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ON THE SINGULARITIES
OF THE CURVED n-BODY PROBLEM

FLORIN DIACU

ABSTRACT. We study singularities of the n-body problem in spaces of con-
stant curvature and generalize certain results due to Painlevé, Weierstrass, and
Sundman. For positive curvature, some of our proofs use the correspondence
between total collision solutions of the original system and their orthogonal
projection—a property that offers a new method of approaching the problem
in this particular case.

1. INTRODUCTION

We consider the n-body problem in spaces of constant curvature, which we will
henceforth call the curved n-body problem to distinguish it from its classical Eu-
clidean analogue. Our goal is to study solutions that experience total collisions and,
to some extent, solutions that end in some kind of hybrid singularities, i.e. both
collisional and noncollisional.

1.1. Results. We generalize in Section 3 a criterion proved by Paul Painlevé in
1897, which shows that a solution of the Euclidean n-body problem has a singularity
if and only if the limit of the minimum distance between particles tends to zero, [12].
Our generalization takes into account some singularities with no correspondent in
the Euclidean case. But if we disregard them, a step we show to be natural from
the physical point of view, our generalization reflects Painlevé’s original result.
This property, as well as other results obtained in our previous work [], supports
the more than a century old idea that the potential given by the cotangent of
the distance is the correct generalization of the Newtonian gravitational model to
spaces of constant curvature.

In the second part of this paper, we establish a connection between total colli-
sion solutions and the integrals of the angular momentum in the case of positive
curvature. Two classical results of the Euclidean case, the first already known to
Karl Weierstrass in the 1880s, were proved by Karl Frithiof Sundman in an articld]
published in 1912: (i) if a solution of the n-body problem experiences a simulta-
neous total collision, all three angular momentum constants are zero, and (ii) if a
triple collision occurs in the 3-body problem, the motion is planar. We will show in
Sections 5 and 6 that, in a suitable setting and under some reasonable assumptions,
these properties have analogues in spaces of positive constant curvature. The proofs
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use a lemma (developed in Section H), which establishes, under certain restrictions,
the equivalence between the equations of motion and their orthogonal projection
in the Euclidean space of the same dimension as the original phase space.

1.2. Some historical remarks. The study of gravitation outside the Euclidean
context started in the 1830s, when Janos Bolyai and Nikolai Lobachevsky extended
the Newtonian 2-body problem to the hyperbolic space. These co-discoverers of
hyperbolic geometry independently proposed a gravitational force proportional to
the inverse area of a 2-dimensional sphere having the same radius as the distance
between bodies. Ernest Schering showed in 1870 that the terms of the potential
involve the hyperbolic cotangent of the hyperbolic distance, [13]. Some years later,
Wilhelm Killing adopted the cotangent potential in the positive curvature case too,
[6]. Subsequent studies of the 2-body problem proved that Kepler’s laws admit
natural generalizations, [7], as does Bertrand’s theorem, according to which there
exist only two analytic central potentials for which all bounded orbits are closed,
[8]. Other attempts (such as those of Rudolph Lipschitz, [9]) at generalizing the
problem using potentials that do not involve the cotangent of the distance failed to
recover the classical properties of the Euclidean case. A more detailed history of
these developments is given in [4], the first piece of work that derives and studies
the equations of motion for any number of bodies and proves Saari’s conjecture@
in the geodesic case. Paper [] is also a prerequisite for appreciating the results we
prove in this article.

2. EQUATIONS OF MOTION

We first describe the equations of motion on 2-dimensional manifolds of constant
curvature, namely spheres embedded in R? for x > 0 and hyperboloidsﬁ embed-
ded in the Minkowski space M? for x < 0, and will discuss in Section the
generalization to three dimensions for k& > 0.

Consider the masses mq,...,m, > 0 in R? for x > 0 and M? for x < 0, whose
positions are given by the vectors q;, = (2;,¥i,2:), @ = 1,...,n, and let q =
(qi,-..,q,) be the configuration of the system. We define the gradient operator
with respect to the vector q; as

vcli = (89:1 ) 8% ’ Uazi)’

where
+1, for k>0,
g =
—1, for k<0,
and let V denote the operator (Vg,,..., Vg, ). For the 3-dimensional vectors a =

(ay,ay,a;) and b = (by,b,,b.), we define the inner product

(1) a®b = (azb; + ayb, + oa.b,)

and the cross product

(2) a®b:= (ayb, — asby,a,by — azb,, 0(azby, — ayby)).

