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AN INTRINSIC APPROACH IN THE CURVED n-BODY
PROBLEM. THE POSITIVE CURVATURE CASE

ERNESTO PEREZ-CHAVELA AND J. GUADALUPE REYES-VICTORIA

ABSTRACT. We consider the gravitational motion of n point particles with
masses mi,ma,...,my > 0 on surfaces of constant positive Gaussian cur-
vature. Using stereographic projection, we express the equations of motion
defined on the two-dimensional sphere of radius R in terms of the intrinsic
coordinates of the complex plane endowed with a conformal metric. This new
approach allows us to derive the algebraic equations that characterize relative
equilibria. The second part of the paper brings new results about necessary
and sufficient conditions for the existence of relative equilibria in the cases
n=2and n=3.

1. INTRODUCTION

The equations of motion for the n—-body problem in spaces of nonzero constant
Gaussian curvature, also called the curved n—body problem, were first obtained by
Florin Diacu, Ernesto Pérez-Chavela, and Manuele Santoprete [3]. These authors
used the cotangent potential and studied the Euler-Lagrange equations with the
respective constraints that maintain the particles on the corresponding imbedded
surfaces of constant curvature K (the 2-sphere of radius 1/vK in R? if K > 0, or
the upper sheet of the hyperboloid 2% +3? — 22 = K~ in the Minkowski space R if
K < 0). The paper [3] is the first work that analyzes the solutions of certain types
of relative equilibria in spaces of constant curvature, that is, solutions for which
the mutual distances among the particles are constant during the motion. Since
any rotation in R3 is around a suitable fixed axis, and since the cotangent potential
is invariant under the whole group of isometries SO(3), the authors of [3] studied,
without loss of generality, some solutions of relative equilibria which are invariant
under the action of the subgroup

cost sint O
(1.1) A(t)=| —sint cost 0 |,
0 0 1

contained in the isometry group SO(3) of the sphere for each ¢t € R.

In the case K > 0, the authors of [3] proved that if three particles are initially at
the vertices of an equilateral triangle, in the plane z = constant, then the bodies
generate a relative equilibrium only if the masses of the particles are equal. They
also proved that if three particles are on the same rotating meridian, with one mass
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M between the other two particles with equal mass m symmetrically located on
the meridian, then this configuration generates a relative equilibrium. In the above
results the authors obtained those periodic orbits by fixing the initial configuration.

Following the ideas of [3], our first approach was to study the solutions ¢(t)
that are invariant to (IIJ), that is, solutions of the equations of motion of the
form Q(t) = A(t)q(t). We thus found conditions to obtain relative equilibria, but
unfortunately the equation in terms of A(t), A(t), A(t) were so complicated that we
could not obtain any additional information.

One of the main obstacles in pursuing a deeper geometric analysis in [3] were the
constraints, so we further tried to obtain equations of motion without constraints.
For this, we used the stereographic projection through the north pole of the sphere
into the plane of the equator, and succeeded in expressing the problem in terms
of coordinates of the curved complex plane endowed with a Riemannian conformal
metric denoted by M%.

In this paper we obtain the equations of motion which generalize the (Euclidian
classical) gravitational Newtonian problem by using cotangent potentials and we
analyze solutions which are invariant by the action of one subgroup of isometries of
SU(2)/{£I} of M%, the so-called relative equilibria of the curved n—body problem.
We prove that the model studied in [3] and the model studied in this work are
equivalent.

Our paper is organized as follows. In Section [2| using the stereographic pro-
jection and techniques of differential geometry, we translate the problem from the
sphere of radius R to the curved plane M% and we introduce complex variables to
facilitate the computations. As is customary for this problem, we will use the cotan-
gent potential (see [4] for more details). We obtain the equations of motion for the
n—body problem by considering the equation of the geodesics in such a space and
curving the gradient of the potential with a convenient conformal factor. The orig-
inal equations for the n—body problem on the sphere are derived using variational
methods, which require the natural extension of the metric and the differential
properties from the embedded sphere to the ambient space R3. The big advan-
tage of the intrinsic approach introduced in this paper is that no such extension
is necessary. We end Section 2 by proving that the new potential and its gradient
are equivalent to the original potential and its gradient. Then we show that the
equations of motion of the n-body problem on M%, and the original equations on
the sphere, are equivalent.

In Section Blwe consider a suitable one-dimensional additive subgroup of the Lie
algebra su(2) and, projecting it via the exponential map onto SU(2), we obtain a
one-dimensional subgroup of isometries. When this subgroup is associated to the
corresponding one-dimensional group of Moebius transformations, we show that
with the help of the Principal Axis Theorem the above subgroup generates all the
relative equilibria of the n—body problem in M2R. We thus obtain several algebraic
equations that characterize all relative equilibria.

In Section @l we study the relative equilibria of the 2-body problem in M%. The
system describing this problem is not integrable (see [12] and [I4] for more details).
Therefore the study of relative equilibria for the 2-body problem on M% is of relevant
importance, since they provide families of periodic orbits in a nonintegrable system.
Finally, in Section Bl we study the relative equilibria of the 3-body problem in M%.
We first consider the collinear case, which corresponds to the Eulerian orbits, and
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AN INTRINSIC APPROACH IN THE CURVED n-BODY PROBLEM 3807

obtain the necessary and sufficient conditions for their existence. We end the paper
with a result that gives a necessary and sufficient condition for the existence of the
Lagrangian relative equilibria.

2. EQUATIONS OF MOTION

Consider a surface of constant positive curvature K. It is well known (see for
instance [7]) that this surface is locally represented by the two-dimensional sphere
of radius R = 1/vVK.

Let II be the stereographic projection through the north pole into the plane of
the equator

I : S;—R?

(2.1) Q—q.
If @ = (z,y, 2), then ¢ = (u,v), where
U = [tz and V= Ry .
R—=z R—-=z
The inverse function is given by
2R%u 2Ry R(u? +v% — R?)
QTR A v sy e gy

The metric (distance) of the sphere S% is transformed into the metric

AR*
(u2 + 12 + R2)2

Under the above transformations the geodesics of S% are mapped as follows:
the equator of S% into the geodesic circle of radius R (the unique circle which
is a geodesic in the curved plane), the meridians into straight lines through the
origin, and the other great circles of S% into ellipses. The length for all these
geodesics is 27. In fact, since the metric is conformal with factor of conformity

(2.2) ds* = (du® + dv?).

