A PROOF OF SAARI'S CONJECTURE FOR
THE THREE-BODY PROBLEM IN R¢

RICHARD MOECKEL

ABSTRACT. The well-known central configurations of the three-body problem
give rise to periodic solutions where the bodies rotate rigidly around their
center of mass. For these solutions, the moment of inertia of the bodies with
respect to the center of mass is clearly constant. Saari conjectured that such
rigid motions, called relative equilibrium solutions, are the only solutions with
constant moment of inertia. This result will be proved here for the Newtonian
three-body problem in R® with three positive masses. The proof makes use
of some computational algebra and geometry. When d < 3, the rigid motions
are the planar, periodic solutions arising from the five central configurations,
but for d > 4 there are other possibilities.

1. INTRODUCTION

It is a well-known property of the Newtonian n-body problem that the center
of mass of the bodies moves along a line with constant velocity. Making a change
of coordinates, one may assume that the center of mass is actually constant and
remains at the origin. Once this is done, the moment of inertia with respect to
the origin provides a natural measure of the size of the configuration. The familiar
rigidly rotating periodic solutions of Lagrange provide examples of solutions with
constant moment of inertia. Saari conjectured that these are in fact the only such
solutions [11]. The goal of this paper is to provide a proof for the three-body
problem in R%. This corresponding result for the planar problem was presented in
[9].

The three-body problem concerns the motion of three point masses m; > 0,
i = 1,2,3, under the influence of their mutual gravitational attraction. Let ¢; € R?
denote the positions of the masses and ¢; € R? their velocities. Then Newton’s
equations of motion are

(1) m;g; = Uq

i

where

mim mym mom
g Mame  mams | mams

12 13 723
is the Newtonian potential energy and Uy, is the d-dimensional vector of partial
derivatives with respect to the components of ¢;. Here r;; = |g; —gq;|, i # j, are the

distances between the masses. The kinetic energy is %K where

K =my|¢|* + malga|® + ms|gs|*.
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The total energy,

1
is a constant of motion.
Using the translation symmetry of the problem, one may assume that the center
of mass satisfies

% (miq1 +maqz +ms3q3) =0

where m = mq + mo + ms is the total mass. Let
I =mi|qi|* + malgo|® + mags|?

be the moment of inertia with respect to the origin. Saari’s conjecture is about
solutions such that I(¢) is constant, say I(t) = ¢. One way to get such a solution
is to make the configuration rotate rigidly around the origin. Suppose that ¢;(t) =
R(t)q;(0) where R(t) € SO(d) is a time-dependent rotation in R?. Tt is known
that such a rigid motion is possible only if R(t) is a rotation with constant angular
velocity © € so(d); see [12, 1]). Such uniform rigid motions are called relative
equilibrium solutions.

In dimensions d < 3, the relative equilibrium solutions have been known since
the time of Euler and Lagrange [8, 12]. The masses must form a so-called cen-
tral configuration. The only possible shapes, up to symmetry, are the equilateral
triangle and three special collinear configurations, one for each of the rotationally
distinct orderings of the masses along the line. The corresponding solutions rotate
in a plane containing the masses with constant angular velocity.

However, when d = 4, Albouy and Chenciner showed that there are other rel-
ative equilibrium solutions. For example, when the masses are equal, the shape
can be an arbitrary isosceles triangle [1]. The corresponding rigid motions involve
simultaneous rotations around two orthogonal planes in R*. If the rotation rates in
the two planes are incommensurable, the resulting solution will be quasi-periodic.
Note that for the three-body problem, the initial position and velocity vectors of
any solution with center of mass at the origin will always span a subspace of di-
mension d < 4 and the solution will then remain in this subspace for all time. Thus
there is no point in considering d > 4.

A priori, rigid rotation is a stronger condition than constant moment of inertia,
but the goal of this paper is to prove:

Theorem 1. A solution of the three-body problem has constant moment of inertia
if and only if it is a relative equilibrium solution.

Here is an outline of the proof. Consider a solution with constant moment of
inertia. To show that it is a rigid motion, it suffices to show that the mutual
distances r;; are constant. If not, then they would take on infinitely many different
values. Using the assumption of constant moment of inertia, one can derive a set
of algebraic equations involving the variable r;; and certain velocity variables. The
proof will consist of showing that among the solutions of these equations, only
finitely many distinct values of the r;; are attained.

The algebraic equations are derived from the equations of motion and the as-
sumption of constant moment of inertia: I(t) = c¢. Differentiating this equation
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gives:

%f:mlql-ql+m2Q2'Qz+m3(I3'QBZO
2T =ma|du]® + malde® + mslds]® + q1- Uy, + @2 - Uy, + a3 - Uy
=K-U=0

where the second equation uses Newton’s law of motion and the fact that U is
homogeneous of degree —1. The equation K = U together with the energy equation
(2) shows that K = U = —2h. Now any bounded solution of the three-body problem
has energy h < 0 and by rescaling, one may assume without loss of generality that
h = —% and so K = U = 1. The constancy of U also implies that the time-
derivatives of U of all orders must vanish along the solution. Each of these provides
a constraint on the positions and velocities. Finally, for solutions in R* (which
include all lower-dimensional solutions as special cases) there are two rotation-
invariant angular momentum integrals Cy, C; whose values can be fixed.