2Details about Saari’s conjecture can be found in [2] and [3].
3The hyperboloid corresponds to Weierstrass’s model of hyperbolic geometry (see the Appendix

in [@]).
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The Hamiltonian function of the system describing the motion of the n-body
problem in spaces of constant curvature is

Hy(q,p) = Tk(q,p) — Ux(a),

where
n

1 .
Te(a,p) =5 ) _mi ' (pi © pi) (s © )
=1

is the kinetic energy and
CRATE by nolon re
" 2

i=1 j=1,j#i lo(rai © qi)(ra; © ;) — o(ka; © q;)?]*/2

1/2

is the force function, —U,; representing the potential energyﬂ Then the Hamiltonian
form of the equations of motion is given by the system

@) qi = Ti_lpz‘,
pi = vqa‘,UK(q) - mflﬁ(pi © pi)qi’ 1=1,...,n, Kk 7é 0,
the gradient of the force function having the expression

_ _ N~ mimy(ok)?2 (kg © ag)[(ka; © @i)ay — (kai © g;)qi]
0 Valeld) =2 =10 G au)(na, © a) — o(na, © 0,77

j=1
JFi
The motion of the bodies is confined to the surface of nonzero constant curvature
K, i.e. (q,p) € T*(M2)", where

M; = {(z,y,2) €R® | k(a® + ¢ 4+ 02%) = 1}

(in particular, M? = S? and M?; = H?) and T*(M?2)" is the cotangent bundle of
the configuration space (M2)". For x > 0 we will also denote M2 by S, while for
x < 0 we will denote it by H2.

Notice that the n constraints given by kq; ©®q; = 1 imply that q; ©p; = 0, so the
6n-dimensional system (@) has 2n constraints. The Hamiltonian function provides
the integral of energy,

Hﬁ(qu p) = h>

where h is the energy constant. Equations (] also have the integrals of the angular
momentum,

(6) Z q ®P; =C,
i=1

where ¢ = (o, 3,7) is a constant vector. Unlike in the Euclidean case, there are no
integrals of the center of mass and linear momentum. Their absence complicates
the study of the equations because many of the standard methods don’t apply
anymore. The curved n-body problem is thus a fresh source for new mathematical
developments.

4In [4], we showed how this expression of Uy follows from the cotangent potential for & # 0,
and that Up is the Newtonian potential of the Euclidean problem, obtained as k — 0.
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3. SINGULARITIES

Equations (@) are undefined in the set A :=J,;.,_,,, Ajj, with

Ajj={a e (M)" | (kq; ©q;)* =1},

where the force function and its gradient have zero denominators. Thus A contains
all the singularities of the equations of motion. The singularity condition, (kq; ®
qj)2 = 1, suggests that we consider two cases, so we write A;; = A+ UA;;, where
A ={qge (M)" | kq; ©q; = 1} and Aj; == {q € (M})" | kq; © q; = —1}.

Accordingly, we define
Aat:= ) Afand A7:= (] A}

1<i<j<n 1<i<j<n

Then A = AT UA™. The elements of A" correspond to collisions for any s # 0,
whereas the elements of A~ correspond to antipodal singularities for x > 0. The
latter occur when two bodies are at the opposite ends of the same diameter of a
sphere. For k < 0, antipodal singularities do not exist.

The set A is related to singularities which arise from the question of existence
and uniqueness of initial value problems. For initial conditions (q, p)(0) € T*(M?2)"
with q(0) ¢ A, standard results of the theory of differential equations ensure local
existence and uniqueness of an analytic solution (g, p) defined on some interval
[0,¢T). Since the surfaces M2 are connected, this solution can be analytically
extended to an interval [0,¢*), with 0 < T < t* < co. If t* = oo, the solution is
globally defined. But if t* < oo, the solution is called singular, and we say that it
has a singularity at time t*.

We have seen in [4] that, for £ > 0, no solutions encounter antipodal singularities
alone. But there are solutions that encounter collision singularities and solutions
that encounter collision-antipodal singularities, as for instance when two bodies
collide at the north pole while a third body is at the south pole.

1. Generalization of Painlevé’s theorem. A classical result due to Paul
Painlevé, in the Euclidean case, shows that an analytic solution defined on [0, ¢*)
has a singularity at ¢* if and only if the inferior limit of the minimum of the mu-
tual distances vanishes when ¢ — t*, [12], a detailed presentation of which can be
found in [I]. Under a certain assumption, we can translate this property to spaces
of constant curvature. To prove these results, we start with a couple of lemmas,
which generalize some properties known in the traditional literature, [I8].

Lemma 1. If (q,p) is an analytic solution of equations @), defined on [0,t*), with
t* a singularity, then

.. . ] N2 _
htrgglf 1<Ii1%1]11<n |(ka; © q;)° — 1] = 0.

