How did we first come to have
high quality evidence in any of
the sciences?
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CHAPTER 2 / THE EARTH AND SKY

FIGURE 2—-7 (a) The 4-day-old crescent moon and Venus setting. Exposures were
made every 8 minutes, illustrating how the eastward rotation of the earth causes
celestial objects to move westward across the sky. Note also the eastward motion of
the moon relative to Venus. (b) A time exposure taken with a camera pointed at the
north celestial pole shows star trails that demonstrate the apparent rotation of the
sky (a, William P. Sterne, Jr.; b, Lick Observatory photograph.)



Archer

FIGURE 2.2. The celestial sphere and the signs
of the zodiac.
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Krios
Tauros
Didymoi
Karkinos
Leon
Parthenos
Zygos
Skorpios
Toxotes
Aigokerds

Hydrochoos
Ichthyes

Latin
Aries
Taurus
Gemini
Cancer
Leo

Virgo
Libra
Scorpius
Sagittarius

Capricornus

Aquarius
Pisces

English

Ram

Bull

Twins

Crab

Lion

Virgin

Balance

Scorpion

Archer

Goat-Horn[ed
creature]

Water-Pourer

Fishes



Principal Anomalies (Inequalities) in Observed Motions

Sun

1. Sun moves faster along parts of the zodiac and slower along others,
resulting in 94! days from vernal equinox to summer solstice and
92! days from summer solstice to autumnal equinox.

(1a. The length of a solar day (from one noon to the nextjeviates from
mean solar time by as much as 16 minutes over the course of a year.)

Moon

1. Moon moves faster along parts of its orbit around the Earth and
slower along others, with a maximum at perigeand a minimum at

apogee.

2. The line of apsides (between apogee and perigee) advangeeg per
revolution on averageand the line of nodegalong which the plane of
the lunar orbit intersects the plane of the ecliptic) regresses around
1! deg per revdution on average or 18 years for a complete circuit

Planets

1. Like the Sun, each planet moves faster along parts of the zodiac and
slower along other parts the angular velocity of Mars, for example,
appears to be 40 percent faster when it is i@apricorn than when on
the opposite sidan Cancer, and the pattern repeats every 687 days.

2. Periodically, each planet comes to a halt and then moves retrograde,
from east to west, for a few days before coming to a halt again and
then resuming motionfrom west to east;in the case of Mars, for
example, this occurs every roughly 780 days
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BABYLONIAN “GREAT CYCLES” (before 300 B.C.)

Jupiter 71 years (= 6 tropical = 65 synodic periods)
Jupiter 83 years (= 7 tropical = 76 synodic periods)
Venus 8 years (= 8 tropical = 5 synodic periods)
Mercury 46 years (= 46 tropical = 145 synodic periods)
Saturn 59 years (= 2 tropical = 57 synodic periods)
Mars 47 years (= 25 tropical = 22 synodic periods)
Mars 79 years (= 42 tropical = 37 synodic periods)
Moon 18 years



The Homocentric Spheres of Eudoxus (408-355 B.C.)

Eudoxus supposed that the motion of the sun or of the moon
involves, in either case, three spheres, of which the first is the
sphere of the fixed stars, the second moves in in the circle which
runs along the middle of the zodiac, and the third in the circle
which is inclined across the middle of the zodiac; but the circle in
which the moon moves is inclined at a greater angle than that in
which the sun moves. And the motion of the planets involves, in
each case, four spheres, and of these also the first and second are
the same as the first two mentioned above (for the sphere of the
fixed stars is that which moves all the other spheres, and that
which is placed beneath this and has its movement in the circle
which bisects the zodiac in common to all), but the poles of the
third sphere are in the circle which bisects the zodiac, and the
motion of the fourth sphere is in the circle which is inclined at an
angle to the equator of the third sphere; and the poles of the third
sphere are different for the other planets, but those of Venus and
Mercury the same.

Callipus ....