Therefore, for any solution with constant moment of inertia, the following ten
equations must hold:

I=c U=1 K=1 C()Zwo C’lzwl

(3) - B . B B
I=0 U=0 U=0 U=0 U =0.

The reason for using ten equations is that in section 3 these equations will be
expressed in terms of ten variables, among which are the three mutual distances
r;j. After some elimination, a set of five equations for the r;; and two other variables
will be obtained. Then in section 4 it will be shown that solutions of these equations
admit only finitely many values of r;;, completing the proof of the theorem.

The proof presented here would not be feasible without the use of computers.
Mathematica was used throughout to perform symbolic computations on the very
large expressions which arise [13]. Porta was used to compute convex hulls [4].
A Mathematica notebook presenting details of all computations with extensive
comments can be found at [10].

Acknowledgments. Thanks to Alain Albouy and Richard Montgomery for helpful
conversations about angular momentum in R* and to National Science Foundation
for supporting this research under grant DMS 0200992.

2. LAGRANGE’S EQUATIONS OF MOTION

Equations of motion for the distances r;; were first derived by Lagrange [8].
Albouy and Chenciner generalized these equations to the n-body problem [1, 2].
The presentation here follows that in [2] with a few changes of notation.

Let ¢;; = ¢; — q; € R%. Then Newton’s equations (1) give:

. 1 1 1 ) .

Qij:_zij%’j_§ ka(Qki+ij) - — = 1<i#j<3
k#i,j Tik rjk

where

i i1 1 1
Eijzim —:mj + = E mg| 5+ |-
T 2 L T Top
K k#i,5 g J
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Using the variables ¢;; eliminates the translation symmetry of the three-body prob-
lem. To eliminate the rotation symmetry, Lagrange introduced the following vari-
ables:

sij = lai|* = 7"1‘23‘ Si; = Gij - Qi si; = ||
and
P =q13 423 — G23 - Q13-

Clearly s;; = s;; so only three of these variables are needed. To be definite, the
variables with subscripts 12,31, 23 will be adopted. After imposing the same con-
vention for the s}; and s;;, one has ten variables in all.

Lagrange derived differential equations for these variables which may be found
in [2]. However, to avoid square roots, it is convenient to replace s;; by r;; and s;
by v;; = s;j /7i; = 7i;. Then the differential equations are:

Tij = Vij
" 2
s — 7. 1 1 1
hoo— WY .y 2 _ .2  _
Vig = 7 TijYij ka<7‘ki k) 33
ij ki jk
4 .11 1 1
(4) 555 = =210 %55 — Mg (TriVki — TjkV5k — P) 33
ki ik
1 1 1 1
- 2 2 2 2 2 2 2 2 2
p = |mi(ris —r5; —riz) ma(ry; — 1 —7T33) ma(riy — iz —r3)|.
2 _3 -3 -3
T23 T'31 T'12

Here (i,7,k) is always a cyclic permutation of (1,2,3). By construction the ten
variables r;;, v;j, s{;, p are all invariant under rotations and translations in R¢. The
differential equations (4) give a remarkable dimension-independent reduction of the
three-body problem.

A relative equilibrium solution of the three-body problem will be defined as one
whose Lagrange variables give an equilibrium point of the reduced differential equa-
tions (4). From the first differential equation, it is clear that for any such solution,
the mutual distances are constant, i.e., it will be a rigid motion. Less obvious is the
fact that the only rigid motions which solve (4) come from its equilibrium points
[1]. Thus rigid motion solutions and relative equilibrium solutions coincide.

The moment of inertia and the various integrals of the problem can all be ex-
pressed in terms of Lagrange’s variables. First one has

1 2 2 2
I = = (mimaris + mimsrs, + mamsrys)

m
(5) U — mimso + mims + moms

T12 31 23

_ 1 1 " 1
K = Tn(mlm2812 =+ mi1msssy -+ m2m3523)

where, as before, m = my + mg + ms.

The angular momentum is more complicated, especially in dimension d = 4.
Recall that in R? the angular momentum vector is not invariant under rotations.
However its length is invariant and so provides an integral of the reduced equations
of motion. In R* there are two independent rotation-invariant integrals. The
method used to derive them here follows [1, p.161-162]. Let 5 denote the symmetric
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3 X 3 matrix:

1 1
0 —5812 —35831
1
g = R 0 —3523
1
—3531 —5523 0

and let v and ¢ be defined in a similar way but with entries involving s; and s
respectively. Also, let p be the antisymmetric 3 x 3 matrix:

0 —p12 P31
p=| p12 0 —p2s
—p31 P23 0

where p;; = %(qi qj — q; - ¢;). The 6 x 6 block matrix
Bov=—ph
&= .
[7 +p 6
is used in [1] to represent the reduced state of the three-body problem. It is a
tensor version of Lagrange’s variables, where the last Lagrange variable is given by

p = 2(p12 + p31 + p23).
Now let w,, denote the 6 x 6 block matrix

0 —u 1 m1(mz + ms) —mima —mims
wy = { ] n=— —mims mao(my + ms) —Mams
w0 m
—mims —Mmams mg(mi + ma)