Proof. Notice first that using the constraints kq; ©®q; = 1, i = 1,...,n, the integral
of energy becomes

n

(7) Y mi (i ©pi) Z Z mim; (1) i O _ o,

— 1/2
i=1 i=1 j= 1]7510- Uqu@q)]/
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Also, from the equations of motion (] we can conclude that

8  pi= Zn: mim;(0k)*?[q; — (kqi © qj)ai]

—mt ) N
[0 — o(kq; © q;)?]3/2 m; K (Pi © Pi)di

Jj=1,j#i
We can now prove the necessity of the condition in Lemmal[ll For this, assume that
there is a constant ¢ > 0 such that
. . . 2
htrgglf 1<Iin§1§1<n l(ka; ©q;)° —1] > c.
Then there is a time ¢y in [0,¢*) and constants b;; > ¢, with 1 < ¢ < j < n, for
which [0 — o(kq; ® q;j)?]"/? > b;; for all ¢ in [ty,t*). Consequently equation ()
implies that >, mi_l(pi ©® p;) is bounded, so every term of this sum is bounded
as well. Then equations (8] guarantee the existence of n constants ¢; > 0 such that
|pi| <d;, i =1,...,n, and therefore all ; are bounded.
Writing the configuration vector q as a Taylor series about ty with integral
remainder,

t
alt) = atto) + (t = )a(to) + | (t=yitr)ar
0
and using the fact that q is bounded, we can conclude that there is a vector (q*, p*)
in phase space such that lim;,:+(q,p)(t) = (q*,p*), i.e. the position vectors q;
and momentum vectors p; have limiting positions qf and p}, respectively. So [0 —
o(kg! @q;f)Q]l/2 > bj;, therefore |(/£q;“®q;f)2—1| > 0, which means that the distance
between particles is not zero nor are they at a collision-antipodal singularity if
K > 0. But then the particles can keep moving. This physical conclusion suggests
a contradiction with the hypothesis by showing that the solution is analytic at ¢*.
To prove this fact rigorously, notice that the domain of the solution (q, p) depends
on the constants §;, therefore on b;;, and finally on ¢, but is independent of the
initial conditions. So by choosing the initial data, along the same solution, close
enough to t* and (q*, p*), the solution remains analytic at t*, a conclusion which
contradicts the existence of the constant ¢ as described above, and thus completes
the proof. O

Lemma 2. Assume that (q,p) is an analytic solution of equations ), defined on
[0,t*), that is bounded away from collision-antipodal configurations if k > 0. Then,
if

lim inf i ; =1 =

it i Inai © ;=11 =0,
t* is a singularity of the solution.

Proof. Assume that liminf;, ,;+ minic;<j<pn |kq; © q; — 1| = 0. Obviously, if
becomes unbounded as t — t*, then t* is a singularity, and Lemma [ is proved.
We consequently assume g to be bounded. Then p is bounded as ¢t — t*, so the
momentum p is bounded as well. Therefore we can conclude from equation () that
U.(q) is bounded as ¢ — t*.

Recall, however, that the terms defining U, have denominators of the form
[0 — o(ka; ® q;j)?]'/2, so when the quantities o — o(kq; ® q;)? are small, the cor-
responding terms of the force function become large in absolute value. But these
terms have one sign if kq; © q; is near 1 and the opposite sign if it is near —1. As
we excluded from our hypothesis solutions that come close to collision-antipodal
configurations, the quantities kq; ©q; are bounded away from —1. Consequently, as
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liminf,_, 4« ming <;<;<pn |kq; ©q;—1| = 0, limsup,_,,- Ux(q(t)) = oo, a contradiction
with the conclusion drawn at the end of the previous paragraph. So the condition
assumed in Lemma [J makes t* a singularity. This completes the proof. O

Remark 1. The reason for having to exclude collision-antipodal configurations from
the hypothesis of Lemma [ is connected to a property proved in Theorem 1 (iii)
of []. We showed there that there are choices of masses and initial conditions for
which a 3-body problem taking place in S? can have finite forces and velocities at a
collision-antipodal configuration; in other words, the solution remains analytic at ¢*.
For instance, this is the case when two bodies of mass 4m and a third body of mass
m move on a great circle of 82, forming at each moment an isosceles triangle, and
such that the larger bodies collide in finite time while the smaller body reaches the
diametrically opposed side of the circle. So there are orbits that do not experience
a singularity at ¢* but for which liminf, ¢ minici<jcp, [kq; © q; — 1| = 0.

We can now state and prove a generalization of Painlevé’s theorem to spaces
of constant curvature. As for the above two lemmas, we split the result into two
statements, one proving necessity and the other sufficiency.

Theorem 1. If (q,p) is an analytic solution of equations ) defined on [0,t*),
with t* a singularity, then

li i ,©q;)? —1]=0.