But it is necessary, if all the spheres combined are to explain the
phenomena, that for each of the planets there should be other
spheres (one fewer than those hitherto assigned) which counteract
those already mentioned and bring back to the same position the
first sphere of the star which in each case is situated below the star
in question; for only then can all the forces at work produce the
motion of the planets. Since, then, the spheres by which the planets
themselves are moved are eight and twenty-five, and of these only
those by which the lowest-situated planet is moved need not be
counteracted, the spheres which counteract those of the first two
planets will be six in number, and the spheres which counteract
those of the next four planets will be sixteen, and the number of all
the spheres — those which move the planets and those which coun-
teract these — will be fifty-five.

Aristotle, Metaphysics, Lambda, 1073b-1074a



Aristotle’s Conclusions in On the Heavens

¥ The celestial realm is filled with aetherial matter that is different
in its nature from the four elements of the sublunary realm

% While the natural motion of the four elements is toward the
center of the Earth, the natural motion of celestial aetherial
matter is circular

¥ Celestial circular motion is uniform, and hence self-sustaining
and eternal

% The Earth is at the exact center of the celestial realm, where it
remains entirely motionless

% The Earth is spherical and quite small compared with the sphere
of the fixed stars

“Of many such problems one of the strangest is the problem why we
find the greatest number of movements in the intermediate bodies,
and not, rather, in each successive body a variety of movement
proportionate to its distance from the primary motion....

A second difficulty which may with equal justice be raised is this.
Why is it that the primary motion includes such a multitude of stars
that their whole array seems to defy counting, while of the other
stars each one is separated off, and in no case do we find two or
more attached to the same motion.”

De Caelo, 12,291b-292a



Eudoxus of Cnidus (408-355 B.C.)

Aristotle (of Macedonia) (384-322 B.C.)

Euclid (in Alexandria during the period 323-283 B.C.)

Archimedes (of Syracuse) (287-212 B.C.)

Apollonius of Perga (ca. 262-ca. 190 B. C.)

Hipparchus of Nicea (ca. 190-120 B.C.)

Claudius Ptolemy (in Alexandria around 150 A.D.)



APOLLONIUS’S

Epicycle

Deferent

FIGURE 5.7. Concentric deferent and epicycle
model for the motion of the Sun. The Sun §
moves on an epicycle while the center X of the
epicycle moves around a deferent circle centered
on the Earth O. Both motions are completed in
one year. Thus, angles § and & are always
equal.

FIGURE §.8. The eccentric-circle model for the
motion of the Sun. Angle & is called the mean
anomaly.

THEOREM (ca. 270 B.C.)

FIGURE 5.9. Equivalence of the concentric-
plus-epicycle model (fig. 5.7) to the eccentric-
circle model (fig, 5.8). If the radius X of the
epicycle is equal to the eccentricity OC of the
eccentric, and if the rates of motion are chosen
5o that one always has B = @, the two models
are mathematically equivalent.



The Two Fundamental Evidence
Problems in Astronomy

1)  Determining distances of objects from the Earth, for
parallax angles generally too small to measure

A Horizon 8

FIGURE 1.45. Horizontal parallax. Angle P is
the horizontal parallax of a celestial object (such
as the Moon) located at B.

2)  Distinguishing real from merely apparent motions and
real changes in motion from merely apparent ones




fixed direction

Fig. 5. Zero-cocentricity version of Prolerny’s model.
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Fig. 6. Retrograde arcs of Mars, 1971-1984. The Earth, from which all
observations are made, is marked O, Y indicates the direction of the vernal
equinox. Longitudes are measured counterclockwise from this directicn
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Fig. 4. Retrograde loops of Mars generated by the zero-cccentricity model
of Fig. 5.

Fig. 7. The retrograde loops predicted by & zero-eccentricity model of
Mars superimposed on the planet’s actual retrograde arcs. This figure
results from the superposition of Fig. 4 and Fig, 6.



Otto Neugebauer’s Tri-Partite Division of the
History of Orbital Astronomy

¥, Before Ptolemy’s Almagest

¥ From Ptolemy’s Almagest to Newton’s Principia

¥, After Newton’s Principia
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Contents of the Almagest

BOOK I

. Preface
. On the order of the theorems
. That the heavens move like a sphere

That the earth, too, taken as a whole, is sensibly spherical
That the earth is in the middle of the heavens
That the earth has the ratio of a point to the heavens

. That the earth does not have any motion from place to place,

either

. That there are two different primary motions in the heavens
. On the individual concepts

10.
11.
12.
13.
14.
15.
16.