4 4
Au,v) = m, the Christoffel symbols associated to such a metric are
given by

1 oA 2u
-t =t =1 =-__- - =7
2 1 279X\ (u, v) u (u? + 02 + R?)?’
1 oA 2v

(2.3) F§2 = _I% = FiQ = =

2A(u, v) dv (u? +v2 + R?)?’
Therefore, in these coordinates, the geodesics can also be obtained by solving the
system (see [8] for more details):

il + T} 0 4 2Ty ud + Tayt?

0,
b4+ T242% 4 202,00 + T2,0° = 0,

which is equivalent to the system of second order differential equations
2

i = e (uit® + 2000 — ui?)
2
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3808 ERNESTO PEREZ-CHAVELA AND J. GUADALUPE REYES-VICTORIA

The plane with the above metric is called a spherical plane, which we denote by
The distance between two points ¢;,q; € Riph takes the form

Qr-Q;
di; = d(qr, q;) = d(Qr, Q;) = Rarccos kRQ J

2
RS n-

with
On-Q: = ARY(qk - 4j) + R*(lax|” — B*)(llgs11> — R?)
! (llgrl1* + B2)([lq;]1> + B?) ’
where - denotes the standard dot product. In order to introduce the cotangent
potential, as in [3], we first notice that

(2.5) cotr (d—) _ AR - ¢j) + (lawl” = B (llgl* = B*)

R W ’
where
W= yWi — Wy,
Wi = (lawl]” + B*)?(|lg]|* + B*)?, and
2
Wa = [4R%(q1. - ;) + (llaxl* — R*)(l]gs|* — R*)] .
To simplify the computations, we further introduce complex variables, z = u +
w,zZ = u —iv. We can thus identify Rﬁph with the complex plane C. The distance
[22) and equation (Z3)) take the form
4R*dzdz
(B2 + [2[?)?
cot (dkj) _ 2(mZ + 25 R? + (J2]? — R?)(1%]% — R?)
R\ | = =
R O1,(x,5)(%,2)

(2.6) ds® =

(2.7)

b

respectively, where

Ori(2:2) = (z4f2 + R22(|2 ) + B2)?
(2:8) = [2(ar7 + 22) B + (Jzl® — R*) (12" — RY))*.
We denote by M% the space C endowed with the metric (Z6).

2.1. The intrinsic approach. Let z = (21, 29,...,2,) € C" be the position of n
point particles with masses my,ma,...,m, > 0 in the the space M%. We assume
that the particles are moving under the action of the Lagrangian

(2.9) Lgr(z,%,2,2) = Tr(2,%,%,2) + Ur(z, 2),

where
R BN N
(2.10) Tr(2,2,2,2) = §ka)\(zk,zk) BNk

is the kinetic energy,

1 n dk-
UR(Z,E) = — Z mgm; Cotg <—J)
R1§k<j§n R
(2.11) _ 1 Z o, 2087 + 22 B + (2l — B (2 — R?)
. - ] :
R 1<k<j<n 61,(k,j)(27 Z)
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AN INTRINSIC APPROACH IN THE CURVED n-BODY PROBLEM 3809

is the cotangent force function (i.e. the negative of the potential) defined in the set
M%7\ A, where A is the set of zeros of O1,(k,5)(2, %), and

4R*
(B2 + |2 [?)?
is the conformal function for its Riemannian metric.

The following result gives the equations of motion for the mechanical system
defined in M%.

(212) /\(Zk,fk) =

Lemma 2.1. Let

L=1Lg(2%%7%) = 3 ka)\(zk,zk) 2k? + Ur(z, 2)
k=1

be the Lagrangian defined in [29]) for the given problem. Then the curve solution
of the corresponding Euler-Lagrange equations satisfies the system of second order
ordinary differential equations

2mk2kz’,% 2 oUgr

2.13 5 — ,
( ) M2k R2 + ‘Zk|2 )\(Zk,fk) 0z, Z,Z),
where
(2.14) R _ Zn: 2mgm; R Py k) (2, Z)
0Zk Py [©1, (1.5 (2, 2)]3/2
and
Py (2:2) = (B2 +]a*)(1%)* + R?)?

(12517 = (212) + 2526) = B*)zi + (|l + R)z]

(2.15) = (B + |z (|2 + R*)*(R? + zz1) (25 — zx)-

Proof. We recall that in complex variables the Euler-Lagrange equations are

4oLy _or
dt \ 0z 782k.

Therefore,
oL 1 o\ OUgr
2.16 — = —mp—— (21, Z1) |21 Z
(2.16) 95— 25, (2k Z1) |26 + A (2, Z1)
and
d OL 1 o\ oA . 1
217) = S = S (o (e, Bk + o (2 BR)EE ) Bk oA (2 2k) R
(2.17) a5, o <3Zk (ks 21) 2k + A (Zk,Zk)Zk> 2kt (2, 21) 2k
If we compare equations (ZI6) and (ZI7) we obtain
(2.18) mkg_:;(zka Zk) 2 4 me 2k, Zr) Ee = 2%(%7 Zk).
From equation (ZI8]) we obtain
m oA . . 2 ou _
(219) —k—(zk,zk)z,% + mgzp = R(zk,zk)

/\(Zk,ik) 0z, /\(Zk,ik) 0z,
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3810 ERNESTO PEREZ-CHAVELA AND J. GUADALUPE REYES-VICTORIA

A straightforward computation shows that

1 o\ ( _ ) 27y,
— (2, 2) = =
)\(Zk, Ek) 0z, ko <k R? + |Zk|2
The substitution of this expression into equation (219) ends the proof. |

We can now prove the following result.

Corollary 2.2. If in the space M% the potential is zero or is constant in the whole
space, then the particles move freely along geodesics.