Jm i (e © ;)" =1
Proof. To prove the necessity of the condition, assume that there is a constant ¢ > 0
such that

i . , )2 =1 >e.
R, (ke O ) e

Then there exists a sequence of times, (#;);cy (where N represents the set of positive
integers), with ¢, — ¢* such that |[rq;(t;) ® q;()]*> — 1| > ¢ > 0 for all i, with
1 <4 < j < n. This means that there is a positive constant b for which U(q(t;)) < b
for all | € N. Equation (7)) leads therefore to the conclusion that 3°7, m; ! (p;(t) ®
pi(t1)) < 2(b+ h) for all I € N. Therefore there is a constant o > 0 for which
Ip(t;)] < « for all I € N. But as we already showed in the proof of Lemma
[ the domain of the solution is independent of the choice of initial conditions.
Consequently we can select some initial data t;,, q(t;,), p(t,) with ¢, close enough
to t* to make the solution analytic at ¢*, which means that ¢* is not a singularity.
This contradiction proves the necessity of the condition and completes the proof.

O

Theorem 2. Assume that (q,p) is an analytic solution of equations @), defined
on [0,t*), that is bounded away from collision-antipodal configurations if £ > 0.
Then, if

lim min |kq; ©q; —1] =0
s 1<i§j<n| U9y | ’

t* is a singularity of the solution.

Proof. This result is an obvious consequence of Lemma [2 O

Remark 2. As long as, for k > 0, solutions stay away from collision-antipodal
singularities, the condition in Theorem 1 can be reduced to

lim min |kq; ©q; —1] =0
ot 1<i§j<n| R | ’
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and Theorems 1 and 2 become accurate translations of Painlevé’s original result
to spaces of constant curvature. For x < 0, the accurate translation is satisfied
without restrictions.

3.2. Remarks on the nature of singularities. In the classical n-body problem
solutions can experience two kinds of singularities: collisions and pseudocollisions.
The latter, which occur when the motion becomes unbounded in finite time, were
conjectured by Painlevé for n > 3, [12], and proved to exist for four or more bodies,
[10], [19], [5]. We do not know whether such singularities show up in the curved
n-body problem. The compactness of S seems to exclude them for x > 0, but
they may exist for k < 0. The difficulty of solving this problem is compounded by
the lack of integrals of the center of mass, which played a crucial role in proving
the existence of pseudocollisions in the classical case.

The collision-antipodal singularities of the curved problem raise another ques-
tion. Are they due to the coordinates or the potential? The physical remarks below
point at the potential. Moreover, shifting the center of the coordinate system away
from the center of the sphere does not remove these singularities. But, of course,
this doesn’t exclude the possibility of finding singularity-free coordinates in the
future.

3.3. Some physical remarks. The antipodal and the collision-antipodal singu-
larities seem to obstruct the natural translation of the dynamical properties of the
n-body problem from k = 0 to x > 0. To better understand this issue, let us first
compare how the force function and its gradient vary in the Euclidean and in the
curved case.

Let us start with the 2-body problem. The Euclidean force function, Uy(q) =
mima/|q1 — g2/, is infinite at collision and tends to zero when the distance between
bodies tends to infinity. The norm of the gradient, |VUy(q)|, has a similar behavior,
which agrees with our perception that the gravitational force decreases when the
distance increases.

The behavior of the curved force function ([B]) and the norm of its gradient (&),
however, depend on the sign of k. For x < 0, things are as in the Euclidean case.
For k > 0 let’s assume that one body is fixed at the north pole. Then U, ranges
from 400 at collision to —oo at the antipodal configuration, with 0 when the second
body is on the equator. The norm of the gradient is +oc¢ at collision, and is smaller
the farther the second body lies from collision in the northern hemisphere; it takes
a positive minimum value on the equator; it is larger the farther the second body
stays from the north pole while lying in the southern hemisphere; finally, the norm
of the gradient becomes +o0o0 when the two bodies are at antipodes.

This behavior of the gradient seems to agree with our understanding of gravi-
tation only when the second body doesn’t leave the northern hemisphere, but not
after it passes the equator. In a hypothetical spherical universe with billions of ob-
jects ejected from a Big-Bang that took place at the north pole, and at the current
state of evolution, all the bodies are still in the northern hemisphere. But when
the boundary of the expanding system approaches the equator, many bodies come
close to antipodal singularities, so the potential energy becomes positive, thus hav-
ing the same sign as the kinetic energy. Then, by the energy integral, the potential
energy cannot grow beyond the value of the energy constant, which, when reached,
makes the kinetic energy zero. Consequently the system stops moving. The motion
then reverses from expansion to contraction, in agreement with the cosmological
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scenario of general relativity. So in a highly populated spherical universe, the mo-
tion is contained in the northern hemisphere, away from the equator. Therefore we
can restrict the study of the case k > 0 to an open hemisphere (i.e. without the
equator) and thus eliminate solutions that reach collision-antipodal singularities.

4. THE ORTHOGONAL SYSTEM

The above physical remarks show that while the natural setting of the case Kk < 0
is the entire upper sheet of the hyperboloid, we can restrict the study of the case
k > 0 to the northern hemisphere. The rest of this paper is dedicated to this
positive-curvature case.

