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Counting the Unmoved Movers:
Astronomy and Explanation in Aristotle’s
Metaphysics XI1.8

by Jonathan B. Beere (Princeton)

Abstract: 1 discuss Aristotle’s use of astronomy in Metaphysics XI1.8 to determine
the number of divine intellects. Commentators have been perplexed by the astro-
nomical system that Aristotle gives, because it involves mathematically superfluous
spheres. I argue that this astronomical system is not merely a mathematical descrip-
tion of phenomena, but a causal account of the motions of the heavens. The idle
spheres thus play an essential role in the system, because they are the proper cause of
the diurnal revolution of the planets around the earth. I argue that this demand for
explanation is neither immoderate nor unreasonable.

In Aristotle’s Metaphysics, we are repeatedly promised a discussion of
non-sensible immaterial substance. Yet only in Book XII does Aristotle
fulfill this promise. His account begins in chapter 6 with an argument
for the existence of at least one non-sensible immaterial substance, and
continues in chapter 7 with a series of conclusions about the nature of
such substances: They are purely active, immortal intellects, and sub-
stances of this kind are the ultimate principles of the world. Chapter 8
then describes how to determine the number of ultimate principles.
There are as many ultimate principles as there are pure intellects, and as
many pure intellects as there are heavenly motions. And there is already
a science to tell us how many heavenly motions there are: astronomy.

Why does Aristotle care about the number of unmoved movers?
Some suggest that the chapter is “gratuitous polemic” against the Pla-
tonists.! In fact, it is an integral part of the promised theory of non-sen-
sible substance. Any account of the ultimate principles of being should
include some reasoned method of determining how many principles
there are. Similarly, in Physics 1, Aristotle canvasses various answers to

I Cf. Lloyd 2000, 253. Lloyd provides quite a thorough discussion of chapter 8. See
also Michael Frede’s introduction to the same volume for a thorough discussion
of the twelfth book as a whole and of chapter 8’s role in it.
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2 Jonathan B. Beere

the question of how many principles there are (although those are not
the principles of all being, but only of changing things). This question
does not spring from an arbitrary zeal for counting unmoved eternal
substances?, but from the general project of giving an account of the
principles of being. This constraint would apply equally to an account
according to which the ultimate principles of being are material sub-
stances, such as air, earth, fire, and water; that account has to fend off
such questions as, ‘Why not wine?’ and “Why include air, earth, and
fire?” Any metaphysical theory is defective if it cannot answer these
questions and others like them. And conversely, to show how to deter-
mine the number of principles with precision is a great virtue of a meta-
physical theory, even if the number of principles remains unknown be-
cause of the limitations of our natural science.

In chapter 8 of Metaphysics X1, Aristotle wants to show that, given
the best contemporary astronomical theories, the number of pure intel-
lects can reasonably be accepted to be 55. But his primary goal is not
that we accept that there are 55 pure intellects, but rather that we accept
that, as far as his account of the ultimate principles of being is con-
cerned, nothing is lacking for such a demonstration. As soon as the as-
tronomy is in place, an answer to the question, ‘How many principles
are there?’ is determined and readily available. Aristotle claims, very
reasonably, that this is a strength of his theory, and he further claims
that it is a weakness of ‘the supposition of ideas’ that it cannot provide
a non-arbitrary criterion for the number of principles.? Aristotle’s
metaphysical theory is in a state comparable to a theory which estab-

2 Cf. Lloyd 2000, 253.

3 Whether this critical remark about the ideas is fair is not a question I will address.
There is a great deal to say about whether or not it is arbitrary for the decade to
be the principle or principles. My view of the criticism of the supposition of ideas
differs from either of the views considered by Lloyd, who writes, following David
Charles, “Aristotle’s complaint might be [1] that the Platonists did not have dem-
onstration as their goal: or [2] that they did not take themselves to be subject to
proper scientific constraints in the first place” (2001, 253). If the former, the im-
plicit contrast with Aristotle himself would have Aristotle taking demonstration
as a goal. But Aristotle not only has demonstration as a goal; he can show us in
detail how the demonstration would go, if we knew enough astronomy. There is
nothing lacking from his account of the principles of being; what is lacking,
rather, is some astronomy. He advances this as a strength of his theory. I am un-
certain whether this is the same as the second option considered by Lloyd, but I
am inclined to think not. On my view, Aristotle is not merely bound by the con-
straints of science in general; he has worked out in detail an account of the prin-
ciples of being that makes immediately clear how to determine, in a feasible way,
how many there are.
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lishes that the elements to be listed on the periodic table of elements zre
the principles of being, but does so in the 2_1b§ence ofa cpmplete and de-
finitive periodic table. In Aristotle’s case, it is not chemlstry but astron-
omy that provides the non-metaphyswa} information, and astronqmyl
is said here to be “most proper to philosophy of the mathematica

d to enumerat-
i » (1073b4f.). The main part of chapter 8? devote \
isrcigr‘:flzspéstulated spheres, is thereby characterized as belonging to a

branch of mathematics. . ' .
For this reason, it is puzzling to find certain spheres in the system

which are mathematically superfluous. A system that differed from Ar-
istotle’s only by lacking these spheres would make pr§01sely j[he same
predictions about all heavenly phenomena. Two questions arise about
those ‘idle’ spheres. (1) Since each sphere moves thp one below it, why
do the ‘idle’ spheres need their own movers? (2) Smc;e th(f.y are mgth—
ematically superfluous, why do they have any role in this ostensibly

mathematical system? My argument aims to answer these questions,
which continue to puzzle commentators such as Heath, who writes,
“Aristotle could [...] have dispensed with the [redundant spheres] [...]
without detriment to the working of his system [...] [and thereby] have
saved six spheres out of his total number.”* .