Proof. From Lemma [2.1] the equations of motion have the form
2 OUgr (2,7)
— —(2,2).
A2k 21) Oz,
The right hand side of (2:20) is the k—coordinate of the curved gradient Ug with the
new metric, and the left hand side is the equation of the geodesics associated to the
Riemannian metric when the right hand side vanishes. Here {T'*(2}, zx)} denotes
the associated connection compatible with the corresponding Riemannian metric
when it is applied to the velocity vectors Z, zi, which is obtained from equations

@4) by computing

(2.20) myZi, + mpl* (2, 2) =

Zeo (e + i)
2 2
_ ; o ).2_2( o . . —"_(_ +, ).2)
= Wraa ((ug — ivg)ag Vg — Uk ) VR UL Dk g + 10k ) Uy
(ug —vg) ;. L .9 (uk — VK)o | . .on2
Bt o2 prp (Uf; + v, — 0F) = FrZ T+ 07 (uj + u3)
— .2
ZE 2y
221) = —/————
(2.21) Rt o
a fact that proves the result. ([

2.2. Equivalence of the models. In [3] the equations of motion for the n-body
problem in spaces of constant curvature K > 0 are given by

(2.22) mi§; = Vq,Vk(q) —miK(q; - qi)ai, qi-qi =K', K#0,
i1=1,...,n,
where we have replaced the original coordinates @; by q; and U, by Vxk.
mim;K'/?(Kq; - q;)

Vi (q) =
@) 132;9 [(Ka; - 9;)(Kdq; - q;) — (Kq; - q;)2]"/?

is the force function, and q; - q; = K~! are the constraints that maintain the
particles on the sphere of curvature K. Then

~ mim;K*?(Kq; - q;) (K, - 9:)a; — (Ka; - q;)d
Valk(@= > /K2 (Ka; - q)) [( )q; — J)ail

3/2
j=Lj#i [(in -q;)(Kaq; - q;) — (Kaq, - q;)”
Using the constraint Kq; - q; = 1, it follows that
~  mym;K*?[q; — (Kq; - q;)qi]
2.23 Va: Vi (q) = g ! !
(2:23) WY@ = D T R o T

j=1j#i
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AN INTRINSIC APPROACH IN THE CURVED n-BODY PROBLEM 3811

Equations (Z22]) have the total energy integral

(2.24) Hk(q,p) = Tk(q,p) — Vk(q),

where Tk (q,p) == 3>, m; (pi - pi)(Kq; - q;) is the kinetic energy and p
:= (p1,-..,Pn) denotes the momentum of the n-body system, with p; := m;q;
representing the momentum of the body of mass m;,i =1,...,n.

Returning to our equations on M%, it is easy to verify that system (Z20) has
the total energy integral

NIRRT N i}
(2.25) Hp(z,2) = 5 ka/\(zk, Ze) 126)? — Ur(zk, Zk)-
k=1

Now we can prove the equivalence between the equations of motion of the n—
body problem defined on the sphere Sz of curvature K > 0 and the equations we
have obtained on M%.

Theorem 2.3. The equations of motion for the n—body problem on M%, given by
system ([Z20), and the corresponding equations on the sphere Sg, given by system

@22), are equivalent.

Remark. In [3], the equations of motion were obtained using constrained Lagrangian
dynamics. This variational method required the extension of the metric and the
differential properties from the sphere to the ambient space. Consequently, in the
above form of Vi, the expressions Kq; - q; occur explicitly, though each of them
takes the value 1. In our intrinsic approach, however, we don’t need to extend the
force function to any ambient space. In fact this is the big advantage of working
directly in a two-dimensional space instead of embedding the problem in a higher-
dimensional space with constraints, so we can impose the condition Kq; - q; = 1
from the very beginning, i.e. work with

(2.26) V(@)= > mim KAy ),

1<i<j<n [1-(Kq; - q;)]"/2

In [3], however, this early substitution would lead to the incorrect gradient

= mym,; K3/ q;

\% ZVK q) = . : )

a ( ) j; [1 _ (qu 'qj)2]3/2
J#i

which is not the same as ([223]). Thus the question arises as to whether our ap-
proach, which starts from (2:26]), leads to a gradient equivalent to (Z23]). This is
why, in the proof below, we will show not only the equivalence of the Hamiltonians
E24) and 225, but also of the gradients for the corresponding force functions.

Proof of Theorem 23 A direct computation shows that the inner product qs - q;
in complex variables takes the form
2R4(2’1€2j + Zj?k) + R2(|Zk|2 — RQ)(|Zj|2 — R2)

(lz&* + B?)(|2* + R?) '

qk - q; =
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3812 ERNESTO PEREZ-CHAVELA AND J. GUADALUPE REYES-VICTORIA

Using this fact and the stereographic projection, we can write the force function
Vk(q) in complex coordinates as

mym; K2(Kqx - q;)
Vk(q) = Z ’ 1/]2
i=1j#k [1—(qu~qj)2}
- ~ ey [ qi] 1 zn: MEM;dy - q;

L 11/2 T R L 1/2
j=1,j#k {1 — (gz9k - q;) } j=1,j#k [R4 — (ax - Qj)2]
_ Zn: 2(z1zj + 22 R* + (|z]* — R*)(1z)* — R?)

" O1,(k,5)(2, 2)

(2.27) = UR( 2)

where O (i j)(2,2) is defined in (Z.8). Thus the force function Vk(q) and Ur(z, 2)
are identical. 9
To show that their gradients are identical, notice that since a—(}j vanishes if
Z
j # k, the gradient (Z23) takes in complex variables the form

oVk 8q]
= Ve Vi(
0z, (q) Z i K 0z,
—~ mymi(K)*? [q; — (Kax - q;)ax] | da
(2.28) - Z . ’ 513/2 . 0z
=L 1 (Kay )’
For any j = 1,2,...,n, the position q; on the sphere can be written in complex

coordinates as

(2.29) a; = (

R(z + %) —iR%(z — %) R(zz — R?)
Z2jZj + Rz zjZj + R? ziZj + R?
Therefore, for j = k, we obtain

oqy, R? 2, P2 02 p2
9z (lz® + R2)? (=2 + B i + 1), 2Bz
and this implies that

% _ 2R% ((|Zj|2 — (Zkzj =+ ngk) — R2)Zk + (|Zk|2 + R2)Zj)

R (=l + ) (P + B2)?
From the last equality, we have that qy, - % = 0. Using this identity in equation
2k
[EZH), we get
8VK " mjmk(K)g/Q 8qk
= K
agk (q) Z :|3/2 [ ( qk q])qk] aZk;

=ik |1 - (Kag - q)°

- mymy(K)3/2 dq
e = Y I (g ).
=1tk 1= (Kay - q,)°] '
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In complex variables, equation (Z30) becomes

Ve =y~ mme(K)P (- da
0z, Vo= 2:|3/2 J 0z,

=ik [1 - (Ka - qj)

— i mlkaR(|Zj‘2+R2)2(|2k|+R2)2L1y(k}7]‘)(z72)
j=1,j#k ’ [©1,(k.5) (2, 2)]3/2
oUg
2.31 _ 9YRr,
(2:31) 5, (5:7)

where Ly (x y(2,2) = (|2 |* — (212 + 2;2k) — R?) 2+ (|21 |* + R?) 2; and O (1, (2, 2)
is defined in (Z8]).

Equations ([Z27) and ([Z31) prove the equivalence of the force functions, on one
hand, and of their gradients, on the other hand. To finish the proof, we still need
to show that the kinetic energies are equivalent.