We further introduce the equations of the orthogonal projectionﬁ which we will
henceforth call the orthogonal system, and will show that, under certain circum-
stances, there is a one-to-one correspondence between the set of its total-collision
solutions and the set of total collision orbits of the original equations of motion.
The orthogonal system, which will help us understand certain properties of the
original equations, has the advantage of being defined in a Euclidean disk, though
not endowed with the standard Euclidean distance.

Let us also mention that the Principal Axis Theorem (see []) allows us to use
the orthogonal transformations of the sphere to keep, in some suitable basis, the
original form of the equations of motion. Therefore, without loss of generality, we
can always apply the orthogonal projection on the zy plane. Similarly, we introduce
no restrictions by assuming that the total collision we study in the next sections
takes place at the north pole, (0,0, x~'/2), of 82.

Let q; = (i, y;) be the orthogonal projection of q; = (x;,y:, z;) with the con-
straint kq; -q; =1, i = 1,...,n, on the xy plane. The vectors q; are restricted to
the disk of radius £~ !, i.e. kq; - @; < 1. The momenta of the projected variables
are p; = m;q;. Then we obtain the orthogonal system associated to equations (H)
by dropping the z; variables from these equations. In other words, the orthogonal
system has the form

) ai = m; P,
pPi = vflaUK(q) - mglﬁ(pi ' pl)qz, 1= 13 sy K> 0.

The orthogonal transformation, however, introduces new (artificial) singularities
in system (@). They occur when two or more bodies reach the same diameter of the
disk, a position for which at least one denominator in Vg, U, (q) vanishes. We call
this a diameter singularity of system ([@). In terms of ({]), diameter singularities
correspond to nonsingular configurations for which two or more bodies reach one of
the geodesics that pass through the north pole (0, 0, 5’1/2). We call these positions
pole-geodesic configurations of system (). At the advantage of providing a useful
tool for treating total-collision orbits, the new coordinates force us to exclude from
our treatment a negligible set of solutions, as we will further see.

Consider now the set € of solutions of system (4] that encounter a total collision
at time ¢* at the north pole and are free of pole-geodesic configurations in some
interval [tg, t*), where ¢ is solution dependent. Then € contains all total-collision
orbits of system (), except for a lower-dimensional set. Indeed, each solution is
analytic in [tg,t*). So should the set of pole-geodesic configurations of a solution

5In cartography, this projection is called orthographic and was already mentioned by Hip-
parchus in the 2nd century B.C.
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of system (@) have an accumulation point, then by the identity theorem of analytic
functions the entire solution must be pole-geodesic, i.e. two or more bodies move all
the time such that, at every instant, they lie on the same geodesic passing through
the north pole. These constraints define the lower-dimensional set we must exclude
from C.

Similarly, we consider the set € of solutions of system (@) that encounter a total
collision at time ¢* at the origin of the disk and are defined on some interval [to,t*),
with ¢y being solution dependent. In other words, the orbits of € do not encounter
diameter singularities in [tg, t*).

We can now state the following result, which proves the equivalence between the
sets © and C.

Equivalence Lemma. Consider the set C of solutions (q,p) of system (@) that
encounter a total collision at time t* and are free of pole-geodesic configurations in
some interval [to,t*). Also consider the set € of solutions (q,p) of the orthogonal
system (@) that encounter a total collision at time t* and are free of diameter
singularities in the interval [to,t*). Then there is a one-to-one correspondence
between C and C such that, for corresponding orbits, (q,p)(t) is the orthogonal

projection of (q,p)(t) for every t in [tg,t*).

Proof. This equivalence follows from the fact that the orthogonal projection is a
real analytic diffeomorphism between the hemisphere z > 0 of S2 and the disk of
radius £~ /2. The form of the projection proves the last statement of this lemma.
Notice that the identification of a solution (q, p) of system (@) with a solution (q, p)
of system (@) takes place in the interval [tg,t*), assumed to have no pole-geodesic
configurations for (q, p) and, consequently, no diameter singularities for (q,p). O

Corollary 1. Consider a solution (q,p) of the equations of motion ) as in the
Equivalence Lemma and the corresponding solution (q,p) of the orthogonal system
@. Then if c = («, B,7) is the constant vector of the total angular momentum for
(q,p), the constant vector of the total angular momentum corresponding to (q,P)
has the form ¢ = (0,0,7).

Proof. The integrals of the total angular momentum for the solution (q, p) of equa-
tions ([ are

n

(O omilyizi = zig), > malzids — widi), Y mi(was — yidi)) = (a0, B,7).
i=1 1

i= i=1
We can write the vectors q; and p; of the solution (@, p) as
Qi = (74,9:,0) and  p; = (mdi, my;, 0),

so the integrals of the total angular momentum for the solution (q,p) of the or-
thogonal system (@) have the form

n
(05 OvUZmi(l‘iyi - yle)) = (0’ 0)7) =:C,

i=1

a fact which completes the proof. O
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5. TOTAL COLLISIONS

In this section, we will use the Equivalence Lemma to generalize a theorem by
Weierstrass and Sundman to spaces of positive constant curvature, first in two
dimensions and then in three dimensions.

