planes, drew the intersections as circles and triangles,
and applied Euclid's rigid method of demonstration to them. Thus the
essential problem was treated and solved as a geometrical lemma.
(See Appendix A.)
Here, for the first time in the history of astronomy, we have the pure
and direct determination
of the distances of celestial bodies from
observational data. In a certain sense it might be called the opening-up
of scientific astronomy; the conclusion that the sun is about 19 times
more remote than the moon remained a regular constituent of astronomical science for 2,000 years. But the form in which this result was
presented was very different from that of modern science. First, because
all effort was applied to derive, by a host of geometrical propositions, a
result which nowadays a schoolboy can achieve in a few minutes: the
ratio of the di stances of moon and sun is the sine of 3°, i.e. 1 : 19.1.
On the other hand, the data of observation, the empirical basis of all
the argument, are stated in a few lines, without any explanation of
detail, as presupposed hypotheses. The procedure is entirely opposite to
that of modern science, in which all attention and the largest amount of
space is sp ent on the method, the procurement, the discussion and the
communication of the empirical data.
Secondly, in the geometrical treatment one is struck by the careful
precision in the indefinite form of the result: greater than, smaller than.
Greek mathematicians
did not work with approximate
values of
irrational numbers, the basis of all modern computing, though they had
discovered their existence. To them, numbers were counted quantities
of wholes or parts, taken exactly; ~ ratio expressed by sine 3° =0.0253
... was foreign to them; they worked with precise numbers: such as
IS, 20, J, etc. In quantitative geometry they could derive only which
numbers were larger or smaller than the required quantity. In this they
often showed great ingenuity; but it made their geometrical determinations rather clumsy.
Important for later developments was Aristarchus' method, in his
fifteenth proposition, of deriving the size of the sun relative to the earth.
lts gist can be rendered briefly thus: the shadow seen at a lunar eclipse
is the section ofthe shadow cone (tangent to sun and earth) at the moon's
distance; this section, according to the fifth hypothesis, is twice the
moon's diameter, hence -h of the solar diameter. The distance of the
shadow's edge from the full moon must th en be ft of its distance from
the sun; hence H- remains for the distance from the full moon to the
sun. One-twentieth of the latter is the distance from moon to earth, the
remaining tB- the distance from sun to earth. Expressed in the total
shadow length, they are -h xli and H- xH-=H. The distance from the
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earth to the shadow's edge in the same unit is now -h xH- +129 =h;
this is the ratio of the distances from the earth and from the sun to the
shadow's edge, hence also the ratio of their diameters. Then the ratio of
the diameters of earth and moon is 57 : 20.
In the treatise of Aristarchus, who did not know of the number 19,
this has been worked out with careful precision in 'larger than' and
'smaller than'; the ratio, as already mentioned, is found between
V' and~. It must be noted that no data are used other than 87° and
the size of the shadow relative to the moon; contrary to what Aristarchus
saysin the Introduction, the apparent diameter ofthe moon is not used;
it would be necessary only if the diameters were to be compared with
the distances.
Nothing was said on how the basic data had been found. These
Greek scholars were mathematicians rather than astronomers; the
celestial bodies just happened to be the objects of their geometrical
propositions. Hence the astronomical quantities were treated somewhat
superficially, their precise value did not matter; ingenuity was exhibited
in the solution of the geometrical problem. We do not know what
observations procured the data. That the moon be halved at 3°
distance from exact quadrature is a heavy overestimate; in reality, the
distance amounts to no more than 10'; but it is possible th at the large
value depends on some rough estimate. That this quantity was noted as
a means ofmeasuring distances testified to great ingenuityand profound
thinking. The matter is different with his sixth 'hypothesis' ; an apparent
diameter of 2° for the sun and moon so strongly eontradiets their real
value of tO, which can be ascertained by the most simple observation,
that numerous explanations have been proposed: errors in copying old
manuscripts (but the statement in plain words is: the fifteenth, and not
the sixtieth part of a sign); Babylonian traditions (but !,here the real
value was already known); even deliberate insertion of a wrong value
to fix attention entirely on the geometrical method. We do not know;
we have to accept the fact. Ris younger contemporary, the great
mathematician
Archimedes of Syracuse (287-212 BC), says that
Aristarchus was the first to discover that the diameter of the sun (hence
ofthe moon also) was 7~O ofthe zodiac, i.e. tO. This discovery, therefore,
must have been made later on.