We will respond to the first questior} by describing the way each
sphere carries the one below it, and we will answer tl}e seconq by recog-
nizing that Aristotle is guided not only by maj[hematlcal considerations,
but also by considerations about what constitutes a per s¢ cause. Since

4 eath 1913, 219. Mendell agrees: “Aristotle seems to over count the first
Egﬁei for every planet” (2001, 82; see generally 81-83). Yavetz also “expressel:s
perplexity about the issue (1998, 237 n. 16). Ross (1924’,’ aaf Io.c.) says, Arlatot e
might have reduced the total number of spheres by SIX”; §1m11ar1y, Neuge a\;er
(1975, 685). Frede raises this question, too (ZOOQ, 38). chks qttempts to re utf
Ross, saying “But the poles of B [corresponding, in our discussion, to the last o
Saturn’s unwinding spheres] are not the poles of the sphere of the fixed stars [...],
whereas it is an essential part of the system that the first sphere of each set must
represent the latter exactly; hence the 2 spheres cannot be replaced .by 1. That is
why Aristotle himself emphasizes that the purpose of his counteracting spheres 1s
to ‘restore to the same function as regards positior’ the ﬁ{st sphere of the follovx;
ing planetary set” (1970, 202). But why is this an “essential part of ’the sys;lemk.1
What sort of a system is this, such that the positions of the spheres’ axes sGou d
be so important? Even granting Dicks’ questionable gloss of 1074a3 — the Greel
mentions neither the function nor the position of an axis - the deeper‘ques‘tlon is
in what sense Aristotle thought the orientation of the axis matters, since it d'oes
not matter mathematically. According to my account below, it is not the orien-
tation of axes that concerns Aristotle, but the importance of there being a per se
cause for the diurnal revolution of the planets.
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Aristotle does draw on non-mathematical assumptions, we will have
to revise, or at least qualify, our statement that chapter 8 embodies a
mathematical, as opposed to natural, science.

Let us sketch Aristotle’s spherical system. Some aspects of the system are clear
from Aristotle’s text, while other aspects have been reconstructed based on later re-
ports, especially Simplicius’ commentary on de Caelo. The traditional reconstruction
of Schiaparelli (1875) has been questioned recently, but my arguments are indepen-
dent of this controversy. All accept that Aristotle begins with the theory of Eudoxus,
along with its modification by Callippus, in which each complex heavenly motion is
analyzed in terms of the motion of spheres. Eudoxus and Callippus analyzed the
heavenly motions one at a time. One system of spheres describes the motion of the
sun; a similar but separate system describes the motion of the moon; and so on with
each of the five planets. In each system, the complex motion of a single heavenly
body is represented as the composite motion of concentric spheres, each rotating
equably around an axis and each (except, of course, the outermost) with the poles of
its axis at rest relative to the surface of the preceding sphere.’ The third and fourth
spheres create a figure called by Simplicius a “horse-fetter” (immomwédn) which is a
figure-eight.® The hippopede moves along the line of the ecliptic, while the planet
moves along the hippopede.” The hippopede is a result of placing the fourth sphere

5 It is not necessary that the spheres be conceived by Eudoxus and Callippus as

progressively smaller; all may have the same radius. There is little evidence about
whether Eudoxus and Callippus understood their scheme as a mere mathemat-
ical model or as (also) a physical model. I have tried to phrase this initial descrip-
tion so as not to beg the question. See below for further discussion. Wright (1973)
discusses this question in connection with Eudoxus, Musgrave (1991) discusses it
more generally from the pre-Socratics through Ptolemy.
Yavetz questions even whether the sources require us to reconstruct a theory in
terms of a hippopede. His argument hinges on an attack on the credibility of Sim-
plicius. His view his rebutted by Mendell (2001). But Bowen (2001) makes a re-
newed attack on the reliability and informativeness of Simplicius. His paper
begins with a discussion of general historiographical issues relevant to ancient
astronomy.

It had been thought until very recently that the hippopede was supposed to ac-
count for retrogression: When the planet’s motion along the hippopede is in the
same direction as the hippopede’s motion along the ecliptic, the planet surges
ahead; when the planet’s motion along the hippopede is in the direction opposite
to the hippopede’s motion along the ecliptic, the planet stands still or retro-
gresses. The width of the hippopede determines how far above and below the
ecliptic the planet wanders. This assumption has been challenged by a series of
recent articles: Yavetz 1998, Mendell 1998 and 2001. See the previous note for
some remarks on Yavetz. Mendell (1998) treats various cases in great detail,
treating the slow and fast planets separately, and arguing that retrogradation

might have been relevant to the slow planets (but that other phenomena too

might be the relevant ones), but that retrogradation could not be relevant for the
fast planets. These papers also contain citations of much other relevant second-
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within the third, rotating (1) in the opposite direction to Fhe 9)thlrd Q) &t tl:ie Sa:;z
speed as the third (3) around a different axis from the thqu. Henry ! enfes has
proved that “Any motion of two spheres may b§ decompos_ed into a I;’llOtIOI’l oth alt nd
a motion on a hippopede™. The beauty of this theorem is that it shows us

hippopede is not merely the figure that happens to be created i1.1 .this spherif:al system.
Rather, the hippopede is the key to understanding the composition of motions 1n any

system of equably rotating, homocentric spheres.'®

After sketching the Eudoxan systems and Callippus’ mod;ﬁcaﬁ(:gs
of them!l, Aristotle states his requiremen.t that a}l the spheres fora He
planets work together in one system. This requlre.:ment, bears gene;‘a. y
on the mathematical status of Eudoxus’ and Callippus’ work and Aris-

i . roader question, crucially important for the reconstruction of
ili-Erli,dlcl)txeliésl’n:irrfd %:Hippus’ cslystems, is whether retroggadation was known to early
ancient astronomers at all. This is denied by .Golldstem (1.997), rebutted by Yavetz
(1998, 225 n5) and Mendell (1998), and maintained again by Bowen (2001}. .
Demonstrations that this arrangement does produce a hlppopede can be t;)u?
in many of the relevant secondary texts. Of the demonstratlons’l have seen, by far
the best, in my opinion, is that in Mendell .2001, 65@ Mendell’s exposition 1s en-
tirely geometric, carefully avoids anachronism, and is supplementegl by d.lagrar.ns.
He cites ancient texts that contain the relevant theorems. More detailed discussion
of the hippopede can be found in Mendell !998. Yavetz gives a recopstructlonlln
terms of modern spherical coordinates in his Appendix B. Explanations can also
be found in Heath (1913, 203 footnote) and Neugebauer (1975, 678).