5.1. The 2-dimensional case. We can now generalize a result known to Weier-
strass, as communicated in a letter to Gosta Mittag-Leffler in 1889 ([I1], p. 58). Its
proof was independently obtained and published by Sundman about two decades
later, [I7]. The difference between this classical result and our generalization is that
while in the classical case all three components of the constant vector of the total
angular momentum are zero, in the curved n-body problem only one component
must vanish. This happens because in the latter case there are no integrals of the
center of mass, so the entire system may drift in S2 before the total collapse, thus
making two of the components nonzero.

Theorem 3. If (q,p) is a total-collision analytic solution of equations @) as in
the Fquivalence Lemma, the constant total angular momentum vector, ¢ = («, 8,7),
has v = 0.

Proof. We will use the orthogonal projection discussed in Section Fl Since the
orthogonal system describes a planar motion, the constant of the total angular
momentum is a 3-vector with two zero components. The third component is exactly
the constant v of the original system, as shown in Corollary [[l By the Equivalence
Lemma it is enough to prove that, for total collision solutions of the orthogonal
system, v = 0.

Recall that q; := (z;,%;) and p; = m;qQi, @ = 1,...,n. Then the orthogonal
projection of the equations of motion, the energy integral, and the integrals of the
angular momentum are obtained by replacing q; and p; with q; and p;, respectively.
The last term of the inner product a-b = ay,b, + a,b, + a,b, vanishes, so this
operation becomes the standard 2-dimensional inner product a - b = a;b, + ayb,,
which is well defined in the closed disk of radius k= /2. The gradient operator is
now the standard V with Vg, = (04,,0,,). Also, U.(q) remains a homogeneous
function of degree zero, where q = (qQi, ..., q,). Consequently, Euler’s theorem for
homogenous functions leads us to the identity (a proof of which can be found in

1):
(10) Qi VqUe(@=0,i=1,...,n.
Consider now the moment of inertia I(q) = Y1, m;(z? + y?) of system (@),

as defined in [4]. Notice that I(q) = I(q), where I(q) represents the moment of
inertia after the orthogonal projection. Then

n

=2 Z ml(l‘f + yf) +2 Z(J)za;m Us(@) + ¥i0y,Ux(@))

=1 i=1
=2 mik(E? + 97) (27 + ).
i=1
But from (m)7 xlaﬂﬂlUH(Q) + yzayz UN((_I) = ql : V(LUH(Q) = O> S0

(11) =2 mi(a7 +97)1 — k(= + 7).
=1
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This relationship implies that I > 0 for all ¢ in some interval [to, t*) before the total
collision, where t( is sufficiently close to t*, therefore I is increasing in this interval.
We can also assume that I is either positive or negative, for if it changed sign at
some point ¢, we could restrict our analysis to an interval [to,t*) with ¢2 > ¢; in
which the sign stays the same. But if I were positive, I would increase as t — t*,
so the limit of I could not be zero at t*, and the total singularity would not take
place. Therefore I < 0 for all ¢ in [to, t*).
On the right hand side of the identity of Lagrange,

(12) (iag)(gbg):(éawh S (ar; - agby)?

k=1 1<k<j<m
. 1/2 1/2
we ignore the first squared term, take m = 2n, asi—1 = m} "z, aor = my "y,
1/2. 1/2. .
bor_1 = mk/ T, and ag, = mk/ yr for k = 1,...,n, and choose in the last sum

only the terms that have the same index. Then the identity becomes the inequality
n n n
13) [ mia? )| [ Somia? + 99| = Y mEis - aaye)
i=1 i=1 i=1
But notice that
lr¢ P LR O
pi= {Zmi(iﬁz‘yi - xzyz)} < Zmi (zi%i — E3y3)”,
i=1 i=1
where, obviously, p = 42 /n, therefore inequality (3] implies that
n
(14) 1Y mi(d} +37) > p.
i=1

So if we can prove that p = 0, then v = >""" | m;(2;9; — 4;v;) must also vanish.
Assume p > 0. Since, as t — t*, a total collision takes place, x(2? + y?) — 0
for all i = 1,...,n, so necessarily U,(q) — oco. We can thus conclude from the
energy relation that there exists at least an integer ¢ between 1 and n for which
(&7 + y?) — oo, therefore > " | (#? 4+ y?) — oo as t — t*. Then from identity (L)),
we have

n

i=1
in some interval [r,t*), with 7 sufficiently close to ¢*. This inequality and (I4)
imply that in the same interval we can write the inequality

I > 2p1_1.