Consider the linear map w,,€ : RS — RY. Let P be the plane in R? with equation
&1+ &+ & =0 (P is called D* in [1]). If one identifies R® with R® x R® then w,&
maps the four-dimensional subspace P x P into itself. The characteristic polynomial
of w,&|pxp is of the form A+ C1 2?2 4+ Cy where C; are polynomials in the variables
Sij, sgj, sg’j,pi]— but the p;; only appear in the combination pia + p31 + p23 so can
be replaced by p. These polynomials are the rotation-invariant angular momenta.
To compute them, a matrix of w,€|pxp was calculated with respect to the basis
{v1,0), (v2,0), (0,v1), (0,v2)} for P x P where v; = (1,—1,0),v2 = (1,1, —2).
The integral Cy can be written in a fairly simple form (compare [2]):
mimaing

(6) ClZT(¢—w+p2)+1K—J2

where I, K are given by (5)

2 P) P
¢ = —815 — S31 — Sg3 + 2831823 + 2812523 + 2512831
" " "
7 w = —812819 — 531531 — S23S93
( ) 1 1 1 i " 1
+ 831853 + S12893 + 12831 + S31823 + S19823 + S19831
1 / / /
J = —(m1mas|y + mimsasz; + mamssyy)
The formula for Cj is more complicated. It can be written:
2,2, 92
mimsms
16m2

where D is the determinant:

(8) Co = (¢ —v+p°)? +8Dp—4P]

S12  S31  S23

N / /
D = |s1y 31 Sa3
1 1 1

12 S31 Sa23
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and
" " 2 " " /o
P = 2(s23551 + 531593) 515 — 2(512075 + 812012)59353;
" "2 " " r
+ 2(s23512 + 512893) 531 — 2(831037 + 851031)812523

" "2 " " ro
+ 2(s12531 + 531575)S03 — 2(S23053 + 553023)51255

2 1o "o_n
+ 512531523 — 512012523531

2 1 1 " 1

+ 531512523 — 531031512523
2 1 1 1 1"

+ 523531512 — 523093512531-

where

" " " 1
oij = (Sjk + Ski — Sij) o = (8 + Sk — 81;)-
One only needs to make the substitutions s;; = rfj and sgj = 7;;U;; into these

formulas to obtain the angular momentum integrals in the form C;(ri;, vij, si}, p) -

3. CONSTANT MOMENT OF INERTIA SOLUTIONS

The goal of this section is to derive algebraic constraints on the coordinates of
solutions with constant moment of inertia. Actually, the final equations will only
apply to solutions which are hypothetical counterexamples to theorem 1. In addi-
tion to having constant moment of inertia, such a solution would have nonconstant
mutual distances. Therefore the velocity variables v;; = 7;; are not all zero, ex-
cept at isolated values of the time. As time varies, such a solution would sweep
out a curve containing infinitely many points with different values of the mutual
distances r;; and such that the v;; are not all zero. By deriving equations which
apply to such points and then showing that they do not have have an infinity of
such solutions, the theorem will be proved.

The first step is just to express the ten equations (3) in Lagrange’s variables.
The first three equations

I=c U=1 K=1

are straightforward. From (5), one gets equations involving rational functions whose
denominators are monomials in the nonzero quantities r;; and m. Clearing the de-
nominators gives polynomial equations g; = 0, 1 <4 < 3. One could take a similar
approach to the angular momentum equations to get two further polynomials g4, g5,
but as will be seen shortly, a significant simplification of these formulas is possible
for solutions with constant moment of inertia.

Using the differential equations (4) together with the chain rule one can find the
time derivative of any function f(rq;, vij, s}, p), i-e., the derivative in the direction
of the vectorfield. For example

P2 _
I = = (mimarigv12 + M1m3r31v31 + Mamarazvaz) = 0
miMma¥ia | M1M3gUs1 = M2M3V23

2 2 2
T12 31 723

(9) 07— —0

Note that I = 2J where J is given by (7) together with the substitutions for s/
Thus J = 0 for constant moment of inertia solutions.

Of course the expressions for the higher time derivatives of U are more compli-
cated, but they are all rational functions whose denominators are monomials in the

g
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r;; and m. Clearing denominators in the equations

gives five more polynomial equations g; =0, 6 < i < 10.
From (6) and the equations above one finds:

mimaom
Cr= =5 2(¢ =0 +p°) +e=wr.
m

Clearing denominators gives a polynomial equation g5 = 0. This shows that the
quantity (¢ — ¢ + p?) is constant and this can be used to simplify Cy. Instead of
setting Cy = wy one can set

2Dp—P=uwy

where wy is a different constant. This gives the last equation g4 = 0.