Since II is an isometry, it follows that

A - @k = A2k, 2) 2]
From equation (2.:29)), the coordinates of the velocity qi are
R2%,(R? — 22) + 2, (R? — 22)  —iR?(%(R%* + 22) — 2, (R? + 22))
(212 + R2)? ’ (z2r 2k + R2)2
Rg(é'kik + Z/CZLk)
(zpzZ + R?)?

By straightforward computations we get

)

an

1~ Iem ..
Tic(a,p) = 5 > mi ' (Pr - pr)(Kaw - ai) = 5 > mids - G
k=1 k=1

1 4R2 . - - . - . — =
= 5 kam [(,Z;CR2 — 528) (2R R? — 5320) + R? (32, + zkzk)z]

1 AR? %1% 4 _ 9.9
= 3 ka4(R2 SRR [R + 2217k + zkzk}

1 — AR?#1.%, .9 1w e L
= 3 kaﬁkk\ =3 ka)\(zk, zZi)|zkl” = Tr(2,2,Z, 7).
k=1
We thus obtain that the expression for the above kinetic energy and the kinetic

energy given in (ZI0) are equivalent. Therefore systems (Z20) and ([2Z22]) describe
similar qualitative dynamics. O

3. RELATIVE EQUILIBRIA

In this section we start the analysis of the dynamics of the particles in M%,
present some general aspects of this problem, and characterize all relative equilibria.

3.1. The singularities in M%. The singular set in MQR for the n—body problem
is the zero set of the equation (2.8):

O1,(k,5)(2,2) = 0.
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3814 ERNESTO PEREZ-CHAVELA AND J. GUADALUPE REYES-VICTORIA

The solution of the above equation gives us the following sets:
(1) The singular collision set given by A* =], ; A:j, where

(3.1) Af = {2k = 2}
(2) The singular antipodal set given by A~ = Ukj Aj;, where
_ —R?
We define the total singular set of the problem as
(3.3) A=ATUA".

The behavior of the motion close to the total singular set for the n—body problem
in spaces of nonzero Gaussian constant curvature has been widely studied by Florin
Diacu [4], who obtained some important results in the intersection A = At N A~.
He thus showed that there exist solutions that end in hybrid collision-antipodal
configurations, solutions that can never reach such a configuration, no matter how
close to them the initial conditions are taken, and solutions that remain analytic at
such configurations. Moreover, he generalized to the curved case some results that
Carl Sundman and Paul Painlevé proved for the Euclidean case.

3.2. Relative equilibria in M%. Let Iso(M%) be the group of isometries of M%,
and let us denote by {G(t)} a one-parametric subgroup of Iso(M%), which acts
coordinatewise in M%' \ A and in A leaving them invariant.

Definition 3.1. A relative equilibrium of the curved n—body problem is a solution
z(t) of (Z20) which is invariant relative to the subgroup {G(¢)}. In other words,
the function obtained by the action denoted by w(t) = G(t)z(t) is also a solution

of ([220)).

Now we give conditions for the existence of relative equilibria on M%. Rewriting
the equations of motion ([Z20) we obtain
2mpzeiy  (R?+|2]?)? OUg
R2 + | 2|2 2R* 0z,

We know that the group of proper isometries of M% is the quotient SU(2) / {£I}
of the special unitary subgroup

SU(2) = {A € GL(2,C) | AT A =T},

where each matrix A € SU(2) has the form

a b
A_(—B a)’

with a,b € C satisfying |a|? + |b|?> = 1, which makes SU(2) diffeomorphic to one
real three-dimensional sphere in C? (see for instance Doubrovin et al. [S]).

Every class A € SU(2)/{+£I} is associated to a unique Moebius transformation
(fractional linear transformation) f4 : M% — M%,

az+b
=50
because f4 = f_a. The Lie algebra of SU(2) is the three-dimensional real linear
space

(34) mk}ik =

su(2) = {X e M(2,C)| XT = - X, trace(X) =0}
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spanned by the basis of complex Pauli matrices,

1/ 0 1 1(i 0 10 i
{h1§<—1 0>’ h2§(0 —i)’ h3§(z‘ 0>}'

Let us consider the standard exponential map of matrices from the Lie algebra
into its Lie group
exp : su(2) — SU(2),
applied to the one-parametric additive subgroups (straight lines in su(2)) {thi},
{t ha}, and {t h3}, for obtaining the respective one-parametric subgroups of SU(2):
(1) The subgroup
_ _ cos(t/2)  sin(t/2)
Hy(t) = exp(thr) = ( “sin(t/2) cos(t/2) )

which defines the one-parametric family of acting Moebius transformations

zcos(t/2) + sin(t/2)

le (Z) - : :
—zsin(t/2) + cos(t/2)

(2) The subgroup

Ha(t) = exp(t ha) = ( o O ) ,
0 e’
which defines the one-parametric family of acting Moebius transformations
fr,(2) = e 2.
(3) The subgroup
Hy(t) = exp(t hs) = ( fol) ) ) |
which defines the one-parametric family of acting Moebius transformations
zcos(t/2) + isin(t/2)
frra(2) = zisin(t/2) + cos(t/2)

We remark that the rotation group matrix A(t) € SO(3) introduced at the
beginning of this paper (equation () is the matrix solution (isometric flow) for
the Killing vector field Lz (z,y,2) = (y, —z,0), which is a rotation around the z—
axis defined in the whole R? that leaves invariant any sphere S? centered at the
origin.

Proposition 3.2. If G : SU(2)/ £ 1 — SO(3) is the isomorphism between the
above groups of isometries of the sphere, then G(Hz(t)) = A(t).

Proof. By the stereographic projection
I(z,y,2) = (

we can see that since the rotation tangent vector at (z,y,z) in S% is (y, —x,0),
after the projection we have

I e G A | I B G )
R—z (R—2)2

Rz Ry
R—z2"R—-2z)’

|
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which in complex notation corresponds to
v—iu = —i(u+iv) = —iz.
We are thus led to the complex differential equation

(3.6) Z=—iz,

which generates the flow f;(2) = e~%2z, associated with the one-parametric sub-

group of Moebius transformations f,(t). That is G(Hz(t)) = A(t). O

Remark. By the Principal Axis Theorem, which states that any rotation in R? is
around any fixed axis, we can choose without loss of generality the z—axis as the
rotation axis which corresponds under the isomorphism G to the subgroup Hs.
Actually the subgroups H; and Hj represent rotations under G around the x and
y-axis, respectively, which, when are applied in M%{ with the metric derived from
the stereographic projection, become quite complicated. Thanks to the Principal
Axis Theorem, we can ignore them, so from here on we will use only the subgroup
Hs.