Multiplying this relationship by —21 > 0 and integrating the ensuing inequality
between 7 and ¢, with ¢ in (7,¢*), we obtain that

dpInI(t) > 4pInI(r) + I*(t) — I*(7)

(
in which, for simplicity, we used the notation I(¢) := I(q(¢)). This relationship
implies that
dpInI(t) > 4pnI(r) — I*(7).
Then )
1(t) > I(r)e” "1,
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an inequality from which we can conclude that I is bounded from below since I(7)
is finite and we assumed p > 0. But then the total collision cannot take place.
Therefore p must be zero, and the conclusion of the theorem follows. O

Remark 3. Notice that in the proof of Theorem [B] we used only the fact that the
potential is a homogeneous function of degree zero and that the equations of motion
possess the integrals of the angular momentum. In fact the former condition is not
necessary as long as one can find another way to show that I>0ina neighborhood
of t*.

Remark 4. In the Euclidean case, a stronger version of Theorem [3 is true, [14].
The proof, however, uses the integrals of the center of mass, which don’t exist in
the curved n-body problem.

5.2. The 3-dimensional case. We are now focusing on the curved n-body prob-
lem in the hemisphere z > 0 of S3. With two exceptions, all the concepts introduced
in Section [2] generalize naturally to the 3-dimensional case. More precisely, the po-
sition vectors of the masses m; have the form q; = (u;, x4, yi,2:), i = 1,...,n, the
gradient becomes
v%‘ = (aun 8911 ) ayL ) 8Zi)’
and the inner product is defined as
a-b:= (a,by, + agby + ayby + azb,)

for the vectors a = (ay, Gg, ay, a;) and b = (by, by, by, b,). Since, in Section 2 we
expressed the kinetic energy, the force function, its gradient, the Hamiltonian, the
equations of motion, and the integral of energy in terms of q and p, their formal
expressions stay the same. The only concept we cannot naturally extend to R? is
the cross product and, consequently, the integrals of the angular momentum. To
bypass this difficulty, we will use the idea described in Section @] of working with
the orthogonal system instead of the original equations of motion.

So let q; = (w4, z;,y;) be the orthogonal projection onto the hyperplane uzy of
the position vector q; = (u;, 4, Yi, 2i), ¢ = 1,...,n. The vectors q; are defined in
the solid ball of radius £~'/? in R?. Equations (@) then describe the motion of total-
collision solutions in terms of the orthogonal system of n bodies. The Equivalence
Lemma holds in this case too by replacing S? with S?, and the 2-dimensional disk
of radius x~'/2 with the 3-dimensional ball of the same radius.

The pole-geodesic configurations excluded from the set € of total collision orbits
of system (@) occur when two or more bodies are on a geodesic passing through
the “north pole,” (0,0,0,x~/2), of S?, where the 3-dimensional sphere is seen as
a manifold embedded in R?*, and the diameter singularities of the total-collision
solutions of system (@), excluded from €, show up when two or more bodies are on
the same diameter passing through the center of the solid ball of radius /2.

Since the orthogonal system is defined in the solid ball of radius x~'/2 of R?, we
can use the standard cross product given by

ax b= (azb, — ayby, ayb, — ayby, ayby — azby)

for the 3-dimensional vectors a = (ay, a4, a,) and b = (by, by, b,). Thus, we obtain
for the orthogonal system (@) the three integrals of the total angular momentum

(15) > @i xpi = (a,5,7).
i=1
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To prove equations ([IH)), notice first that

ZVQiUH(Q) X q; = Z Z Aijq X qj + ZBij(_li x q; =0,
i=1 i=1

i=1j=1,j#i

where A;; and B;; are symmetric in ¢ and j, the last equality following from the
skew-symmetry of the cross product. Then, if x-multiplying m;q; from (@) by q;
and adding for all ¢ from 1 to n, we obtain

n n n
Zmiéi X qi = quiUn(Q) X Qi — melﬁ(f’i “Pi)qi x @ = 0.
i=1 i=1 i=1

Integrals ([f)) follow by integrating the identity >\, m;q; x q; = 0.

We can now generalize Theorem [] to three dimensions. For the same reasons
mentioned in Section @] we can assume without loss of generality that the total
collision takes place in S2 at (0,0, 0, /<f1/2), the “north pole” of the 3-sphere. We
will show that for a total collision solution of the original system in S3, all three

constants of the total angular momentum of the orthogonal system must vanish.

Theorem 4. Let (q,p) be a total-collision analytic solution of equations @) as in
the Equivalence Lemma, and let (q,p) be the corresponding solution of the orthogo-
nal system @). Then all three components &, 3, and 7 of the constant total angular
momentum vector belonging to the solution (q,p) are zero.