8, 186. . .
10 ?\ng?;i!)\ﬁger, that this theorem does not in itself rebut Yavetz's view (fqr which
see note 6), since the proof of the theorem relies on th; very assumption fthat
Yavetz questions, namely that the curve is traced by a point on the equator of the
i st sphere.
1331?p;u2, Aristotle tells us, kept Eudoxus’ spheres, bl.}t add’ed several that he
claimed were necessary “if one is going to account for [&roScoev] the phenom-
ena” (1073b37). Aristotle delivers no explicit judgment or argument abf)ut the
relative merit of Callippus’ and Eudoxus’ accounts. He seems ambivalent: He ac-
cepts Callippus’ view for the planets, qu countenances (but dqes not ad‘vocate:)
rejecting it for the sun and moon. This is tak.en by Lloyd as a sign of Aristotle’s
confusion: Aristotle “expresses his hesitancy in a context 'flnd in a manner that -
if the reconstruction [of Eudoxus’ and Callippus’ theory] is sound — may suggest
he is seriously out of his depth”, writes Lloyd (2000, 261). Lloyd is in th1§ papeg
reworking, in a more cautious vein, the argument he had pre;el}ted in his 1199
paper. In the later paper, unlike the earlier, Llqu accepts that it 1s far fr?m clear
whether the astronomy of Aristotle’s day decisively favored Callippus’ system
over Eudoxus’. And it is, moreover, far from clear whether the traditional recon-
struction of the Eudoxan-Callippan theory is sound (see note 7). Indeed, Neui
gebauer wrote that we should “admit our total ignorance of the character o(
Callippus’ modification of the Eudoxan model” (1975, 684). Mendell terrllpfg:
Neugebauer’s claim, saying “although our ignorance may no longer be total, 1t
still quite profound” (1998, 256).

o

)




6 Jonathan B. Beere

totle’s use of it, but its immediate consequence is the introduction of
‘unwinding’ spheres to allow for a unified system:

It is necessary, if the spheres when put together [into one systematic whole]
[ouvTebeioan] are going to account for the phenomena, that for each of the planets
there be additional [ETépas] spheres, fewer by one [than the spheres in the isolated
system], which reverse {the motions of those spheres] and always restore to the

same placement [els 6 aTd 1) 8¢os] the first sphere of the star positioned below.
(1073b38-74a4)

Before addressing the philosophical ramifications of the one-system requirement,
we should understand its astronomical ramifications. What are these unwinding
spheres and how do they make possible the integration of the various Eudoxan sys-
tems into a single Aristotelian one? The problem Aristotle faces is that Eudoxus’ sys-
tems cannot simply be put together as they stand.!2 To see why, consider, for instance,
the four spheres associated with Saturn; these are the four spheres most remote from
the earth. The first corresponds to the sphere of the fixed stars, the second cor-
responds to the ecliptic, and the third and fourth, as a pair, create a hippopede with
appropriate width. Suppose we add the next planet, Jupiter, simply by placing Jupi-
ter’s first sphere within Saturn’s last, and then Jupiter’s other spheres within that one.

Jupiter itself would have a motion far more eccentric than any actual planet, because
the positions and speeds of its second, third, and fourth spheres are calibrated on the
assumption that its first sphere has the motion of the fixed stars. Jupiter’s motion

relative to its own first sphere would be unchanged, but its absolute motion (i.e., its

motion relative to the earth) would no longer resemble its motion in the heavens,

since Jupiter’s first sphere would not move with an equable rotation, but rather with

the motion imparted by the last of Saturn’s spheres.

Aristotle solves this problem by interposing unwinding spheres between the two
sets of Eudoxan spheres to cancel the motions of Saturn’s 4 spheres. How many un-
winding spheres are needed? If Saturn’s four spheres are S, (fixed stars), S, (ecliptic),
and S, and S, (hippopede), then the first unwinding sphere should undo the motion
of S,. How should this unwinding sphere move? Its per se motion should be a ro-
tation around the same poles as S, with the same speed as the rotation of S,, but
in the opposite direction. Think of the motion of each sphere as the sum of its own
rotation and the motion of the sphere above, and, for the case of the first unwinding
sphere below Saturn, represent this as follows: motion of the unwinding sphere =
motion of S, + rotation of the unwinding sphere. In this formula, replace motion of S,
with its expansion according to the same principle. And replace rotation of the un-
winding sphere with an alternative description, cancellation of the rotation of S,. This
yields, motion of the unwinding sphere = (motion of S; + rotation of S,) + cancellation

12 This was pointed out already by Sosigenes apud Simplicius, in libros de Caelo
11.12, The whole passage from 498.1 through 504.15 is relevant to the Aristote-

lian system, but on this problem in particular see 498.1 to 499.15, especially
499 1 ff.

7
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. indi cels the
of rotation of S, = motion of S;. In short, since the first unwinding sphere can

motion of S,, its resulting motion is that of spt}ere S,. s has as resultant

Likewise, a second unwinding sphere, u.ndomg the~m0u;)§ hasj’the O antmo-
motion the motion of S,, and a third, undoing the motion Oh' 29 o we can stop ad-
tion of S, i.e., the motion of the sphere of fixed stars. Ath this p ithi’n b it of Sat.
ding unwinding spheres and place Jupite.r’s Eudoxan sp er.esd."; spheres for Jupiter
urn’s unwinding spheres.! A corresponding system of unwinding 1:)1  the soheres
will make way for Mars’s Eudoxan system, and so on. A complete table o P

can be found in the appendix.

A series of redundancies has entered the system with the ux:lv‘z;rac::tg
spheres. The first of Jupiter’s Eudoxan sphf:res appea_rsdfe ! here,
since both it and the adjacent hsplfzere;,1 Stat:;n"}‘ ; el::;talrl::zlvne r;r;i Og)ms i;{;

i same way as the fixed stars. r .
tt)l?;hs;;grilztﬂvlfhich this yoccurs: between Saturn and Jupxtzr,t ;uglliir
and Mars, Mars and Venus, Venus and Mercury, Mercury an : e o \
and the Sun and the Moon. The number of spheres could'be re ltlce y
six without disrupting the mathematics of the: system. I_t isall tb.elz_moref
noteworthy that Aristotle neglects to mentlon_the dlspensa 11tgﬂ(:
these spheres, since he does mention that one might om}t some oh ! cs:
Callippan spheres (1074210-14).1* Of course, the Call1ppanhsp ere
and the ‘idle’ spheres are not on a par, since the Callippan sp ;:re‘s_ :illre;
putatively necessary to account for the phenomena, wheree;ls t he (11 €
spheres are not. But this makes it all the more n'otewor'thy that he Oﬁs
not consider eliminating the ‘idle’ spheres. Arlstot.le is following t f,:(
outstanding astronomers of his day, but not slavishly. He does no

13 Mendell suggests that one might add yet another sphere (201?11 82'). AtrﬁS:tOt;]i
he says, “forgets to unwind the first sphere for every planet”™. efrﬁ:aalf]_sx o St,ars
though the third unwinding sphere (for Saturn) has 'the motion of d'e I ed * Wh,
that sphere has itself unwound S,, not S,, which still needs unwinding. 1; ethe)rr
should S, be unwound? The mathematics of the system remains the samle; :v cther
S, is unwound or not. Aristotle understands .the mathematics well enough to now
that no further unwinder is needed. The point of the unwinders 1shto l;irevelr; b
various planetary systems from interfering with one gnother, and ; at has alrea );
been achieved without specifically unwinding §,. This does not, © cour;e, glrlxsvzse
the question why the ‘idle’ spheres should be present, but the aflsgver f\ytl og "
below does not entail, or even suggest, that the S; needs an unwinder t()) 1 hs Wil

14 The alternative number given in the manuscripts, 47, appears nczt to bet efc?t;
rect number. If 55 is the correct number of spheres for Arls.totle s ver51lon o e
Callippan system, then, given the modifications he' mentions, tl}e.a.ternlell :;fle
number should be 49. The number 47 is the lectio difficilior and itisina | th
manuscripts cited in the standard apparatus. But I am inclined to cogp:;;;r,
with Sosigenes apud Simplicius, that the text should read 49. There are, ho ,
alternative explanations. See Ps.-Alexander and Ross 1924, ad loc.
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simply take over the Eudoxan-Callippan systems by rote and therefore
keep the ‘idle’ spheres. On the contrary, he must be strongly committed
to them. Only if we cannot find any good reasons for including the ‘idle’
spheres should we concede that they are truly superfluous.