To obtain all relative equilibria in M%, by PropositionB2land the above Remark,
we must analyze just the second class of Moebius transformations { H(¢)} given by
(3.7) wi(t) = ez (1),

where z(t) = (z1(t),...,2n(t)) is a solution of equation [B4). So we shall find
conditions which guarantee that the solution z(t) of equation ([B.1) is also a solution
of system ([B.4]). Straightforward computations lead us to

W = (ZZk + Zk)eit
W = (5 + 203 — 2x)e"
dzy ;
3.8 = = ¢
(3.8) dor e

Therefore w = w(t) is a solution of equation B4 if
2’I”I’Lk1f)k’ll.},2f (R2 + |wk|2)2 OUR
R2 + |wg? 2R* Oy,

In terms of zj, this condition can be written as

MWy =

S ity L 220t
mp (3 + 204, — 2p)et = 2myzy 6R2 i@;ij) e
(R? + |2]2)? OUR dzy
2RA 0z, dwy,
2mzy (izg + Zk)zeit (R2 + |Zk|2)2 oUr 4
R2 + |2 OR* 9z

Since z = z(t) is a solution of B.4), my # 0, and e # 0, the last relation becomes

22k(2izkz’k — Z%)

3.9 2%, — 2 =
(3.9) it == R
which is equivalent to

. 2|Zk‘2 . 2|Zk|2
3.10 20 |1 — ———— =11- = .
(3.10) ’[ R+ |z 2] R+ |z2)
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Equation (BI0) holds if and only if

2| 2,2
3.11 R 1 N
(8-11) R+ |2
or
(3.12) %k = 2k

A necessary and sufficient condition for obtaining a relative equilibrium from
one fixed point is that all the particles are located on the geodesic circle. We have
thus recovered the following result, which was first proved in Diacu et al. [3].

Proposition 3.3. If on the geodesic circle we place n particles with arbitrary
masses (avoiding antipodal positions) such that the configuration is a fized point
of the system, then the orbit generated by the action of Ha(t) is a relative equilib-
TIUm.

Proof. Condition (BI1)) is equivalent to |zx(t)] = R, that is, the k—th particle is
moving along the geodesic circle. In fact, if all the particles with arbitrary masses
move along such geodesics, then the left hand side of equation (220) vanishes
because it corresponds to a geodesic, so the potential does not act; that is, along
this circle, %(2, z) = 0. If additionally the particles form a fixed point, that is, if
the velocities of the particles vanish (2;(t) = 0), then under the action of Hy such
a configuration is a relative equilibrium. O

Remark. In general, the existence of the above relative equilibria generated by fixed
points is an open question.
For n = 3, however, an affirmative answer has been recently given in [6].

Condition (3I2) holds for |z (t)| = rg, where 7y, is a positive number with r;, # R
and 0 < rp < mR. We are interested in the study of relative equilibria with at least
one particle not on the geodesic circle.

We have the following result which characterizes, modulo isometries, all relative
equilibria.

Theorem 3.4. Consider n point particles with masses my,ma, ..., my > 0 moving
in M%. A necessary and sufficient condition for the solution

z(t) = (21(t), 22(2), - - ., 2n (1))
of 20N to be a relative equilibrium is that the coordinates satisfy the following
system given by the rational functions:

RYR—rda Z": m;(r3 + R?)*(R? + %) (2 — o)
4(R? + )t =Tk [©1,(k,5) (2, 2)]3/2

(3.13)

)

where
(:)17(]67]')(2, 2) = (7“;% + R2)2(7’]2- + R2)2 - [2(«3ij + ijk)Rz -+ (’f']% - Rz)(T? - Rz)}Q
and |z (t)] = r € [0,7R).

Proof. A necessary condition for the existence of a relative equilibrium is that the
bodies are moving along ordinary circles centered at the origin of the coordinate
system in M%. In order to find all relative equilibria we derive and use condition

BI2), getting
(314) —45k = Zk.
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Therefore, substituting (BI4) into equation ([BA) and again using BI2), we
obtain that the coordinates of the relative equilibrium z = z(¢) must satisfy the
system of fractional algebraic equations

2my| 21| %2 2(R? + |2]?)% U
(3.15) myzy, = 2’“' il x ( l’“‘ )" U
R? + |Zk| R 0z,

Introducing |z (t)| = r; into equation (B.I5) and computing the partial deriva-

tives of the potential Ugr, we obtain a system of n equations given by the rational

functions ([3.13)). O

Notice that, in order to provide relative equilibria, equation ([BI2) imposes a
condition on the velocities of equation (3.4)).

4. THE CASE n = 2

The two-body problem in spaces of positive Gaussian curvature has been widely
studied by several authors; see for instance [1l 2, 10, 11l 13]. The study of this
problem is divided into two cases. The first case, called the Kepler problem in
spaces of positive curvature, assumes that one particle is fixed at the north pole of
the two sphere while the second body is moving; this problem is integrable. In the
second case both bodies move freely on the sphere. Then, since the center of mass
is not a first integral, the problem is not integrable (see [12, [14] for more details).

Therefore the study of relative equilibria for the two-body problem on M%, that
is, the orbits invariant by the action of the one-parametric subgroup {Hsz(t)}ier,
is of relevant importance since the set of relative equilibria that we find gives us
families of periodic orbits in a nonintegrable system.

For a system of two point particles on Mf{ with masses m1 and ms, the system
of algebraic equations ([BI3]) becomes

R} R? — 1)z ma(r3 + R?)?(R? + 2122) (22 — 21)
AR+t [(Ql,(1,2)(275)]3/2 7
(4.1) R3(R% — 12)zy _ _ma(rf + R~2)2(R2 + 2021)(21 — 22)
4(R? +r3)t [Q1,2.1)(2, 2)]?/2 7

where

O1, (k) (2, 2) = (1} + R*)*(r] + R?)® — [2(2122 + 2221)R* + (r] — R?)(r3 — R*)].
After some algebraic manipulations, system (&I]) takes the form
(R?—r)(R2+1r3)*m1  z(R*+ z122)(22 — 21)
(RZ—72)(R2+71?)2ma  21(R2+ 2271)(21 — 22)
r221 + R%2) (21 — 22)
1220+ R%21)(21 — 22)°

_
(4.2) =

and, when we avoid the singularities, it turns into the equation

(R —r})(R* +r3)*my _r%zl + R%z
(RZ —13)(R2+71})2ma 7129+ R2z’
which can be written as the polynomial equation
0 = [mi(R® —r})(R* +13)°R? + ma(R? — r3)(R? + r{)*r3]zy
(4.3) +  [mi(R? = ) (R +r2)%r? + mo(R? — r2)(R? 4+ 1?)?R?| 2.
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From ([@3) we can conclude that if one particle is fixed at the origin of the
coordinate system, then the second particle moves along the geodesic circle with
unitary velocity.