Proof. The idea of the proof is the same as for Theorem Bl Let us start by noticing
that, according to the 3-dimensional version of the Equivalence Lemma, if (q, p)
has no collision singularities or pole-geodesic configurations in the interval [tg,t*),
but experiences a total collision at the point (0,0,0,x~1/2) of 83 at time t*, then
(@,p) ends in a total collision at time t* at the origin of R?, and vice versa. We
can thus define the moment of inertia I = > ;" m;(u? + 27 +y?) and use the same
steps as in the proof of Theorem [3] to prove that

I=2%"mi(i? + 2 + §2)[1 — w(u? + 22 + y2)],

i=1

in order to have the inequality I < 0 in some interval [to,t™), with ¢o > 0. In the
identity of Lagrange, (I2), we ignore the first squared sum of the right hand side,

take m = 37’L, agp—o — mi/Quk, agr—1 = mllc/zl'k, agr — mi/ka, b3k,2 = mllc/Q’llk,
b3r_1 = m,lc/zg'ck, and bsp = miﬂyk for k=1,...,n, and pick from the second sum
of the right hand side only the terms that have the same index. Then the identity
turns into the inequality

(16) |3 miu? + a2+ 42)| [ S mula? + 82 +47)

i=1 i=1

n
2 me[(l’i% —@yi)? + (Yt — Jiws) + (wd; — ;).
1=1
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But notice that

__ 11y R LI AR T
pi= {Zmz(l‘zyz - xlyz):| + o {Zmz(yzuz - yzuz):|
i=1 i=1
TR NE

n
= me[(l’i% — i) + (it — giwi)® + (widy — ;)]
1=1

where, obviously, p = (a® + 5% + 42)/n. Thus inequality ([IG) implies that
n
I m(i? + @2 +92) > p.
i=1
To prove that p = 0, we need to follow the same steps taken from this point on in
the proof of Theorem Bl We are thus led to the conclusion that & = =5 =0. O

We further show how Theorem @ can be used to draw some conclusions about
the behavior of certain solutions of the original system.

6. TRIPLE COLLISIONS

In his 1912 paper, Sundman also proved that if a solution of the Euclidean 3-
body problem ends in a triple collision, the motion must be planar. Again, his
proof rests on the integrals of the center of mass.

In the curved 3-body problem we might encounter solutions in which the triangle
having the bodies at its vertices moves in S? without remaining confined to a 2-
dimensional hemisphere. But we will show that if the collision point is fixed in
a sense we will make precise, then the motion must indeed take place on a 2-
dimensional hemisphere.

Theorem 5. Let (q,p) be a total-collision analytic solution of equations ) as in
the Equivalence Lemma, with n = 3, and such that the coordinates of the corre-
sponding solution (Q,P) of the orthogonal system (@) satisfy the conditions

3 3 3
(17) Zmiui(t) = Zmixi(t) = Zmiyi(t) =0
i=1 i=1 i=1

for all t in [to,t*). Then the configuration q is confined to a 2-dimensional hemi-
sphere of curvature k > 0.

Proof. Let (q,p) be a solution as above, i.e. one for which the coordinates of the
vectors q; = (u;, T;, yi, 2i) satisfy the constraints u? + 2?2 + y? + 22 = k=1, z; > 0,
and let (q,p) be the corresponding solution of the orthogonal system, verifying
conditions (7). For system (@) we can now follow Sundman’s idea of proof, al-
though the form of this system is different from the one of the Euclidean 3-body
problem. Using (7)), we can assume that at time ¢ = ¢y the three bodies of the
solution (q,p) lie in the plane y = 0 of R3. Since, by Theorem [ the constant
vector of the angular momentum is such that @ = 3 = 4 = 0, we can write that
Zle m;u;(to) i (to) = Zle m;x;(to)yi(to) = 0, and from the last equation of (),
we can also conclude that Zle m;y;(to) = 0. The algebraic system of these three
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equations of unknowns 91 (to), ¥2(to), and ¥3(to) leads us to two possibilities: either
Y1(to) = 92(to) = ys(to) = 0 or

ui(to) wua(to) wus(to)
det $1(t0) l‘g(to) l‘g(t()) =0.
1 1 1

In the former case, the solution (q, p) is confined to the plane y = 0. In the latter
case, the bodies are initially on a straight line passing through the origin of the
coordinate system. But we excluded the latter situation by eliminating diameter
singularities. Thus (g, p) is a planar solution, therefore the position vectors of the
original system are of the form q; = (u;, z;, yi, 2i), with y; = 0,2; > 0, and u? +
2?4+ 22 =kt i=1,2,3, so the bodies move on a 2-dimensional hemisphere. [J

Remark 5. Conditions () are naturally satisfied by some classes of solutions of the
curved n-body problem, such as the elliptic relative equilibria, but are not satisfied
by others, the hyperbolic relative equilibria among them. The existence of these
orbits was proved in [4].

Remark 6. In the proof of Theorem Bl we used only the homogeneity of the potential,
conditions (7)), and the integrals of the total angular momentum. So this result is
valid for more general potentials than the ones considered in this paper.
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