Even in antiquity, there was confusion about whether or not to in-
clude the ‘idle’ spheres. Simplicius praises Sosigenes for having under-
stood that Aristotle intended these apparently superfluous spheres to
be parts of the astronomical system:

Next, one must realize that the eighth sphere [of the whole system] is the first sphere
of Jupiter. Sosigenes understood rightly that the first sphere of Jupiter is not the last
of the three unwinding spheres [= seventh sphere of the whole system] — which some
people actually think, viz., that the last of the spheres that unwind the upper mo-
tions will be the first of those moving the star below, [e.g.,] that the seventh sphere
and what we have called the eighth sphere, i.e., Jupiter’s first sphere, are the same.
[This must be wrong,] since they, in trying to save the number of unwinding spheres
stated by Aristotle, turn out to count the same sphere twice. (502.20-27)!5

Why then are the ‘idle’ spheres present?!6

Aristotle’s view looks even more perplexing when we consider that the
spheres in question are not merely idle, but are downright problematic
for his own project of counting the divine movers. Each ‘idle’ sphere has
its own mover because each sphere requires a rotation about its axis, as
well as the motion imparted by the sphere above. Yet each ‘idle’ sphere
moves with exactly the same motion as the sphere above it, so that it
would seem to have no need for an additional divine mover to rotate it.
How then is Aristotle entitled to count movers for the ‘idle’ spheres?!?

A more precisely imagined picture of the spheres will answer this
question. The last of Saturn’s unwinding spheres has a special feature,
because its resultant motion, unlike that of most other spheres in the
system, is an equable rotation. The special feature is that it has two sets
of poles, the poles around which its unmoved mover rotates it and the
poles around which its resultant rotation occurs. The latter set of poles

15 Met& Bt TaiTnv 8y 56NV Aorrdv vonTéov THY PRIV ToU Aids, dpBdds Zwolytvous
£EMOTACAVTOS, G5 OUK EoTIv i TEAEUTAIO TGV TPIRY GVEAITTOUCEHV TTPWdTN TV ToU
Mids, dep Tivés GRdnoav, OT1 | TeAeuTalar TGOV T&s ETavw @opds GveAITTougEY
TpwTn EoTal TGOV TOV UTTOKATw &OTépa PepovaddV, @ elvan THv aUThv EBBSUNY Te
xad fiv fueis papev dy8énv mpoTnv oUcav Tédv ToU Aids ToUTo yap oupPaivel
orTols Sis THY a¥ThHv &piBueiv owelv Telpwuévols Tov &p1Budy TGV dveMiTTougédv
TOV UTd TOU "ApIoTOTEAOUS AsyOpEvOV.

16 See below, note 26, for Simplicius’ answer.

17 Edward Hussey (private communication) drew my attention to this problem.
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in
corresponds to the poles of the fixed stars.!s The ﬁlrskt s::lt1 eof (;))lcélsei flsthe
motion; the second set of poles is at absolute rest l( 1t erest gre O ery
sphere of the fixed stars). The latter poles, at absolu e fir,st e e
points in which the poles of the next sphere, Jupiters ,

Hence the upper sphere imparts no motion to the lower, which in turn

i obtains
needs its own unmoved mover 11 order to move at all. The same

for every ‘idle’ sphere. Hence each ‘idle’ sphere requires its own mover,
ich i t.
i which it would be at absolute res
wnllxll(c)lzzd quite generally, no sphere 18 rotated by any cf>ther. ’?el(ei
spheres rc’>tate not because of other spheres, bpt bectause ce> n\lx(r;:inoon °d
here does impart som
vers. In most cases, the upper spher ‘
ItIllxz lower sphere, namely by causing its poles to revolve, but in the
special cases of the ‘idle’ spheres, this does not occur.

It may be objected that my interpre:ialt)ion helps (iitselt; :;)So f}zs;lz, (:zl:ih;ec::l\;xt\it:;lfjg
; ‘idle’ spheres were not rotated by unmovea movers, : 4 .
EI“ll?ils, l({tijhei:t;zlrf wf)uld emphasize that thg heavenly §pheres are mechtatnhl:ziﬂzcll?:ili'z;
ated physical bodics and urge that any Inerpiearee L SR e e
iction. If friction plays a role, :

ii(ﬁefefs :lcfl?ld not be motionless, even if they were not rota'ted ‘by.unrflovljcld nelloe\;iir:i

I offer three replies. First, it is far from clear that there is frlclllonlln ; le. ces 2
realm, filled as it is with aether and topical matter. Because Aristotle be 1te)vtances
celestial substances are of a radically different gature from subh.xlnal:y sul (s)m 1eté
the assumption that the celestial spheres are_bodles .does r}o? ent:}[}ht at‘ ;ecrzl or gf e
description of their motion and its causes will mention friction. The evx oo 0 o
Caelo is equivocal (see book 11, chapters 1, 4, and 7). Sec.on.d, even 1%ra dgce ot
there is friction in the heavens, it is far from clear that the frlgtlon wou pr;) lu can
equable rotation. Thus the objection must mak.e nc.)t Fhe relatively modest ¢! z.un; hat
there is some friction in the heavens, but that this frlctlop would produce preczse. ); h
correct rotation; otherwise, a special mover will be rgqulred for each spherr?;1 r;ls 0 :
evidently does assume that the ‘idle’ spheres require movers, and so evi elrll y ?he
sumes either that there is no friction or, at least, that suc{h friction VYOI,ﬂd nqth z:}\;: the
appropriate effect. Third, even if there were in the celestial realm friction wit i thatpI
propriate effect, the ‘idle’ spheres need unmoved movers for the same reﬁso men,;,n
argue below, the ‘idle’ spheres are needed, namely that, without them, a Tpheno menon
(in this case, the rotation of an ‘idle’ sphere) would lack a per se cause. Ahe \fml ved
movers make it the case that the ‘idle’ spheres are moved per se, even if it is false tha
the ‘idle’ spheres would be at rest, if they were not moved by unmoved movers.