4.1. Two particles on the same circle. Since we have proved that for relative
equilibria the bodies move along circles, we first assume that they are in the same
circular orbit with radius r1 = ro = r. We now have the following result.

Theorem 4.1. For the two-body problem in M%, a necessary and sufficient con-
dition that the particles move along the same circle of radius r # R and form a
relative equilibrium is that they have equal masses and are located at opposite sides
of the circle.

Proof. Equation ([43]) becomes
(4.4) 0= (R? —r*)(R? + r?)?[(m1 R? + mar?)z; + (m1r? + maR?) 2o,
which for r # R is equivalent to
(4.5) 0 = (m1R* + mar®)z; + (myr? + maoR?) 2.
If my = mo, then from (LX) we have
0 =m(R? + 1%z + m(r® + R?*)z,

which implies that z; = —z5.
If in equation (@A) we use the conditions |z1| = |z2| = r, we obtain
| R? 4+ mor?
mir? +meR2|
which implies that m, = ms, and therefore, again, that z; = —z5. It follows that

the particles must be located at opposite sides of the circle of radius ry =ro =r. 0O

Corollary 4.2. There are no relative equilibria for the two body problem such that
one of the particles is located on the geodesic circle of radius R.

Proof. We observe that if one of the particles is on the geodesic circle, then from
equation ([43]) we obtain that

2
r
Z9 = _R_22 21,
which implies that 7, = R and the particles must be antipodal, which is a forbidden
configuration. O

4.2. The general case. Here we study the more general problem of finding relative
equilibria when the particles move on circles with different radii 1 # o and will
determine the relation between their masses. First we obtain the necessary and
sufficient conditions in order to have nongeneric relative equilibria, which we call
degenerate for short. The above degenerate relative equilibrium corresponds to a
bifurcation for the family of relative equilibria of the two-body problem in M%.

Lemma 4.3. For the two-body problem in M%, a necessary and sufficient condition
for the existence of a degenerate relative equilibrium is that the positions of the
particles are given by

21 =4\3+2V2 R, 2z =+\/3+2V2R
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and their mass relation is given by one of the equations

(2 - /2)? (2+2)?

e+vap T e

Proof. To simplify the computations, but without loss of generality, we can fix the
value of m; > 0 and take z; = r; = « to be determined later. Furthermore, if we
take |z2] = r and zo = z, then equation ([A3) becomes an algebraic equation in the
variable z,

mo =My, M2 =

my(R? — a?)(R? +12)2R? + mo(R? — r?)(R? + o?)?r?

a.
mi(RZ — a2)(R2 + 12)2a2 + ma(R2 — r2)(R2 + a2)2R2
Notice that if z; = « is located on the z—axis (it is a real number), then 2z is also
on the z—axis. Using the condition |z| = r in equation ([£0), it follows that,

0= [m1(R? - ®)(R* + r*)?a — ma(R? — r?)(R* + ®)’r] (ar £ R?).

(4.6) z=—

Therefore
R2

4.7 -4+

(47) r=+2

or

(4.8) mia(R? — a?)(R? + %)% — ma(R? — r?)(R? + o?)?r = 0.

In the first case, when we substitute relation (7)) into equation (), we obtain
R2

4.9 =

( ) <2 o )

which is a singular antipodal point with respect to z; = « as defined in [32), and
therefore cannot be a solution.

To search for real solutions of equation (48] and to prove the existence of relative
equilibria, we define the real function of a real variable

(4.10) f(x) = mia(R* — a®)(R? + )% — ma(R? + o?)*(R%*x — 2?)

and seek its zeros. For simplicity, we begin by studying the important case when
the function f has double roots. The derivative of that function is

(4.11) f () = 4mia(R? — o®)(R? + 22)x — ma(R? + o?)*(R? — 32?),

and its common zeros with f are the double roots of f. We obtain the double zeros
by solving the system below in terms of x:

mia(R? — o?)(R? + 2%)? — ma(R* + o®)*(R*r —2%) = 0,
(412)  dmia(R? — o®)(R? + 2%)x — mo(R* + o*)*(R* — 32%) = 0.
Since £ = 0 is never a root of f and 2% + R? # 0, the above system is equivalent to
dr f(x) = 0,
(4.13) (RZ+2*) f(z) = 0.

The solutions of this system are z = 4+/3 4 2v/2 R. They are also conditions for
having nontrivial solutions of the system (£I2]) when viewed as a linear system in
the variables m; and ms. From the symmetry a > z in equation [@I0), we also

obtain the necessary condition for the value of « = ++/3 &+ 22 R.
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Therefore, in the particular case of double roots of f, the values

(4.14) 21 =4+\3+2V2 R, 2z =+1\/3+2V2R

belonging to the interval (—m R, 7R) give us the necessary conditions for the parti-
cles of masses my and my to form a relative equilibrium.
The mass relation is obtained from the first equation of the system ([@I2l),

(R - R)(R P
2 (B2 = B) (B2 + 1)
When we substitute the solutions (I4) into (ZI5) we obtain

- 3i2\/§(1i\/§)(—1i\/§)2m
B E2v2(1Ev2) (—1Ev2)?

Avoiding the singular points in ([@TI0]) again, considering classes under the action
of the group {Hz(t) }, and doing a simple (but tedious) analysis of the choice of signs,
we obtain four possible different relative equilibria in M% for this degenerated case
with the mass relation

(4.15) mo =

(4.16)

2 2
(417) mo = M1, mo = Mml, mo = mml.
(2+v2)? (2-v2)?

For two equal masses there are two classes of relative equilibria: when the par-
ticles are inside the geodesic circle and when they are outside it. The last two
relations in equation (LIT) correspond to one particle inside the geodesic circle
and the other outside it. The last relation gives the bifurcation points of problem
B4). This step completes the proof. O

We can now state the main result of this section.

Theorem 4.4. Two particles with masses my1 and mas, located respectively at z1 = a
and zo = b, and close enough to the circle of radius a in M%, form a relative
equilibrium if and only if a and b are roots of (EIQN), and the masses hold the
relation

(4.18) mia(R? — a®)(R?* + b*)? = ma(R? — b*)(R? + a*)?b.
Moreover, we can have 0,1,2,3 or 4 classes of relative equilibria.