On the size of chords

Table of chords

On the arc between the solstices

Preliminaries for spherical proofs

On the arcs between the equator [and the ecliptic)
Table of inclination

On rising-times at sphaera recta

BOOK II

. On the general location of our part of the inhabited world
. Given the length of the longest day, how to find the arcs of the

horizon cut off between the equator and the ecliptic

- If the same quantities be given, how to find the elevation of the

pole, and vice versa

- How to compute for what regions, when, and how often the sun

reaches the zenith

- How one can derive the ratios of the gnomon to the equinoctial

and solsticial noon shadows from the above-mentioned quantities
Exposition of the special characteristics, parallel by parallel

page

35
37
38

41
43

43
45
47
48
57
61

69

72
71

75

76

77

80

80
82

" These lists of the chapter headings are found in the mss. at the beginning of each book preceded
by the words *The following are the contents of Book n of Prolemy’s mathematical treatise’, I believe

that the division into chapters and the chap

5).

ter headings are later additions (see Introduction p-
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Contents: Books II-1V

- On simultaneous risings of arcs of the ecliptic and equator at

sphaera obligua

- Layout of the tables of rising-times from parallel to parallel®
. On the particular features which follow from the rising-times
10. '
1L
12.

On the angles between the ecliptic and the meridian

On the angles between the ecliptic and the horizon

On the-angles and arcs formed with the same circle [the ecliptic]
by a circle drawn through the poles of the horizon

. Layout of the proposed angles and arcs, parallel by parallel

BOOK III

. On the length of the year

. Layout of the tables of the mean motions of the sun

. On the hypotheses for uniform circular motion

. On the apparent anomaly of the sun

. On the construction of a table for individual subdivisions of the

anomaly

. Table of the sun’s anomaly

. On the epoch of the sun’s mean motion
. On the calculation of the solar position
. On the inequality in the [solar] days

BOOK IV

. The kind of observations which one must use to examine lunar

phenomena

. On the periods of the moon

. On the individual mean motions of the moon

. Layout of the tables comprising the mean positions of the moon
. That in the simple hypothesis of the moon, too, the same

phenomena are produced by both eccentric and epicyclic
hypotheses .

- Demonstration of the first, simple anomaly of the moon
- On the correction of the mean positions of the moon in

longitude and anomaly

- On the cpoch of the mean motions of the moon in longitude

and anomaly

. On the correction of the mean positions in latitude of the moon,

and their epoch

page

90
100

105
110

114
122

131
142
141
153

157
167
166
169
169

173
174
179
182

180
190
204
204

205

¥ Most mss., followed by Heiberg, read at H86,20 kavavioy t@v katd Sexapotpiav rapdiiniov,
which is.untranslatable. I read with D xavoviov 1@v kata noapdiiniov. Someone who compared
the text at 11 8 (H 134,1), xavoviov 1@v xatd Sekapoipiav dvagopidv, imported Sexapoipiav
here and tried to combine the two inconsistent descriptions.
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15.

16.
17.
18.
19.

*In the text the ‘method of calculation’
the table. This variation is perhaps a re

5.

Contents: Books IV-VI

[Method ol] calculation and table of the first, simple anomaly of
the moon®

That the difference in the size of the lunar anomaly according to
Hipparchus is due not to the different hypotheses employed, but
to his calculations

BOOK V

. On the construction of an ‘astrolabe’ instrument
- On the hypothesis for the double anomaly of the moon

On the size of the moon’s anomaly which is related to the sun
On the ratio of the eccentricity of the moon’s circle

On the ‘direction’ of the moon’s epicycle

How the true position of the moon can be calculated
geometrically from the periodic motions

. Construction of a table for the complete lunar anomaly
. Table of the complete lunar anomaly