Another objection to my interpretation_might lead in tl}e oppos1ie
direction, alleging that I have overemphasized the mechanical aspects

18 They correspond to the poles of the sphere of the fixed stars in the segstehtlrl;lt the
line joining the poles of the sphere of the fixed stars will pass through them.
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of the spherical system, which should be understood as a purely math-
ematical model. It might be a purely mathematical model in (at least)
two ways: by being an empirically adequate but literally false represen-
tation of the motions and their causes, or by making no causal claims of
any kind.

If it is purely mathematical in the former sense, then the spheres do
not exist, but are mathematical fictions employed to save the phenom-
ena. But there is no reason to suppose that this is what Aristotle be-
lieved, it requires an instrumentalist view of geometry that Aristotle did
not hold, and it is unclear what motivation an ancient astronomer would
have for developing such a model.!® While it is clear that the system does
remarkably well at saving the phenomena, the system is not well-suited
to making predictions, as is well-argued by Wright.20 He points out that
the Babylonian predictive method made for easier computations, since it
relied simply on numerical astronomical coordinates and algorithms for
extrapolating from them, while the Eudoxan scheme, under the con-
straint that the earth be located at the center of the concentric spheres all
rotating equably, not only makes computation tremendously complex
(as can be seen by anyone who tries to work out merely how the hippo-
pede is created), but also seems to make it impossible to save some im-
portant phenomena, as was recognized quite early in antiquity.?!

Even if the Eudoxan system is not a predictive tool, it may be claimed
to be a mathematical model in the sense that it includes no causal
claims or information; the mathematics requires only that each sphere
have its poles at rest relative to the sphere above it, not that those poles
be attached so that one sphere is literally carried by another. The theory
is silent as to why the poles are at rest relative to the sphere in question.

19 Ptolemy’s system does not provide a counter example. His alleged motivation for
thinking in terms of a mathematical model is that his system of spheres seems
mechanically impossible. But even so, he may well have thought of the spheres
postulated by the system as existing physical bodies, See Lloyd 1991 for a very
helpful criticism of Duhem’s view of ancient mathematical astronomy, from
Plato to Proclus. He concludes, “Where it is perfectly fair to say that the Greeks
distinguished, even contrasted, mathematics and physics, it is an exaggeration to
claim they advocated a mathematical astronomy divorced from physics or sought
to liberate astronomy from all the physical conditions imposed on it” (275).

See Wright 1978. Mendell (1998, § 4) sketches an ingenious method of plotting
points using the Eudoxan system, not by calculation, but by the use of fixed-
length strings and model globes. Yavetz too discusses this issue (1998, 241fF.). It
is quite possible that such a method was used by ancient astronomers,

Why precisely the system of homocentric spheres was rejected is a very difficult
question, discussed in detail in Mendell 2001.

2
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o attributes to Aristotle a notion of mathemat-
1. The surrounding context clearly indi-
cates that Aristotle is concerned about causes, €.8., unmoved movers.

Why is he silent about the causes of the fact that varlou‘sj sphererss?hg\:
motions other than the motion cqused by their unmove1 mci:/etha.t Be-
cause he took for granted the obvious anq modest conclusio °
poles of every sphere (except the first) are In fact fixed in the surface o
theEpr?:gE:esipn}:S;?tant, Aristotle’s insistence on the unwinding spheres
shoxz that the Eudoxan system (as Aristotle took it) does nc;t stop sliotr;
at the claim that the poles of inner spheres are at rest wit 1reilpff o
outer spheres, but specifies the cause of this relation, namccle.y ahere
poles of every sphere are fixed in the surface of the prece m% sp e.
If Aristotle’s Eudoxus had said only.th.at the poles of inner sp :r.es atl;
at rest relative to the outer spheres, it 1s very hard to see why l(.rlstohe
would have invented the unwinding.spheres, rather thafl talmi t i
simpler route of rejecting the constraint that every §ph§re S po ﬁs e a
rest relative to the preceding sphere. 1f the only mgtlyatlon for this cdon-
straint were mathematical, 1.e., to make the 'predlctlons correspond to
the phenomena, then one would expect Arlstgtle, to nest the systen;s
without connecting them to one another. Jupiter’s first sphere wou
then not be disturbed by Saturn’s last sphere be?cause there would be no
mechanical link between them. The fact that Aristotle refuseg to talfe this
route shows that even the original Eudoxan system, or Aristotle’s ver-
sion of it, is not a mathematical as opposed to mechanical model.’ Tt con-
tains claims about causal connections. We need not accept Heath’s asser-
tion that “Aristotle [...] transformed the purely abstract an<,i, gﬁeometncai
theory [of Eudoxus] into a mechanical system of spheres”?. Rather,

But this interpretation too att
ical model without a motivatio

22 Heath 1913, 217. See also 225. This view has been accepted'by later commen-
tators. As Dicks writes, “Obvious difficulties arise if we eflquu'e too closely m{o
the actual physical connection of the spheres [in Eudoxps theory]. For example,
if the heavens really operated in this manner [...] how did astronomers ever rnarr;;
age to make the observations that lay behind the orlgmgl E}ldoxan scheine [...]i)
(1970, 203; my italics) I think that this specific question 18 rather shallow 1Fl(') (;
viously the spheres are not visible), but the general concern 1S important. Behin !
it lies Dicks’ understanding of “[Aristotle’s] mechanistic view of the structure od
the universe” (ibid.). Similarly, Ross writes, “Eudoxus and Callippus had offere
a purely geometrical account of the planetary system; Aristotle aims at afr:t}e‘z-
chanical account, and cannot isolate the system of one planet from tha; of the
next” (1924, 391; my italics). There is no good evidence that the contrast etrves;xi
Eudoxus’ astronomy and Aristotle’s should be drawn in these terms. (The astro S

omy described in Republic V11 is not good evidence about Eudoxan astronomy.
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suggest that Eudoxus’ theory is the skeleton of a causal account, in the
sense that it explains the motion of each sphere insofar as it is carried by
the sphere above, but not the rotation of each sphere. Aristotle, preserv-
ing the basic structure of the skeleton, puts flesh on it and brings it to life,
by providing causes for the rotations of the several spheres and by put-
ting them all together into one system. The one system requirement does
not run counter to Eudoxus’ project, but rather extends it.