Diameters are numerical values only; the real and impressive bulk of a
body is its volume. Thus Aristarchus says: 'The sun stands to the earth
in a ratio larger than 6,859: 27 but smaller than 79,507: 216,'
meaning the ratio oftheir volumes. Ifthe diameter ofthe sun is between
V' and 463 times the diameter of the earth, its volume must be between
254 and 368 times the volume ofthe earth.
Probably it was this enormous size of the sun that forced on Aristar-
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chus the idea that it was not proper for it to circulate around the much
smaller earth, and that on the contrary, it should itself reside in the
centre. We do not know his reasons; but the fact that he put the sun at
the centre is stated with complete certainty by many later authors,
among others by Archimedes in his Sand-Reckoner (216 BC). In this
treatise Archimedes computes the number of sand grains required to fill
the universe, in order to show that, where the Greek system ofnumerals
was inadequate to render such immense numbers (up to 1063), methods
could be devised to express them in a rational way. After having spoken
ofthe size ofthe earth and the planetary spheres, Archimedes continues:
'But Aristarchus brought out a book consisting of certain hypotheses,
wherein it appears, as a consequence of the assumptions made, that
the universe is many times greater than the 'universe' just mentioned.
Ris hypotheses are that the fixed stars and the sun remain unmoved,
th at the earth revolves about the sun in the circumference of a circle,
the sun lying in the middle of the orbit, and that the sphere of the fixed
stars, situated about the same centre as the sun, is so great that the circle
in which he supposes the earth to revolve bears such a proportion to the
distance of the fixed stars as the centre of the sphere bears to its surface.
... We must take Aristarchus to mean this: since we conceive the earth
to be, as it were, the centre of the universe, the ratio which the earth
bears to what we describe as the 'universe' is equal to the ratio which the
sphere containing the circle in which he supposes the earth to revolve
bears to the sphere of the fixed stars.' 41
A heliocentric world structure is stated here in unmistakable words
but without any detail in reasons or consequences. Neither do later
authors give these details when they speak of his theory. It found no
general adherence; Seleucus the Babylonian, from the town ofSeleucia,
who lived a century later, is the only one mentioned as having advocated
the same theory. It did not, so far as we know, present itself as an
explanation ofthe irregularities in the planetary motions; it remained a
bold, ingenious, but isolated idea. The heliocentric theory could not yet
enforce itself as an unavoidable necessity; astronomy first had to find
new ways ofpractical progress.
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in the second volume of his famous

Kosmos, dealing with the history of science, gave a vivid

picture of the widening of the intellectual horizon of the Greek world
through the conquests of Alexander of Macedonia. Not only was the
powerful Persian Empire, until th en al most inaccessible, opened to
Greek commerce, exploration and culture, but the remoter regions of
Inner Asia, Bactria, Turkestan and a part of India became known.
New parts of the world, with their different aspects and phenomena,
their mountains and deserts, their animals and plants, their different
peoples with different customs, and the ~n-all
came
within reach. Even more important still was the social change, the
merging of the Greek and the Oriental world in a new economie and
political development. In the re ar of the conquering army came
merchants and artisans from Greece, emigrating to the newly-opened
regions of Near-Asia and populating both the old and the new towns,
The riches accumulated in the treasuries of the Persian kings and their
satraps were now dispersed as spoils, distributed among the soldiers, or
I spent by the new kings for town-planning, temple-building, and the
construction of highways and harbours, thus stimulating , trade and
commerce. Easier traffic along old and new routes connected Greek
commerce with India, Arabia and Africa, all a fresh souree of wealth
and culture. Essential in this development were the capacity and energy
of the Greek citizens as officials and businessmen, providing for an
exploitation of the fertile plains of the Nile, the Orontes, the Euphrates,
that was more efficient than under the former rulers.