. On the complete calculation of the moon’s position

. That the difference at the syzygies due to the moon’s

eccentre is negligible

. On the moon’s parallaxes

. On the construction of a parallactic instrument

. Demonstration of the distances of the moon

. On the ratio of the apparent diameters of sun, moon and

shadow at the syzygies

On the distance of the sun, and other consequences of the
demonstration of that

On the sizes of sun, moon and earth

On the individual parallaxes of sun and moon

Parallax table

On the determination of the parallaxes

BOOK VI

. On conjunctions and oppositions of sun and moon
. Construction of ables of mean syzygies
. Layout of the tables

How to determine the mean and true syzygies

. On the ecliptic limits of sun and moon

On the interval of months between eclipses

. Construction of eclipse tables

29

page

210

211

217
220
222
225
226

233
234
238
237

239
243
244
247

251

255
257
258
265
264

275
275
278
277
282
287
294

is cxplamed at theend of ch. 9, and ch. 10 consists solely of
mnant of a different chapter division. Cf. Introduction p.

30
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Contents: Books VI-1X

. Layout of the eclipse tables

. Determination of lunar eclipses
10.
11.
12,
13.

Determination of solar eclipses

On the angles of inclination at eclipses
Display of diagrams for the inclinations
Determination of the inclinations

BOOK VII

. That the fixed stars always maintain the same position relative to

each other

. That the sphere of the fixed stars, too, performs a rearward

motion along the ecliptic

. That the rearward motion of the sphere of the fixed stars, too,

takes place about the poles of the ecliptic

. On the method used to record [the positions of] the fixed stars
. Tabular layout of the constellations in the northern hemisphere

BOOK VIII

- Tabular layout of the constellations in the southern hemisphere
. On the situation of the circle of the Milky Way

- On the construction of a solid globe

. On the configurations particular to the fixed stars

. On simultaneous risings, culminations and settings of the fixed

stars

BOOK IX

- On the order of the spheres of sun, moon and the five pJanc!s
. On our purpose in the hypotheses of the planets

. On the periodic returns of the [ive planets

. Tables of the mean motions in longitude and anomaly

of the five planets

. Preliminary notions [necessary] for the hypotheses

of [the five planets]

- On the type of and differences between the hypotheses
- Demonstration of [the position of] the apogee of Mercury and

of its displacement

. That the planet Mercury, too, comes closest to the earth twice in

one revolution

. On the ratio and amount of its [Mercury’s] anomalies
10.
11.

On the correction of its periodic motions
On the epoch of its periodic motions

page
306
305
310
313
319
318

321
327

329
339
341

371
400
404
407

410
413

419
420
423

427

426
443

449

453
456
461
467
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Contents: Books X-XII

BOOK X

On the size of its epicycle

On the ratios of the eccentricities of the planet

On the correction of the periodic motions of the planet

On the epoch of its periodic motions ’

Preliminaries for the demonstrations concerning the other
planets

Demonstration of the eccentricity and apogee [position] of Mars

. Demonstration of the size of the epicycle of Mars
. On the correction of the periodic motions of Mars
. On the epoch of its periodic motions

BOOK XI

. Demonstration of the eccentricity and apogee [position] of

Jupiter

. Demonstration of the size of its epicycle

On the correction of its periodic motions

. On the epoch of its periodic motions
. Demonstration of Saturn’s eccentricity and [the position of] its

apogee

. Demonstration of the size of its epicycle

. On the correction of its periodic motions

. On the epoch of its periodic motions

. How the true positions can be found geometrically from the

periodic motions

. Method of constructing tables for the anomalies
. Layout of the tables for the determination of the positions in

longitude of the five planets

. On the computation of the longitude of the five planets

BOOK XII

On the preliminaries for the retrogradations
Demonstration of the retrogradations of Saturn
Demonstration of the retrogradations of Jupiter
Demonstration of the retrogradations of Mars
Demonstration of the retrogradations of Venus
Demonstration of the retrogradations of Mercury