The concern with causes suggests a way to answer the second ques-
tion raised at the beginning of this paper, the question why the ‘idle’
spheres are present at all. Since Saturn’s last unwinding sphere has the
same motion as the fixed stars, it has two axes, with different expla-
nations for its motion around each. It has a ‘proper’ axis, around which
its unmoved mover rotates it, thereby creating the motion which is es-
sential to its role in the whole system and which cancels the motion of
the sphere above. It also has an ‘improper’ axis, being the /ast of Sat-
urn’s unwinding spheres, so that its resultant motion, like its motion in
its own right, is an equable rotation. If, among Jupiter’s spheres, there is
no sphere that properly (rather than incidentally) has the motion of the
fixed stars, then Jupiter’s motion will be said, on Aristotle’s standards,
to lack a proper cause, because nothing in the world will be responsible
for Jupiter’s daily motion around the earth. Since Jupiter is a planet, a
wanderer detached from the fixed stars, an astronomical theory must
account for the fact that, despite its detachment, Jupiter makes the
same daily orbit as the fixed stars. And it must account for this fact not
only in the sense of saving it as a phenomenon, but in the sense of giving
a per se cause for it. It is in this sense that Aristotle’s astronomy is not
merely mathematical; it is required not only to save the phenomena, but
to explain them in a richer sense, namely by way of per se causes.

Let us compare the explanations of Jupiter’s motion with an ‘idle’
sphere and without it. If Jupiter’s four Eudoxan spheres are labelled J,,
J,, J;, and J,, so that J, is the ‘idle’ sphere, the explanation of Jupiter’s
motion would begin something like this:

Jupiter moves as it does because the sphere on which it sits, i.e., J,, moves as it does.
But why does J, move as it does? (1) Because a divine mover rotates J, about its axis
and (2) because sphere J;, in which J, is situated, has precisely the motion it has.23

23 1 take the divine mover to be self-explanatory, not in need of further explanation;
whereas (2) does need further explanation. “Self-explanatory” is to be under-
stood in a very strong sense: they account for themselves, are responsible for
themselves, as no other beings in the universe are. One might or might not be sat-
isfied with this, but that is irrelevant to the character of Aristotle’s theory.
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rotates J; about its axis and

i ivi over
Why does J, move as it does? (1) Because 2 divine m: b the motion ‘t does have.

(2) because sphere J,, in which J, is situated, has precise
But why does J, move as it does?

The explanation of J,’s motion will, }ike the other exp}liana'ic;og;izclzlfﬁr
to (1) J,’s divine mover and (2) the motion of another 51; clzlre i star52
I sitoated, TE e Spherirgu'slt h:ﬁ[ E[E?sncl:gg:t?a(i)ntt i: clompatiblé
since Jupiter orbits the eart aily, con: e e

i i e’s either being sphere J;, the idle’ sphere, or being
;;lstth otfhslztslfr}rlssr unwinding spheres; both of these have the mot;lon'ot; Lhi
sphere of the fixed stars. To continue the story on the hypothesis tha
the ‘idle’ sphere, J}, is absent:

J, moves as it does (1) because a divine mover rotates. 1, ground its axis and (.2) be;
cause the last of Saturn’s unwinding spheres has the mo‘tlon it has. Thg explanatlon. )
(2) will, of course, take the same form as t.he explapapons already given, the mot{on
for each sphere being partly explained by its own d1v1n_e mover,.partly by the motion
of a higher sphere. The motion of the higher sphere will stand in need of furthpr ex-
planation until we reach the sphere of the outer l_leaven. In this way the motion of
sphere J, is explained, and so is the motion of Jupiter.

Why then is Jupiter swung round the heaven with t.he same daily mo-
tion as the stars? There is no being, divine or otherwise, which explains
this motion as such, for the motion merely supervenes on some bFute
facts about the arrangement of spheres and the divinely caused motions
of the other spheres. We need not only to explain why the sphere in
which I, is situated has such and such a speed arounq such and such an
axis, but also to give a per se cause for its motion being the same as the
motion of the fixed stars. One could not say that the sphere of the fixed
stars itself is responsible for this, since its motion has been ﬁ}tered out
by unwinding spheres. But lacking a per se cause for this crucial feature
of the motion of the sphere prior to J,, we also lack a per se cause for the
most obvious of Jupiter’s motions, its daily orbit around the earth .

Now let us consider how the explanation would run with the ‘idle’
sphere, J,, restored:

J, moves as it does (1) because a divine mover rotates it around its axis and (2) pe-
cause sphere J has precisely the motion it has. J, moves as it does (1) because a.dlv.me
mover rotates it around its axis and (2) because the last of Saturn’s unwinding
spheres has no effect on the motion we are trying to explain.

On this account, Jupiter orbits the earth daily because sphere J,isr0-
tated by its own divine mover with the same motion as the outer hez_lven.
The last of Saturn’s spheres should be mentioned in any candidate
explanation of Jupiter’s motion, since, if the motion of Saturn’s last
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sphere were different, Jupiter’s motion would be different. But in the ex-
planation as I have sketched it, the force of the reference to Saturn’s last
sphere in (2) is not to indicate in what direction the explanation must
continue, but to specify why the explanation stops here. The spheres
in question, while mathematically idle, are not explanatorily idle, for
without them Jupiter’s daily orbit would be an incidental feature of the
cosmic harmony, not properly explained by a cause of its own, just as
the motion of a barnacle on a ship’s hull lacks a proper cause.?* The
barnacle is per se stationary; it is only the ship (or the ship-barnacle
composite) that is moved per se. Indeed, Aristotle himself concludes
that not only the daily rotation of the fixed stars but “each of these
motions too must be caused per se [ka®” ayT1iv] by an unmoved and eter-
nal mover” (XI1.8, 1073a32-34).25> We need not assume that all events
whatsoever have per se causes, only that, faced with a choice between
two theories about eternal features of the world, one of which leaves
certain eternal motions without full-fledged, per se explanations, we

surely should prefer the theory that offers the more complete expla-
nations, other things being equal.?¢