Next, the variables v;; and 8;’] will be eliminated. It is easy to see that equa-
tions (9) uniquely determine the direction of the three-dimensional vector v =
(v12,v31, V23) unless the three mutual distances r;; are all equal. Namely the “gra-
dient vectors” VI = (I,,, I, , Ir,y) and VU = (U,,,, Uy, , Uy,,) are linearly inde-
pendent in this case. If the distances are equal, their values are uniquely determined
by, for example, the equation U = 1. Since the goal is to show that only finitely
many values of the mutual distances are possible, one may assume a priori that the
distances are not equal. In other words, if assuming that the r;; are not equal leads
to equations which restrict the r;; to a finite set, then the original equations also
restrict 75 to a finite set.

Let V(r;;) denote some nonzero scalar multiple the cross-product VI x VU.
Then one can replace the three variables v;; by a single variable d such that v = dV.
After this is done, equations g = g7 = 0 will hold automatically so one has eight
remaining equations for the eight unknowns 7;;, sg’j, d, p.

Next, it turns out that the formulas for g¢s,gs, g9 are linear in s7,

L1 “es 7/]
the equations K = 1,U = U = 0). Apart from nonzero factors of powers of the

variables m;, 7;; and a factor of d, the determinant of the 3 x 3 coefficient matrix is

(these are

mira3(riy — 131)? +marai (rfy — 133) + maria(rd; —133)°
which vanishes only when the mutual distances are all equal.

From this point on it will be assumed that d # 0. As noted above, it is only
necessary to derive equation applicable when the velocity variables v;; = 7;; are not
all zero, which implies d # 0. Assuming d # 0 and that the distances are not equal,
one can solve the equations g3 = gs = g9 = 0 for the s/.. Substituting into the
remaining equations g1, g2, 94, g5, g10 gives a system of five polynomial equations for
the five variables r;;,d, p. The constants m;,c,wp,w; appear as parameters. The
first two equations (derived from I = ¢ and U = 1) are quite simple

2 2 2
(10) g1 = mimariy + mimasrs, + mamsry; — me =0
g2 = MaMg3ri2T31 + M1M3T12T23 + M1M2T31T23 — 712731723 = 0.
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The other three are too complicated to include here (see [10]). A few terms of each
are shown here:

_ 26, 2 22 6 26,2219 3
ga = —2mimomsrisry; — 18dpmimomsarisrs rhs

2.9 7 22 ~ 10,3 4, 2.8 2 30 14,6
— dd"mimomari,6r3Ths + 25d mimamsrisrsiros
3 3.6, 2 27 107
— 54d° pmimomarisrsires + ... =0
_ 3 13,.4 2 2 9 4.3
(11) g5 = 2mimymarisrsy + 3p T Mimamariars og

4 17,8 .3
9M3Ti9T31Ths + ... =0

_ 233102 2 42133
g0 = —4dmimymsriary; — 9dpmimymsrisrs T3

2,2, 5 2 18 4 4,26 2 22 8 4
— bd*mimaomsrisrs Tag + 20d " mimeamsrisry ras + ... = 0.

— 5d%mym

After collecting terms with the same powers of the five variables r;;, d, p, the total
number terms is 2238, 244 and 509 respectively.

If a counterexample to theorem 1 exists, then the equations constructed in this
section would admit solutions with infinitely many distinct values of the mutual
distances 7;;. However, in the next section it will be shown that if the parameters
satisfy m; > 0, ¢ # 0, this is not the case.

4. FINITENESS PROOF

It remains to show that among all solutions r;;,d, p of the five equations g; =
g2 = g4 = g5 = gio = 0, only finitely many values of the mutual distances r;; are
attained. This will be proved even allowing all the variables to be complex but with
the assumptions r;; # 0,d # 0. The method is a variation on the one used for the
planar problem in [9] and further developed in [5]. It is based on fundamental work
of Bernstein, Khovanskii and Kushnirekno [3, 6, 7]. which is sometimes described
as BKK theory.

4.1. BKK Theory. Assume for the sake of contradiction that there exists infin-
itely many values of the mutual distances among the solutions. Then, as in [9, 5],
the algebraic variety V C C** x C determined by the five polynomials contains a
subvariety which projects dominantly onto one of the copies of C* = C\ 0 cor-
responding to the variables r;; (projections of complex varieties onto coordinate
axes are either finite sets or else the complements of finite sets; the latter case is
called dominant). It follows that the polynomial equations admit solutions in the
form of Puiseux series in some variable, ¢ (which is unrelated to the time variable
of the equations of motion). In other words, there would be fractional power series
1i;(t),d(t), p(t) which solve the equations identically in t. Moreover, these series
i (t), d(t) would not be identically 0 and at least one of the series r;;(t) would be
nonconstant (in fact one can even use one of these variables as the Puiseux param-
eter, t). To get the contradiction, one only needs to show that such series solutions
are impossible.

Here are slight variations of some results from [5, sec.3] which make the form
of the series more explicit. Consider the general problem of solving m polynomial
equations in n unknowns:

(12) filwr, o mn) =Y epaht k=0 i
k

|
—
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where the exponent vector k = (ki, ..., k,) runs over a finite set S; C Z"™ (called the
support of f;). Suppose that one wants complex solutions where the first k& variables
are to be nonzero, i.e., one wants x = (z1,...,2,) € T where T = C** x C¥ . The

result in [5] assumes that k = n, k' = 0 but the proof is virtually the same.