. Construction of a table for the stations
. Layout of the table of the stations

31
page

. Demonstration of [the position of] the apogee of the planet Venus 469

470
472
474
479

480
484
499
502

505

507
520
522
525

525
538
541
543

544
545

549
554

555
562
569
572
575
578
583
588

32
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Conients: Books XII-X11I

- Demonstration of the greatest elongations from the sun of Venus

and Mercury

. Layout of the table of the greatest elongations from the sun of

Venus and Mercury

BOOK XIII

- On the hypotheses for the positions in latitude of the five planets
. On the type of the motions in inclination and slant according to

the hypotheses
On the amount of the inclination and slant for each [planet]

- Construction of the tables for the individual poesitions in latitude
. Layout of the tables for the computations in latitude

. Computation of the deviation in latitude for the five planets

. On the first and last visibilities of the five planets

. That the peculiar characteristics of the first and last visibilities of

Venus and Mercury are also in accordance with the hypotheses

. Method of determining the individual elongations from the sun

at first and last visibilities

Layout of the tables comprising the first and last visibilities of the
five planets

. Epilogue of the treatise

page
587

596

597

589
601
605
632
635
636

640

645

647
647



FTOLEMAIC MODEL

GEOCEMTRIC 29.5 years
411 periods are sidereal,
true 360 deg
revolutions
measured
with
respect
toa
fixed
line
ar
star

Saturn

Yenus

225 days

Mercury
58 days

Direction of Bevolution toward east, counterclockwise
A5 seen from above the north pole

Claudiug Ptolemy fca. 100 - 170 A D), Alexandria. Published synthesis of greek
gstronomy in the “Almagest™.
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Fig. 1. Ptolemy’s theory of longitudes for Venus, Mars, Jupiter, and Sat- Fig. 3. Hipparchos® solar theory. The linc of apsides A7 hasbeenadded to

urn, Fig. 2.
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Ptolemy on the*“Bisection of Eccentricity”

0D

o
G

Fig. 10.2

“But since it is not clear whether the uniform motion of the epicycle takes
place about point D, here too we took two greatest elongations one as
eveningstar [48w3kand the other asmorning-star [437/12} in each of

which the mean motion of the sun was a quadrant from the apogee....
Therefore, where BE=60;3 and the radius of the epicycle is 43;10, BR2%
But we showed that the distance between B, the center of the ecliptic, and
the center of the eccenter on which the epicycle is always carried 14 in
the same units; thus itis half BD.” [p. H303]

“For the other three, Mars, Jupiter, and Saturn, the hypothesis which we
find for the motion is the same and like that established for Venus, namely
one in which the eccenter on which the epicycle center is always carried, is
described on a center which ishe point bisecting the line joining the

center of the ecliptic and the point about which the epicycleas its unt

form motion; for in the case of each of these planets too, using rough
estimation, the eccentricity turns out to be about twice that derivedrom

the size of the retrograde arcs at greatest and least distances of the-epi
cycle. However, the demonstrations by which we calculate the amounts of
both anomalies and the apogees cannot preed along the same lines for
these planets as for the prewus two, since these reach every possible
elongation from the sun, and it is not possible, as it was for the greatest
elongations for Mercury and Venus, when the planet is at the point where
our line of sight is tangent to the epicycle. So, since that afgach is not
available, we have used observations of their oppositions to the mean posi
tion of the sun to demonstrate, first of all, the ratios of their eccdricities

and [the positions of] their apogees. For only in such positions [of the
planets] dowe find the ecliptic anomaly isolated, with no effect from the
anomaly related to the sun.” [p. H316]



(b)

v -3

Fig. 8. Two versions of an intermediate model for Mars, There is no sepa-
rate equant point. But the center D of the deferent may be displaced one
way or the other along the line of symnetry in the pattern of the planet’s
retrogradations. In Fig. 8{a), D has been displaced in the direction of the
1971 retrogradation. In Fig. 8(b), D has been displaced in the direction of
the 1978 and 1980 retrogradations.

Fig. 9. Comparison of an intermediate model with the real motion of
Mars. The Earth is at O, the center of the deferent at D, (a) The model
represented in Fig, 8(a). {b) The model represented in Fig. 8(b}.