Proof. Using arguments of the theory of singularities and transversality (see
Guillemin et al. [J]), we can perturb a little bit the degenerate case proved in
Lemma [£3] getting a sufficient condition to have new classes of relative equilibria.
In this way, if we take a suitable perturbation in one of the masses (particularly the
mass mg), then the corresponding function f in [@I0) can preserve one of the two
tangential zeros, or generically, create two new roots in the interval (—7 R, 7 R) for
each previous tangential zero. Each one of these new roots define a nondegenerate
class of relative equilibrium. Now, if we take two of these new roots, say z1 = a
and zo = b, then in order to have a relative equilibrium it is necessary to have the
mass relation (£I8]) obtained directly from (E.8]). O
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5. THE CASE n =3
For three particles interacting in M%, we obtain the system of algebraic equations
which define the relative equilibria,

R?’(Rz — T%)Zl ma(r3+R*)*(R*+21%2)(22—21)

4(R2 + T’%)4 T T {2 FRD)2(r2+R2)2—[2(21 22+ 2221 ) R2+ (12— R2) (r3 — R2)]2}3/2

ms(ri+R*)%(R%+21%3)(23—21)
{(rf+R?)2(r;+R?)?—~[2(2123+2321) R2+(r] — R?)(r5 — R?)]2}3/2

R3(R? —12) 2y my (P24 R2)2(R% 42271 ) (21— 22)
T T G RPRE R Rz st e R (- RO FR) P17

m3(r§+R2)2 (R2+2253)(23722)
e )l e e Py gy 23 o 2 A S

R3(R2 — 7“32’)2:3 _ iy (r2 4 R2)?(R? 4 2521) (21— 23)
4(R2 724 ACTHRDA(rIHR?)?-2(aZ ) R2H (T - R2) (- R2)2}3/2
(5.1) _ ma(r2+R?)?(R*+23%2) (22— 23)
' {(r3+R?)2(r;+R?)2—[2(2223+2322) R2+(r5 —R?)(r; — R?)]2}3/2"

5.1. Eulerian relative equilibria. First we study the collinear relative equilibria
for the three-body problem. We consider the case when one particle of mass m4
lies at the origin of coordinates z; = 0 and the other two particles with masses ms
and mg are located at positions zy and z3 on the same geodesic straight line. After
a convenient rotation we can assume, without any loss of generality, that zo = a

and z3 = —r, with a,r positive constants. In this case, the equations of motions
become
mao(a® + R?)?  ma(r® + R?)?
0 = - 2 + 2 '
a r

R} R?—a%)a my N ms(r? + R%)?(R? —ar)(a + 1)

4(R?2+a2)t  8R3a? 8R3(r + a)3(ar — R?)3 ’
(5.2) R3R? —r?)r my ma(a? + R?)*(R? —ar)(a+7)

’ 4(R2+r2)4 8R3712 8R3(r + a)3(ar — R?)3

We start our analysis with the isosceles case, that is, we assume that m = my =
mg and my = M.

Theorem 5.1. A necessary and sufficient condition that a collinear configuration
of the curved three-body problem in M%, with one particle at the origin, is a relative
equilibrium is that the masses of the other two particles are equal and that the
particles are located at opposite sides of the same circle.

Proof. From the first equation of system (B.2]) we obtain

(5.3) (@®>+R?)? _ (r*+ R2)27

a2 r2

which implies that r = a or r = RTz, and therefore z3 = —a or z3 = —RTQ. We avoid
the last value because it is antipodal to zo = a and thus generates a singular point.
Since r = a, both particles are on the same circle but at opposite sides.

If we assume that the particles with masses ms and ms3 are located on the

same circle, then, using the fact that a = |z3] = 7, we obtain that necessarily
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mg = mg = m, which follows from the first equation of system (5.2]). That is, both
particles must have equal masses and must be located at opposite sides of the circle.

We recall that any straight line through the origin in M% corresponds to a
meridian geodesic circle in S%. We assume that the three particles are located on
the same straight line and are rotating under the action of G(t).

To obtain the condition for the existence of a relative equilibrium in terms of
the masses, we substitute » = a and m; = M in the second equation of (5.2)) (or in
the equivalent third one), and since zo # 0, we obtain the relation for the radius r
in terms of the masses,

RPr(R*—r*) M m(r*+R??
(R2 12t 27°R®  8r2R3(r2 — R2)2

This relation is equivalent with the polynomial equation
(5.4)  4M(R* —r*)*(R* +r*)* —m(r® + R*)® —=8R°(R*r —r°)® = 0
with the mass relation
(R? +1r2)%m + 8RO (R?r — r3)3
4(R? — r2)2(R% + r2)4

(5.5) M =

As in the case of the two-body problem in S%, the real solutions r of equation
(B4) give us the circle where the particles with masses ms = mg = m must move
in order to form a relative equilibrium. The relation for these masses with the mass
m1 = M must satisfy equation (B.3)). O

We call this kind of orbit an isosceles Eulerian relative equilibria.
Now we will study the general collinear problem, that is, the case where the
three masses are different. We have the following result.

Theorem 5.2. Consider a collinear configuration of the three-body problem in M%
with masses my, mo, ms, and suppose that the first particle with mass my is located
at z1 = 0. Then there are two values a* and a** € [0,R] such that for every
a € [0,a*] and for any @ € [a**, R] there exist two points r and r* such that when
we place the particles of masses ma, m3 at zo = a and z3 = —7r or at zo = a*
and z3 = —r* the corresponding configuration leads to a relative equilibrium if the
masses satisfy the second or third equation of system (B.2l).

Proof. From the first equation of system (5.2]) we obtain
ma(a® + R?)*  mg(r? + R*)?

(5.6) =

)

which is equivalent to
(5.7) a4 = ! .
Vma(a? + R?)  /m3(r? + R?)