Proposition 1. Suppose that a system of m polynomial equations f;(x) =0 inn
variables defines an infinite variety V. C T. Then there is a nonzero rational vector
a=(o,...,a,), apoint a=(a1,...,a,) € T, and Puiseux series x;(t) = a;t* +
.., g=1,...,n, convergent in some punctured neighborhood U of t = 0, such that
filx1(t),...,zn(t)) = 04dn U, i = 1,...,m. Moreover, if the projection from V
onto the z;-azis is dominant, there exists such a series solution with z;(t) =t and
another with x;(t) =t~ 1.

The vector « of leading exponents will be called the order vector of the Puiseux
solution. Note however, that some of the a; with 7 > k could be zero. In this case
a; will not really be the lowest-order exponent of the series z;(t). Of course, if a
series is not identically zero it will have some leading term and one could insist that
«; be taken as the leading exponent, but for ¢ > k the possibility of an identically
zero series is not excluded,

To apply this test one needs a way to show that Puiseux solutions of a given
order do not exist. Bernstein provides a simple test based on the leading terms
of the solutions. Substituting x;(t) into equations f;(z) = 0 and reading off the
coefficients of the lowest order terms in ¢ gives a reduced system

(13) fiala, ... an) = Z cratt . akn = i=1,...,m
ak=p;

where p; = minjeg, o - {. The equation « - £ = p; which determines which terms
of f; appear in the reduced equation has a beautiful geometrical interpretation.
Let P; be the Newton polytope of f;, i.e., the convex hull of the support S;. Then
«a -k = p; defines a supporting hyperplane of P; for which « is an inward normal
vector. The hyperplane defines a face of the Newton polytope and the exponent
vectors k which appear in the reduced equation are the vertices of P; which lie on
this face.

Since the coefficients of the leading terms of any series solution must vanish, one
has a simple test for nonexistence of a solution of order «:

Proposition 2. Let o be a nonzero rational vector. If the reduced system (13)
has no solutions in T then there does not exist a Puiseux series solution of the full
system f;(x) =0 of order a.

As Bernstein noted, there are only finitely many possible reduced systems aris-
ing from a given system of equations. To find them it suffices to construct the
Minkowski sum polytope P = P; + ...+ P, of the m Newton polytopes, then for
each face of P choose an inward pointing normal vector «. If the resulting reduced
system has no solutions in T then all of the inward normals for that face of P are
eliminated.

These ideas will be applied to the system of five equations g1 = g2 = g4 = g5 =
g10 = 0. The Newton polytopes of these polynomials are the convex hulls of the
supports which contain 4, 4, 2238, 244, 509 points respectively. These polytopes
live in R® because there are five variables. However, the equations have a special
structure which makes it possible to work with only three variables at a time.
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kig+ k3 >1 8. ki2>0
kig + ko3 > 1 9. k31 >0
k31 + koz > 1 10. k3 >0

—kig —ks1 > -4 11. —kip > —
—kip—koz > —4 12, —k3
_k31 - k23 Z —4 13 —]{223 Z —3

k12 + k31 +kog >2 14, —kio — k31 — ka3 > =5
TABLE 1. Facets for the Minkowski sum P, + Ps.

VIV
w w

No otk W

Namely, the first two equations (10) involve only the three mutual distances. These
two equations restrict the r;; to an algebraic curve in C*3. By analyzing the three-
dimensional Newton polyopes of g1, ga, it will be shown in section 4.2 that there are
essentially only two possiblities for the Puiseux series 7;;(t). Substitution of these
series into g4, g5, g10 gives three equations in the variables d, p,t. In section 4.3
elementary methods are used to show that these equations have no series solutions

d(t), p(t).

4.2. Puiseux Expansions for the Distances. In this subsection, it will be shown
that the equations (10) admit only two types of Puiseux expansions r;;(t) for the
mutual distances. By proposition 2, the order vector a = (aq2, 31, az3) of the
series must be such that the corresponding reduced system has nonzero solutions
(a12,a31,a23) € T = C*3. The Newton polytopes Pi, P, of g1, g2 are the convex
hulls in R? of the vectors of exponents k = (ki2, k31, k23) of the monomials which
appear. Since each polynomial contains 4 monomials, the individual Newton poly-
topes are simple tetrahedra. As candidates for the order vectors, «, one needs to
check the inward normals to the faces of the Minkowski sum polytope P; + Ps.
Using Porta [4], one finds that their Minkowski sum is a polytope with 12 vertices
and 14 facets. The inequalities defining the facets are shown in table 1

For each inequality, the coefficients of the left-hand side give an inward normal
for the corresponding facet. For example, a = (1,0,0) is a normal for facet 8. This
represents a possible order-vector of a Puiseux series solution which would therefore
look like:

Tlg(t):a12t+... Tgl(t):a31+... ng(t):agg+....