24 This solution can be directly extended to solve a problem raised by Yavetz (1998,
237 n16), who observes that not only the first, but also the second sphere for each
planet might have been eliminated. This requires a modification of the system of
unwinders. In Aristotle’s system, the unwinder of the ecliptic sphere of (say) Sat-
urn has precisely the speed that cancels the motion of Saturn’s ecliptic sphere; but
that sphere might have a speed such that its resultant motion is the motion of
Jupiter’s ecliptic sphere. If the unwinder’s speed is set in this way, then Jupiter’s
ecliptic sphere is redundant. And so throughout the system, the ecliptic spheres
are eliminable. But this would result in a theory according to which there is no per
se cause for the motion of the planets along the ecliptic, and this, if I am correct,
is a worse theory, not a better one.
He is speaking here of the criterion by which we count unmoved movers, and
hence presumably he has in mind primarily the relationship between a given
sphere and its unmoved mover, not the question how many spheres there should
be in the system. What is important for our purposes is that he here clearly ac-
cepts the having of a per se cause as a desideratum for the theory. I am arguing
that we can see that this criterion as relevant not only to the unmoved movers, but
also to the ‘idle’ spheres.
Simplicius reports that Theophrastus called the unwinding spheres “compensat-
ing” (dvtavagepoloat), by which he meant something different from what Aris-
totle meant by “unwinding” (504.5-6). The poles of the spheres must (5¢i) line up
(k&Betov Tritrrev) “for only in this way, says Theophrastus, is it possible for the
motion of the fixed stars to produce all things (as we have already said [it does}),
and he is correct” (oUTws yap pévews, enoiv, tvBéyetal THv TGV ATAQVGY popdv
&rravTta oteioBal, kabdmrep A8n Eapev, €7 Aéywv, 504.14-15). This solution is
similar in spirit to the one I offer, but I cannot see how the ‘idle’ spheres could
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But are other things equal? An objector.might develop a c?unrtrf;r-lzze
gument in two stages, saying first that the ‘idle’ spheres do rJlo ictzr’spmo-
the explanations of planetary motions, since in either case 1;;:1 T ond
tion is partly caused by features of a network of spheres, Sty
that the two theories are not equal ip re,spects othf}lflthanttlfl ep inciple
completeness, since the theory with ‘idle’ spheres violates the p
of parsimony.

Ouws ()b ector be n l)y ()l)Se] ving t ato (o) ations me on Yy two com-
] ur f mul et nti ed Onl COIm:
gins ng h

o e eXPlgflétion Of;::i );,ottt;:e?(t)ktlleogpiii:p;bout its axis and (2) because
doas (1) becanse @ o tion i ’ itted a crucial part of the expla-
sphere J, has precisely the motion it does’. We opntte ; e T and the
nation: ‘and the poles of the axis of J, are fixed in the surface of sp 3 i
e axes of J, and I, is x°. Indeed, determining the ar}glcs between the
?;1151; :gfiwff)inrttl}: spheres o; the various planets was a crucial step in reconsi;uiutrtnli
the Eudoxan theory. When comparing two versions of the theory, we lsawt. af the
‘idle’ spheres allow for fuller elaboration of 'th.e second part of the exp al'li l;)néh'rd
our objector points out that they cannot ehmmatc? or elaborate. the (orlrlnt e .t1of
component, the relations between spheres. According to the objecto.r, the contce; !
the ‘idle’ spheres theorist is that the arrangement of the netvsl/o'rk, being a brute fac ,
itself stands in need of explanation, whereas the postulated divine movers are self-ex-
planatory, and therefore do not stand in need of any further explanapon. But ;vhy z;re
the angles of inclination between the axes of the spheres not also in need of expla-
.o |
nat"ll'ohI; objector confronts Aristotle with a dilemma. On the one hand, if Aristotle
would extend the demand for explanation to cover all brute fact§, then he must
postulate divine beings as causes for every last feature of it — Fo explain why the angle
of the ecliptic is 1/15 of a circle, why the number of spheres is ?5. Are we to coupte-
nance a host of divine beings that cause the angles between various sph.eres to be _]US.t
so many degrees??’ Such a strategy, because it ignores all considerations of parsi-
mony, would undermine our explanations, not enrich them. It wou'ld not explain, but
merely stipulate that certain features of the world count as explained. On. the other
hand, if Aristotle balks at this proliferation of causes and agrees that parsimony 1s a
consideration, then he should eliminate not just a few of these gratuitous divine
movers, but all of them, and their ‘idle’ spheres too. Whether we account for the
motion of Jupiter with the ‘idle’ sphere or without it, both expla.natory factors m}xst
come into play — the arrangement of spheres and the per se motion of t'he preceding
sphere. The alleged superiority of the explanations with ‘idle’ spheres is exposed as
spurious, since its guiding principle leads to unbridled postulating of causes.

make such a difference. It is true that the motion of the ‘idle’ spheres mimics that
of the fixed stars, but how could that entail that their presence allows the motion
of the fixed stars to produce everything?

27 Lloyd does think of the unmoved movers as causing the spheres not only to rotate
with a certain speed, but to have their axes at certain angles (2000, 254).
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I grant that features of the network remain unexplained, but this
does not undermine Aristotle’s Justification for postulating divine
movers in the cases where he does. Our objector agrees that the divine
movers make some contribution to explanation.28 He should, therefore,
also agree that the explanation of the heavenly phenomena, in particu-
lar of the diurnal rotations of the planets, is more complete to the extent
that it can refer to some entity whose causal efficacy is directed toward
these effects, rather than merely to brute facts about the network. The
principle of parsimony should here be applied at the level of per se
causes, not of spheres or divine movers. Aristotle should advocate the
theory that uses the fewest causes while giving all the heavenly motions
per se causes, even if this theory uses more spheres and divine movers
than another theory which robs some heavenly motions of per se causes.
But Aristotle should prefer this same theory to another in which all the
heavenly motions have per se causes and unneeded per se causes are
postulated for a variety of irrelevant facts, There is no more reason to
postulate an unmoved mover to account for the angle between the
ecliptic and the equator than there is reason to postulate an unmoved
mover accounting for the existence of worms or of two basic pairs of
opposites in the simple bodies.

The acceptability of the “idle’ spheres becomes clearer if we achieve
greater precision about what these divine movers are, or rather, about
what it means for there to be many such movers. Given their divine
perfection, why is a single unmoved mover insufficient to cause all
the heavenly motion, as long as that motion is conceived as a single
extremely complicated motion? In the argument about how to count
the unmoved movers (1073a261Y.), Aristotle adduced the premise, “one
eternal motion is caused by one eternal mover”, rather than (in the
spirit of the parsimonious objector) postulating a single unmoved
mover for the whole. What notion of explanation could have brought
the philosopher to invoke a whole array of unmoved movers when it is
not even clear whether they can be distinct from one another? All that is
said in the text emphasizes their likeness to one another: ever-living,
self-thinking thoughts. At the end of the chapter, Aristotle says that
whatever is one in form can be many in number only by having matter

(1074a32-34). Since these divine beings lack matter but are many in
number, they must differ in form. 1 conjecture that the form of a divine
mover is “what causes such and such a motion”, from which it follows

28 This might be challenged, of course, but it is a chalienge beyond the scope of this
paper.
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that two movers cannot cause one motion because their forms would be
identical and so they would be just one mover.?