We consider a couple of continuous real valued functions of the real variable:

1 x
fa(z) = \/T—Qm,
fola) = =

Vs R+ 22
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If mg < mag, then fo(x) < f3(x) for all x > 0. Both functions reach their maxi-

mum value at © = R; for the function f3(z) this corresponds to fa(R) = 2\/5721%'

Therefore for any y € (O, ﬁ) there are two points » < R and r* > R such

that equation (7)) holds. For a fixed, we solve equation (51 for r in terms of a

obtaining
\/%(CLQ_FRQ) _ \/z_i (a2 + R?)? — 4a2R?
ro= 5y )
\/2:;@24—}%2) T \/z_i (a2 + R?)? — 4a2R?
(5.8) rto= 5 ,

which are real numbers because ms < mso. Therefore the initial coordinates to
obtain a collinear relative equilibrium are (0, a, z3), with z3 = —r or z3 = —r* the
values which solve equation ([B.7)). We observe that z3 is not antipodal with z2 = a
because it is different from —RTz; therefore we have found a relative equilibrium with
different masses. In the above reasoning we have fixed the value of a, but it is clear
that not for all z = a is it possible to obtain a relative equilibrium. Therefore, we
must look for the necessary condition on a in order to have a relative equilibrium,
in this way multiplying both sides of the second equation of (5.2)) by ma(a® + R?)?
and both sides of the third equation by —mgz(r? + R?)? imposing the relation (5.7).
When we add the resultant equalities we get the relation

(R? — a?)a (R? —r?)r

(59) mo (R2 n a2)2 = ms (R2 n 7“2)2 .

As in the previous case we define the following auxiliary functions:

22 — Rz

92(x) = m2 ((R2 + x2))2 )
B (22 — R?)x

gs(z) = mg (R? 4 22)2’

and we see that if mz < mg, then gs3(z) < g2(z) for all z € (0, R].

Let A* be the maximum of the function gs(z) in the interval (0, R]. Then, from
the intermediate value theorem, there exist two points a*,a** € (0, R] such that
g2(a*) = ga(a™) = A*. This is because g3[0, R] C g2[0, R] and both functions
vanish at the ends of the interval. It follows that for any a € [0,a*] there exists a
unique point r € [0, a*] such that

(a? — R%)a
(R? + a?)?

(r? — R?)r

(510) mao m,

= g2(a) = g3(r) = my
which implies that we have found a solution of (59). Using the same arguments
we can show that for any a* € [a**, R] there exists r* € [a**, R| such that g2(a*) =

g3(r*). Finally, we can obtain the relation for the masses using the second (or third)
equation of (B.2]). O

5.2. Lagrangian solutions. In the classical Newtonian planar three-body prob-
lem it is well known that if three arbitrary masses are located at the vertices of an
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equilateral triangle and if suitable initial velocities are chosen, then this configura-
tion generates a relative equilibrium called a Lagrangian solution. In the case of the
three-body problem on the sphere S? studied in [3], the authors proved that if three
masses are located at the vertices of an equilateral triangle, then they generate a
relative equilibrium only when the masses are equal. Moreover, they showed that
the masses have to rotate on the same circle, whose plane must be orthogonal to
the rotation axis. In [B] there is a complete analysis of the homographic solutions
on the sphere, a class of solutions that include the relative equilibria.

Applying the stereographic projection and, since by Theorem [2.3] the equations
of motion for the three-body problem on S? and on M% are equivalent for the
analysis of the Lagrangian solutions on M%, it is enough to consider the case of
three equal masses moving on the same circle of radius r. We will further show
that this is in fact a necessary and sufficient condition for the existence of relative
equilibrium.

Theorem 5.3. Let us consider a configuration of three equal masses moving on the
same circle of radius v in M%. Then a necessary and sufficient condition for the
existence of a relative equilibrium is that the particles form an equilateral triangle
configuration.

Proof. We consider three equal masses located on the same circle of radius r. Taking
z1 = r and 23, 23 on the same circle, the system of equations (BII) becomes

R3(R? —r%)r (R? +72) (22 — 1)
I E Ry (TR~ [r(E )+ (7 TR
(R? +723)(23 — 1)
{(r2 + R?)* — [2r(z3 + 23)R? + (12 — R2)2]2}3/2’
R =)z (R? +125)(r — 2)
4m(R2 + r2)8 {(r2 + R?)* — [2r(Z3 + 22)R? + (12 — R%)2]|2}3/2
(R? + 2973) (23 — 22)
{(r?2 + R?)* — [2(2223 + 23%2) R2 + (12 — R2)2]2}3/2’
RYRZ — %)z (R? + z37r)(r — 25)

dm(R2+7r2)6 {(r2+ R2)4 — [2r(Z3 + z3) R2 + (12 — R2)2]2}3/2
(R? + 23%2) (22 — 23)
(7 + B2)1 — [2(2253 + 22) 2 + (2 — RO 2312

(5.11)

Substitute zo = 7e?? and zz = re'® into equations (5.I1)), adding the first and
third equation and subtracting from the sum the second equation twice. After
separating the real and imaginary parts of the resulting equation we obtain the
following system of equations:

1 — cos 05 N 1 —cos(fs —6)  2(1—cos 03)
Dia Do3 D3 ’
sin 0 sin(fs — 60s)
5.12 n — 0,
(5.12) D12 Dos
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where
D1y = 82R%3[1 — cos 0]/ [R* + r* + 2r2R? cos 6o)%/?,
Dys = 8%2R%3[1 — cos(fs — 02)]>/2[R* + 1* 4+ 2r2 R? cos(3 — 62)]%/2,
Dis = 8%2R%3[1 — cos 0s]*/2[R* + r* + 2r° R? cos 63]*/2.

If 6, = %ﬂ and 03 = 4?”, then these values satisfy equations (5.12]), and therefore
the configuration corresponds to an equilateral triangle.
Using standard trigonometric identities in the first equation of (5.12]), we obtain

2 3
sin®(%5%) |7 | (r2 + R?)* — AR*?sin®(%5%) | 1 —sin?(%5%)

sin? (%) (r2 + R2)* — 4R%r2sin*(%2) | 1-sin*(%)
Renaming the variables as u = sin2(93;92) and v = siDQ(%‘), the above equation

becomes
w?(1 —v)((r? + RH* — 4R*r%u)® = v2(1 — u)((r® + R?)* — 4R%*r?v)3.

This equation has only the real solution u = v, that is, sinQ(@) = SiDQ(%),
or equivalently, 3 = 205. If we substitute these values in the second equation of
(512), we obtain
1—cosfy  (R*+r*+2r%cos 26,)*
1 —cos 20,  (R*+1r4+2r2cos 63)3
Taking w =1 — cos 65 and s = 1 — cos 265, we are led to
(1 —w)(R* +r* 4+ 2r°w)? = (1 — 5)(R* + r* + 2r%s)3,

which has only the real solution w = s, that is, cos 5 = cos 265, or equivalently

21 Ar
0y =0, —, —, 2m.
? 3773
Since we must avoid singular configurations, we have 6y = %”, %’r, which corre-
spond to an equilateral triangle. ([
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