with all leading coefficients nonzero. The leading coefficients would have to satisfy
the reduced system of equations corresponding to . These are:

mymasais +maomaazs —me =0
mimaaziags = 0

The second reduced equation consists of a single term in the nonzero variables a;;.
In this case the reduced system is solveable only if the coefficient mqms vanishes,
which violates the assumption on the masses. Therefore the reduced systems has
no nonzero solutions and it follows that there does not exist a Puiseux solution with
order vector a.. A facet such that at least one of the reduced equations consists of
a single term will be called trivial. It turns out that facets 7-14 are all trivial.
This leaves facets 1-6. By proposition 1 one can choose to look for Puiseux
solutions with one of the r;; = t. The corresponding face of the Minkowski sum
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polytope would have to have an inward normal o with a 1 in the «;; position (or,
allowing for a rescaling the normal vector, at least a positive entry in that position).
This rules out facets 4-6. Finally, facets 1-3 are the same up to permutation
symmetry so it suffices to consider one of them.

In searching for possible order-vectors, one should also consider inward normal
vectors to lower-dimensional faces of P; + P5. For three-dimensional polytopes, this
means the edges and vertices. Reduced systems arising from vertices necessarily
involve just one term from each of the equations and so are automatically trivial. It
turns out the reduced equations for the edges are also trivial. Thus, up to symmetry,
the only possible Puiseux series for r;;(t) arise from facet 1.

The order vector for such a series is a = (1,1,0). One of the first two variables
can be set equal to the Puiseux parameter ¢. Make the substitution

rig =t 31 = t’LL31 T23(t) = U2z + ...

where uz; (t) = as1 + ..., u23(t) = ags + ... and the leading coefficients are to be
nonzero. Then (10) gives (after cancelling a factor of ¢ from the second equation):
G1(us1, us3, t) = mamauss — me + t2mq (my — mau3,) =0

14
(14) Ga(us1, ugs, t) = myuaz(ms + mousy) + t(mams — ug3) = 0.

At t = 0 one obtains the reduced system for the leading coefficients:

(1) Mamaazs —mec =0
myagz(ms + moasz;) = 0.

Thus the leading coefficients are given by:
ms 9 me

].6 a = —— Aoq = .
( ) 31 Mo 23 Mams

Moreover, the Jacobian matrix of (G1,G2) with respect to (ug1, us3) evaluated at
(az1,az3) and t = 0 is —2mym3msa3; # 0. It follows from the implicit function
theorem that ugy (t) and us3(t) are actually power series in ¢, not just Puiseux series.

The form of Gy implies that the rest of the series u93(t) begins at order at least
2. Then setting

U31(t):a31+631t+... Ugg(t):agg+b23t2+...
in (14), where agy, azs satisfy (16), one finds:

_ 3 3
(17) by = maz(mams — as3) by = ~ ma(m3 +m3)

2 2
mimasa23 2m2m3a23

Under the standing assumption of positive masses, bog # 0 but it is possible that
bs1 = 0. In this case, it will be necessary to look for the next nonzero term in the
series.

To this end, suppose that, in fact, b33 = 0, that is, as3 = mams. Then (16)
determines the value of the moment of inertia: ¢ = % Moreover, one finds that
the next nonzero term in wus; () must be of order at least 3. Setting

uz1(t) = as + by 12+ ... Uga(t) = agz + baz t? + ...
in (14) and using (16), one finds:
2 ma (m3 + m3) _mi(m3 +m3)

18 b3 = ————————— bos =
(18) 3 2mymim? 2 2m3m3
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Note that the value of boz is the same as before, given the assumed value of as3.
Since b3; # 0, this will be the next nonzero term in this case. For reference, the
values of ¢ and a;; in this case are

ms3 m%mg
(19) asy = 7m7 ag3 = MaMms Cc = T
2

The following proposition summarizes these results:

Proposition 3. Suppose r;;(t) are Puiseux series with order vector (12, g1, (og) =
(1,1,0) which satisfy equations g1 = g2 = 0 identically in t. Moreover, suppose that
r12(t) = t. Then there are just two possibilities for r31(t) and ro3(t). Either
L Tgl(t) = a31t + b31 t2 + ..., T‘Qg(t) = ao3 + b23 t2 + ... with coeﬁ?cients
satisying (16) and (17), or
II. r51(t) = as1 t + by t* + ... , 7o3(t) = ags + bos t* + ... with coefficients and
parameter, ¢, satisying (19) and (18).

In either case, all of the indicated coefficients are nonzero.

4.3. Non-existence of Series for d and p. In this section, it will be shown that
it is impossible to extend the Puiseux series solutions of Proposition 3 by finding
series d(t), p(t) satisfying g4 = g5 = g10 = 0 and d(¢) not identically 0. Cases I
and IT will be treated seperately. Also, it will turn out that case I splits into three
subcases, but they can all be treated together.