So in all these countries great and wealthy towns arose, such as
Alexandria, Antioch, Smyrna, Ephesus, Nicaea and a host of smaller
ones, which became eentres of trade and new industry. There, beside
the merchants and artisans and the well-to-do veterans, lived the land- owners and the officials who ruled the countryside. As in the Greek
homeland, these towns had almost complete self-ruIe, hence great
civilliberty, though here under the overlordship ofkings who disturbed
the internal peace of their states by frequent wars. Besides these
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monarchies a free commercial republic existed on the Island of Rhodes
comparable with Venice and Genoa at a later epoch. For more than a
century this republic dominated the eastern Mediterranean
by its
navigation and influenced all the adjacent kingdoms through its financial power. All this was the world of 'Hellenism' . Economie prosperity
awakened strong spiritual activity, and these countries and towns
became the seat of the new Hellenistic culture. Compared with this
fiourishing world, Greece proper retired into the background; it became
poor and empty. lts cities declined to the level ofprovincial townships,
with the exception ofThessalonica and Corinth, which still participated
in the sea traffic, and of Athens, which remained a centre of culture,
art, and philosophy, owing to the tradition of Plato and Aristotle and
to its Academy and its schools.
This fiowering ofthe Hellenistic world lasted for two centuries; then
came the conquest and pillage by the Roman armies, exploitation by
Rome, and absorption into the Roman Empire. The inhabitants,
partly abducted as slaves, became the tutors of the Western world and
Greek science became an element in the harsher and more external
culture of the Roman rulers.
The strength of Hellenistic culture was due to a great extent to the
merging of Greek and Oriental elements. Especially in astronomy do
we see how Babylonian abundance of observed facts and Greek independenee of thought combined with theoretical power of abstraction.
Acquaintance
with Babylonian methods, and possibly with their
instruments, stimulated the Greek schol ars to become themselves
observers of the stars. The Babylonian results for the periods and irregularities, which had remained simply as numerical data, became in the
hands of the Greeks the basis of geometrical constructions and led to
conceptions of spatial world structure. Conversely, Babylonians came to
be infiuenced by Greek theory; Seleucus, the Chaldean mentioned
above, was also the au thor of a theory of the tides.
The centre of world commerce, Alexandria, capitalof
Egypt, the
richest ofthe Greek-ruled empires, was also the centre ofscience at th at
time. There the Macedonian kings, the Ptolemies, founded a temple of
the Muses, the 'Museum', famous for its library, for which manuscripts
were collected from everywhere; and they called upon the most famous
scholars to act as leaders and to constitute a kind of Academy of
Sciences. Next to philology fiourished medicine; mathematics and
astronomy were also cultivated. Yet the extent and regularity of the
observations at Alexandria could certainly not compare with the work
of the Babylonian priests. Moreover, nothing is known with certainty
about the instruments used. Euclid, in his astronomical work On Phenomena, only mentioned a diopter, not yet attached to a graduated circle
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but serving solely to fix two opposite points of the horizon. However,
Ptolemy not only mentions the astronomers Aristyllus and Timocharis
from the earliest Alexandrian times, between 296 and 272 BC, but also
gives distances to the equator (i.e. declinations ) of a number of stars, as
well as differences of longitude measured by them in degrees and subdivisions. So they had instruments with graduated circles.
Another instrument they used was an equatorial ring, placed before
the temples in Alexandria, in Rhodes, and perhaps in other towns, for
calendar purposes. It consisted of a cylindrical belt, with its upper and
lower borders exactly in the direction of the equatorial plane; the shadow
of the southern half upon the inner side of the northern half left a
narrow line of light at the upper or at the lower side of the equator.
Thus the exact raoment of the equinoxes could be fixed.