Fig. 1. Ptolemy’s theory of longitudes for Yenus, Mars, Jupiter, and Sat- Fig. 10. Comparison of the Ptolemaic thecry for Mars with the actual

urn, retrograde arcs of the planet between the years 1971 and 1984, The nu-
merical parameters of the model are not Ptolemy’s but have been deter-
mined anew by applying Ptolemaic procedures to modern data.



Provisional eccentric modél drawn to scale for }ars., The center of
the epicycle C moves on a circle with center E removed from O by an
eccentricity e'. Consequently, the mean motion ¢ of C now takes place
about E, and the mean anomaly § of P is measured from the mean apogee
of the epicycle F on line ECF., The true motion ¢ and true anomaly p
as seen from O are fourd by adding or subtracting the equation of center
dy, a purely ojﬁtical correction, The eccenﬁricity also causes the
distance OC to vary between R + ' and R - ', affecting both the
apparent direction of the planet as seen from O and the length of the
retrograde arc which is now variable, However, Ptolemy found that this

model still cannot satisfactorily reproduce the retrograde arcs of Mars,

6 emirg







Table

Derivation of Radius of Epicycle

From Retrograde Arc Saturn Jupiter | Mars  (Venus) (Mercury)
Half retrograde arc - 1° 33 5 8 7 6
Time 3 70 60 36 20 10
Ratio of velocities v /v 57/2 65/6 37/42 5/8 145/46
Angular motion & & = tv, 2;20 5:0 18;52 1943 9;8
;::::geperigea P° = v, 66;39 548 16;37 12;19 31:4
d’=¢c+1 55 1050 26;52  27;13 1551
Radius of epicycle r 6;24 11535 39:24 43:6 22326
where R = 60
Ptolemy 4 6;30 11;30 39;30 43;10 22330
Modern r 6317 1332 39:;23.  43;24 23;14
From Greatest Elongation . Venus Mercury
Greatest elongation  d, mo e = —— ) 22
"‘Radius of epicycle r -— e = .11-3;10 22:29

The assumed mean values for = 1 and t are nearly correct and are
also close to Ptolemy's final results, which are generally accurate,
The ratios of y_szc are from Babylonian period relations given by Ptolemy.
The angular motions are computed from the ratios using a solar velocity
of 360°/365.‘,~dz 0:59.8°/d. Even a crude solar velocity of 1°/d hardly
changes the resulting values of r. The resulting radii are much better
than one would expect given the roughness of the parameters, particularly
t, and this is because the derivation is very insensitive to errors in time,
The greatest elongations of Venus and Marcury are conventional ancient
values found, for example, in Pliny's Natural History, Ptolemy's owm
derivations of epicyclic radii are far more sophisticated than these, but
that earlier values of this kind gave him something to work from cannot
be doubted,
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Book I. Figs. 228, 229
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Elements of Ptolemaic Planetamongitudes

Eccentricity, e

Ratio of epicycleto-deferent radii, r/R

Angular location of line of apsides along zodiac
Sidereal period, or mean motion (deg/day)
Synodic period, or mean motion (deg/day)
Location on epicycle at an epochal time

Location of epicycle on deferent at epochdime

Shortcomings of Ptolemaic Astronomy

Shortcomings expressly identified by Islamic astronomers
Moon approaches Earth far closer than apparent diameters imply
Precession of equinoxes slower than observed (cumulative error)
Not uniform circular motion along deferent (“philosophic” concern)
Earth not at the center of planetary system (“philosophic” concern)
Account of latitudes not physically realizable (“philosophic” concern)

Shortcomings not emphasized in the literature before the Renaissance

Errors in longitude and latitude > 2 Moon diameters (norcumulative)
No solution for distances of planets from Earth (“philosophic” concern)
No constraints from one planet orbit on any other (“philosophic” concern)

Centers of deferentdo not coincide withone another(“philosophic” concern)



If Ptolemaic science was not such bad science by
modern standards, then whaif anything, is it

about our current science that assures us that
large parts of it are not going to be jexted as
fundamentally wiong zand eve ridiculed zin

the future in just the manner that happened with

Ptolemaic science?