For case I, make the substitutions 712(t) = ¢,731(t) = asi1t + b1 t2, ro3(t) =
a3 + boz t? in equations (11). The result is equations of the form:

G4 = Coo(t) + Cao(t) d® + Cr1(t) dp + Cao(t) d* + Ca1(t) d’p = 0
(20) G5 = DOO (t) + Dgo(t) d2 + D02 (t) ,02 =0
G1o = Eoo(t) + Fao(t) d* + E11(t) dp + Ego(t) d* = 0

where the coefficients C';, D;;, F;; are very complicated polynomials in ¢ which also
involve the parameters m;, a;;, b;j, ¢, wp,w1. Equations (20) can be viewed as three
equations for the variables d, p,t. The goal is to show that there do not admit
Puiseux series solutions d(t) = aqt* + ...,aq # 0 and p(¢) (the possibility that
p(t) is identically 0 is open at this point). The method will be to show that it is
impossible to find even the leading exponent oy and coefficient a4 for d(¢). This is
in the spirit of proposition 2 but it turns out that it can be done in a completely
elementary way.

Fortunately, it will turn out that only the lowest-order terms in t of the poly-
nomials Cjj;, D;j, E;; will be needed. Let Cj;(t) = ¢ thii + ... where cij 7 0 and
introduce a similar notation for D;;, E;;. After finding all these lowest-order co-
efficients and the corresponding exponents for ¢ one can define a much-simplified
system of equations:

Hy = coo+ coot®d® +c11 t¥dp + cao t'd* + 31 "0 d*p
(21) Hs = doo + doo t® d* + doa t* p?
Hig = egot? + egotdz + e tdp+ eq 9 d*

where the coefficients c;;, d;;, e;; are rational functions in the parameters m;, a;;, b;;
which are given in the Appendix. The exponent ¢ is either 0, 1,2 depending on the
choice of the parameters m;,c. For the different choices, the coefficients eqy are
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different. However, the argument given below works for all three cases. The only
thing one really needs to know about the coefficients is that they are nonzero when
the masses are positive and when b3y # 0 (which is the condition defining case I).

Suppose one has Puiseux series d(t), p(t) solving (20) and suppose d(¢) is not
identically zero. Then since Puiseux series form a field and since d(t), Ey;(t) are
nonzero elements of this field, one can solve equations G1p = 0 for p(¢). Then
substituting into the other two equations gives two equations G4(d,t) = G5(d,t) = 0
for d(t). However, only the lowest-order terms in ¢ of the coefficients of these new
equation are needed and these can be found by carrying out the elimination of p in
(21) instead of (20).

Solving Hyg = 0 gives:

€00 t? + €20 t d2 + e40 tg d4
€11 td

Substituting into Hy, Hs and clearing denominators gives:

Ky = cooerr — crieont’ ™9+ (caoe1n — criean) t° d* + czreo t' T d?
+ (cao€11 — c31€20 — Cr1€40) 0 d* — C31€40 7 d°
Ks = dogedy 2729 4 dgoe? | d* + 2dgaeqoenn P71 d* + dogedy t* d*
+ daged, 13 d* + 2dggenoesn t T d* + 2dggenpesn t? d® + doged, 20 dB.

If there is a Puiseux solution d(t) = aqt®* + ..., ag # 0 then the vector a = (aq,1)
must be an inward normal to edges of the classical Newton polygons Qq4, Qs of
K4, K5. Now plotting the exponents (kq, k¢) for the monomials of Ky gives a poly-
gon (4 which has only one bottom edge — the one containing (0,0), (2, 8), (4, 16),
(6,24). This is true no matter which value is used for q. This edge has inward
normal o = (—4,1) so the only possible leading exponent for d(t) is ag = —4.

Substituting d = agt~*+... and taking the lowest-order terms in ¢ gives reduced
equations:

2 4 6
Ly = cooe11 + (ca0e11 — c11€20) ag + (caoe11 — Cr1€40) g — c31€40 ag = 0
2 4 6 2 8
L5 = d02620 aq + 2d02€20€40 aq + d02640 aq = 0.
To show that these have no common root, take the resultant with respect to aq:

4 6 8 4 2 2 \4
Res(Ly, Ls) = cyodpe€i1€10(Ca050 — c20€20€40 + Coo€sp)

30014746, 62,300
aszbizmi m

C
__ 916930
=213 o 7 0.

The discussion of case II is similar. The substitutions r12(t) = t,731(t) = as1 t +
bsy t*, 793(t) = ags + bos t2 in equations (11) together with (19) give (20) again, but
with different coefficient polynomials. Finding the lowest-order terms in ¢ of these
coeflicients gives the simplified system of equations:

Hy = égp + oo t'0d? + é11 12 dp + 40 t20d* + 251 2 d°p
(22) Hs = doo + dao t'° d? + doa t° p?
Hig = égo + €90 d® + é11 t2dp + é49 t10d*

where ¢, d;j, €;; are given in the Appendix. As before, they are rational functions in
the parameters m;, a;;, b23, b31 which are nonzero under the prevailing assumptions.
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Solving Hip=0 gives:

_ €00 + €20 d? 4 eqo t'0d*
o €11 t2 d

Substituting into Hy, H; and clearing denominators gives:

> 10 10 12 20 12
K4 = cooe1r — criegot + (co0€11 — cr1e20) t° d” + c31€p0 t™ d
20 4 30 ;6
+ (ca0e11 — cz1€20 — C11€40) " d¥ — C31€00t7° d
> 2,2 2 2 2 2 2 .2 14
K5 = doQ@OO t =+ d00611 d =+ 2d02600€20 t d —+ d02620t d

+ d20€§1 10 g4 + 2dp2€e00€40 12 g + 2dpaeapeqn 12 {6 + d02€4210 22 48,

This time the Newton polygon Q4 has a unique bottom edge containing (0,0),
(2,10), (4,20), (6,30) showing that the leading exponent for d(t) is ag = —5.