This does not, however, eliminate the possibility that one mover
causes all the heavenly motions: Why cannot the first unmoveq mover
have the form ‘what causes al/l these motions’ or ‘what causes t‘hls single,
very complicated motion’? If one were to insist t‘hat the motion pf the
heaven is one motion, could one in fact describe it as §uch, i.e., without
reference to the multitude of spherical motions? Eyen if 50, the hf:avenly
motion would thereby lose its circularity, to which Arlstqtle is com-
mitted on other grounds (de Caelo, 1.2).>° The loss o_f the circularity of
the motion would, furthermore, make the Aristotell.an Fheory an em-
pirically adequate but false mathematical model, which is not the kind
of theory it is.

If, on the other hand, the first unmoved mover were thought to cause
a ph’lrality of heavenly motions, then the first }Jnmoved mover could be
only one part among several of the _explanatlon of the motion qf any
particular sphere. The governing principle here was ﬁrsF themgt{cally
discussed by Socrates in the Phaedo where. he avoids elthF:r. giving a
single cause for both being smaller and being larger or giving many
causes for being two (100c9ft.); it is that one cause hqs one effect and
one effect has one cause. If we do not preserve this prxnplple, th(_en our
explanations lose their force altogether, because the cruf:lal question re-
mains unanswered even after the cause is cited, namely, “Why did it have

2 1 do not find in the literature a satisfying discussion of the premise, ‘or_le eternal
motion is moved by one mover’. Ross providqs no more than a reiteration of the
conclusion: “Since every eternal motion requires an eternal cause, and there are
other eternal motions [...], each of these requires an eternal substa’r’lce as mover.
[...] There must be as many such substances. as }here are motions (Ross 1921it,
382). Lloyd (2000, 254) presents an alternative interpretation grou.nded on the
perfection of the motions rather than the perfgctlon of their movers: Because the
motions are perfect, we cannot explain the dlfferenges between motions on the
grounds that some achieve their goals more effect.lvely than others; sz must
therefore have recourse to a multitude of movers (which are, in a way, goals). 'fhls
alternative has two weaknesses. First, it omits the poss1b1_11ty ofa single motion
being caused by multiple movers. Second, on the assumption that a single mover
can cause all the heavenly motions, why must the dltfert?qces between the I?gt}l?ﬁl's
betoken an imperfection in the spheres‘(i.e,, lesser ability to fulfil ;l goalg\. h 01:
begs the question, which is whether a single unmc_)veq maver can : a t-retlogim_
the system of motions as a whole, a reasonable notion if one is, lll;e risto ie, -
pressed by the perfection of the whole system. In that case, the dltfe{encets) ?dif-
motions of the spheres would reflect not differing degrees of perfection, bu
fering roles in the fulfillment of a com.plica.ted TEAOS,

30 T am indebted to Sarah Broadie for this point.




18 Jonathan B. Beere

this effect (out of the range of possible effects)?’ Certainly one cause can
in a sense have many effects, for the same man can build many houses;
but Aristotle shows his awareness of this problem by saying that, prop-
erly, what produces a house is the art of house-building, which produces
nothing but houses and by which all houses are produced.?! Whatever
the complexities and difficulties of this view about artistic production,
we can see that the features of a particular house are explained either by
the art itself (which, for instance, made the best of a bad building site)
or by external interferences (for instance, the roof is missing because of
a tornado). But this yields no helpful analogy with the heavenly realm,
for no interferences occur there and so no causes account for the differ-
ences in the ways that the various spheres follow the unmoved mover’s
lead. As Lloyd observes?2, given the perfection of the spherical motions,
their differences cannot reflect varying degrees of success in imitating
the first unmoved mover. To count one mover per motion is to com-
promise between parsimony and extravagance, on rather complicated
grounds.

Aristotle might thus offer a convincing rebuttal to the objection that
his astronomical system is overburdened with unmoved movers. There
are precisely as many unmoved movers as there are heavenly spheres.
And however many heavenly spheres there are, certainly each planet has
a sphere that an unmoved mover causes to revolve daily. Without these
mathematically superfluous spheres, a cardinal feature of the heavenly
motion would have no more explanation than a chance encounter in the
agora. These apparently idle spheres are not idle in a system that, while
apparently mathematical, is actually governed by a notion of expla-
nation that insists on the principle of one cause-one effect and that has
a strong but not overriding preference for including per se causes for
eternal features of the world.3

31 This is not a strictly accurate characterization of Aristotle’s view, since he thinks
that arts can produce both members of a pair of opposites (Metaphysics 1X.2).
But this is not relevant for our purposes.

32 See note 29 above.

3 1 would like to thank Sarah Broadie, Ursula Cooper, John Cooper, Michael
Frede, Kinch Hoekstra, Edward Hussey, Andrew Sage and Christian Wildberg,
without whose criticisms and suggestions this paper would have remained a pri-
vate experiment, and Verity Harte, without whose encouragement this paper
would never have been written in the first place. Henry Mendell provided enor-
mously helpful comments, which saved me from serious errors.
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Appendix:
Table of Heavenly Spheres According to Aristotle and Callippus

Aristotle’s unwinding spheres are listed in the form “sphere /sphere,”, where the un-
winding sphere has the same poles as sphere, but opposite motion and hence cancels
sphere,’s motion, and the unwinding sphere has the same resultant motion as sphere,.
“Sphere,” indicates the poles, “sphere,” indicates the motion. Thus S,/S; cancels the
motion of S,, and has a resultant motion just like S;. Reading a row of the chart from
left to right, one sees how the unwinding spheres progressively reverse the motions of
the spheres above.

S, and S, represent the sphere of the fixed stars and the ‘ecliptic’ sphere respectively.
Each planet after Saturn has a pair of spheres that corresponds to but is distinct from
S, and S,. Beside those lower, corresponding spheres, T have marked (S,) and (S,) to
bring out the correspondence. Each sphere marked (S,) revolves once per day, but the
speeds of the spheres marked (S,) vary from planet to planet.

Saturn S, S, |'s,|s, SJS, | Sy4S, | sJS,

Jupiter | J,(8) | ,(S) | I, | 1, I, 1L, | L,

Mars AS) | ASy) [ Ay | A A | AJA, | AJA, | AyA, | AJA,
Venus ViS) | VoS [ V| Vo | v | vav, | vavy | vy, | vy,
Mercury | H, (S, | H,(Sy | H, | H, | H, | HyH, | HyH, | HyH, | HyH,
Sun X)) | X508 | Xy | X | Xs | Xo/X, | XoX, | XX, | XX,
Moon L,S) | LSy | L, | L, | L
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