The geographer Eratosthenes of Cyrene, a contemporary of Archimedes, was one ofthe first directors ofthe Alexandrian library. Besides
his geographical description of thè entire known world, he was noted
for having determined the size of the earth. A later writer, Cleomedes,
gave an extensive description of the method used. In the town of Syene,
in the south of Egypt, the bottom of a deep vertical pit was illuminated
by the sun on the longest day, so that the sun then stood exactly in the
zenith. In Alexandria, situated farther north, the shadow cast on a hollow
sundial on that day was -h ofthe total circle. Thus the distance between
these towns must be io of the circumference of the earth. Since this
distance was 5,000 stadia, as measured by the time the king's messengers took to run it, the earth's circumference must be 250,000 stadia. In
modern times there has been much discussion on the length of the stadia
used; if we take 157 me tres as the most probable value, Eratosthenes'
result comes very near the true figure. Later in the same book, Cleomedes mentions the leamed Stoic Posidonius (135-51 BO) as having
applied the same principle to the bright star Canopus, whlch at Rhodes
just grazed the southern horizon but in Alexandria reached an altitude
of 71 0; from the distance over the sea, estimated at 5,000 stadia, a circumference of 240,000 stadia was found.
A determination of the obliquity of the ecliptic is also attributed to
Eratosthenes. Eudoxus had given it as an are of a re gul ar quindecagon,
i.e, 24°. Eratosthenes found the difference between the solar altitudes at
the summer and winter solstices to be H of the circumference; this
corresponds to an obliquity of23° 51', very near to the true value. The
form of this statement has sometimes given rise to the supposition th at
graduation of circles was not yet in use. This, however, is entirely
refuted by the measurements ofthe Alexandrian astronomers mentioned
by Ptolemy.
Hipparchus of Nicaea, who lived and worked some time between

162 and 126 BO, mostly on Rhodes, is considered to be the greatest
among the astronomers of ancient Greece. Of his writings only one has
been preserved; but his work, consisting of practical measurements as
well as theoretical innovation, was transmitted and reported by later
authors, especially by Ptolemy. Three treatises by him were mentioned
by Ptolemy, On the Length of the Tear, On Intercalation of Months and
Days, and On the Change of the Solstices and Equinoxes. 62 In the second
treatise he improves the 76-year calendar period of Callippus by taking
it four times and subtracting one day. Then the moon period is
111,035: 3,760=29.53058=2gd
12h 44m 2.5', which is comparable to
the best Chaldean results and only one second too short. The length of
a year is thus a1io of a day shorter than Callippus' exact 365t days,
i.e. 365d 55m 168• Hipparchus makes it clear that we must distinguish
between two definitions of the year; and he explains that the essential
length of the year does not depend on the rettt,rn to thesarne stars but on
the return to the same equinoxes and solstices, which determine the
seasons. Ptolemy quotes him as saying: 'I have written a treatise on the
length of the year in which I show what is the solar year: the time it
takes the sun to return from one solstice or from one equinox to the
same point. It amounts to 365t days diminished by nearly ah of a
day.'63
He mentions asurnmer solstice observed in 280 BO by Aristarchus,
compares it with one observed by himself in 135 BO, and finds the
interval half a day shorter than 145 X365t days, corresponding to the
difference of aio of a day. As the moment of a solstice can hardly be
determined with an accuracy of half a day he himself emphasizes the
uncertainty of this 'small' difference; he surely must have made use of
other data too, and Ptolemy himself mentions six autumnal and three
vernal equinoxes, observed by Hipparchus in the years between 162
and 128 BO, probably with the equatorial ring mentioned above.
Ptolemy says that errors 'up to one-fourth ofa day' mayalso occur here,
and he speaks of an insufficient stability of the instrument, since it had
happened th at twice on one day the illumination changed between the
upper and lower rims of the equatorial ring. This, ho wever, had another
cause; it was the effect of refraction. When the sun in spring has not
yet reached the equinox, refraction just after its rising can lift it from
the southern to the northern side of the equator; then the sun sinks
back by the rapid decrease of the refraction, and at a later hour
actually passes the equator. It should be noted that the error in the
I 45-year interval must have been stilllarger,
for Hipparchus' length of
the tropical year given above is rto of a day too large (its real value
was 365d 5h 48m 56"), as also was the corresponding Babylonian
value.
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