Making the substitution d = ag¢~° + ... and taking the lowest-order terms in ¢
gives:

- 2 4 6
Ly = coper1 + (ca0e11 — c11€20) ag + (cap€11 — c11€40) ag — C31€40 Gg = 0

T 2 4 [ 2 8
L5 = d02€20 ag + 2d02620€40 agq + d02640 ag = 0.

which are exactly the same as for case I. With the new values of the coefficients,
the resultant is:

& 4 6 8 4 2 2 \4
Res(Ly, Ls) = cyodoz€l1€10(Ca0€50 — C20€20€40 + Coo€lp)

_ 3%95%6 62 326, 714/, 3 3146
= Soieomyomysomg s (my +ms)T # 0

so there are no solutions ag4.

This completes the proof the theorem 1. Here is a brief summary. If a solution
with constant moment of inertia were not a rigid motion then the mutual distances
would not be constant. In this case, the algebraic equations satisfied by such
solutions which were derived in section 3 would admit solutions with infinitely many
different values for the distances r;; and with the velocity variable d # 0. In that
case, there would exist Puiseux series series solutions r;;(t),d(t), p(t) all of which
are not identically zero, with the possible exception of p(¢). But in sections 4.2 and
4.3, it was found that no such Puiseux series solutions can exist. QED
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5. APPENDIX

This appendix contains the leading coefficients in ¢ for the coefficient polynomials
Ci;(t), Di;(t), E;;(t) from section 4.3. For case I, the coefficients in 21 are:

coo = (c¢*mim'?)/(m3"m$)

co0 = (2¢Mbzrmim!) /(m3*m3)

ci1 (18011a23b31m1m11)/(m%omg)

Ccq0 = (Cl6b§1m1m16)/(m%8m3)

cs1 = (54cPazsbd;mim'?)/(my*m3)

doo = (Caggmym®(mim3 + mims + (m1 + ma)m3))/(mim3)
doo = (Paggbgymam®(mym3 + mimg + (my + ma)m3))/(m3°m3)
do2 = (—3c*aszbsimim®) /mj

€20 = (—1009b31m1m9)/(m§m§)

e11 = (9c%agsb3mim®)/(m3ms3)

eq = (— 4c11b31m1m 1)/(m§1m§)

The form of the term eggt? depends on the choice of parameters, as will now be
described.

The first three terms of the coefficient Egg(t) lead to a version of formula Hig in
(21) with ego replaced by egoo + €go1 t + ooz t2. It turns out that any one of these
could be the leading term eggt?. The first possibility is that eggt? = eggg where

€000 = 03m4(m2m3 — ag3)(bemmaoms — agg(m‘;mg + 4cm))/(mgm3).

This will be the leading coefficient provided it is nonzero. Recall that the assump-
tion of case I is that ags # maoms. So eggp = 0 only if

Scmmamsg — agz(mimi 4+ 4em) = 0
Taking the resultant of this expression and the formula for a3, in (16):
me(me — mim3)(16me — m3m3) = 0.
The expression in the first parentheses is nonzero for case I and so

m3ms

2 f—
(23) ¢ 16m

is a necessary condition for eggg = 0.
Assuming that (23) holds and eggo = 0 one finds

3,9 4.4 3 3 3
epo1 = mamam(—57mams + 8mimams(ms + m3)

+ a3 (147m3m3 — 32m3 (m3 +m3)))/(65536m)

_ 9 2.9 3 3
€002 = —TaggzM1Mamam(ms + my3)(—58az3 + 13mams)

It turns out that egoz # 0. In fact, the resultant of this expression and the formula

for a3; in (16) is — 1Z5m§m3 which is nonzero. Thus, the leading term eggt? is

either eggy t! or egps t? as claimed.
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10.
11.

12.

RICHARD MOECKEL

Case II does not involve analysis of subcases. The coefficients in (22) are always:

oo = mim3Sm3°

oo = —bmim3tm3® (m3 +m3)
fus = Bt o + )
O
bor = BB o + )

5 11, 15 3 3 3 3
doo = mimy m3z°(mims + myms + myms + mams3)

dyo = —5mam$m3° (m3 + m3)(mam3 + m3ma + mymi + mams3)
doz = —Bmimomi* (m3 + m3)
€00 = —4312 mimim(m3 + m3)*
é20 = —50mimy*m3' (m3 + m3)
é11 = Zmimimy®(m3 + m3)?

R 2.8 926/ 3 3\2
€40 = B0mimsms°(ms + m3)
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