Available online at www.sciencedirect.com
. : JOURNAL OF
*»” ScienceDirect GEOMETRY o
PHYSICS

ELSEVIER Journal of Geometry and Physics 57 (2007) 1247-1258

www.elsevier.com/locate/jgp

Constant locked inertia tensor trajectories for simple mechanical
systems with symmetry

Jeffrey K. Lawson®*, Cristina Stoica®

A Department of Mathematics and Computer Science, Western Carolina University, Cullowhee, NC 28723, USA
b Department of Mathematics, Wilfrid Laurier University, Waterloo, N2L 3C5, Ontario, Canada

Received 10 March 2006; received in revised form 10 September 2006; accepted 11 October 2006
Available online 20 November 2006

Abstract

Saari’s Conjecture, generalized from its usual context of the N-body problem to a simple mechanical system with symmetry,
says roughly that a condition of constant locked inertia tensor (interpreted appropriately) along a solution curve should guarantee
that the curve is a relative equilibrium. Using a local Lagrangian slice parametrization about a non-symmetric point in phase space,
we offer the motion in the form of a reduced Euler—Poincaré—Lagrange system together with the reconstruction equation. We state
necessary and sufficient conditions for the existence of relative equilibria in this parametrization. These conditions allow us to relate
curves with constant locked inertia tensors to relative equilibria. We find a class of simple mechanical systems with symmetry for
which Saari’s Conjecture is true. We also show that if a simple mechanical system with n degrees of freedom is symmetric under
the free linear action of a k-dimensional Lie group where k(k+1)/2 > (n — k), then a version of Saari’s Conjecture holds except at
specific isolated points. We apply our results to the three-dimensional three-body and four-body problems and to the n-dimensional
general relative two-body problem.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A relative equilibrium for a mechanical system with symmetry is a solution of the equations of motion that is
also the orbit of a one-parameter symmetry group. For the planar N-body problem of celestial mechanics a relative
equilibrium is a solution in which the whole system rotates with a constant angular velocity about a fixed axis through
the center of mass. Such a configuration has a moment of inertia that is constant in time. Saari [17] conjectured that a
solution of the N-body problem has a constant moment of inertia if and only if it is a relative equilibrium. Renewed
interest in Saari’s Conjecture is reflected in a number of recent papers on the N-body problem.
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The concept of the inertia tensor in the N-body problem generalizes to that of the locked inertia tensor in simple
mechanical systems with symmetry. Because the locked inertia tensor is an important ingredient in stability theory for
a simple mechanical system with symmetry (see, for example, [22]), Saari’s Conjecture in this more general context is
anatural question. The first step in this direction was an analysis of a generalization of Saari’s Conjecture to mechanics
on Lie groups [5]. Here we shall investigate the conjecture for even more general simple mechanical systems with
symmetry.

The N-body problem consists of particles with masses m 4, 1 < A < N, at positions g4 (¢) € R” relative to a fixed
inertial frame, interacting by pairwise mutual Newtonian (—1/R) potentials. Saari’s Conjecture states that a solution
of the N-body problem has constant moment of inertia if and only if the system is in relative equilibrium. For the
system to be in relative equilibrium, necessity of the condition of constant moment of inertia is obvious. The profound
piece of Saari’s Conjecture is sufficiency.

Recent interest in Saari’s Conjecture is partly the indirect result of the discovery of the “figure eight” periodic
solution to the three-body problem, numerically by Moore [12] and analytically by Chenciner and Montgomery [2].
One of the observations made was that the figure eight displays an almost constant moment of inertia. In [21]
Sim6 proved numerically that the moment of inertia along this solution is indeed not constant and therefore Saari’s
Conjecture remained open.

Subsequently, Saari’s Conjecture has been proven for the planar three-body problem. (See [6,10,11].) Diacu et al.
[4] proved Saari’s Conjecture for the case of N collinear bodies, but the general conjecture is still unsolved for N > 4.
By altering the potential function Santoprete [18] has produced a counterexample to a generalized Saari’s Conjecture.
There are other counterexamples in the literature, for instance that of Roberts [15] concerning a set-up with negative
masses. Schmah and Stoica [20] have taken a different approach, showing that, given an arbitrary function (without
too many critical points) and within the class of smooth vector fields with a given free symmetry, generic vector fields
have no non-relative-equilibrium solutions conserving the function. In the light of their results, it is to be expected that
the relative equilibria are the only solutions with constant moment of inertia.

At a meeting in 2002, J. Marsden hypothesized that Saari’s Conjecture should admit an extension to more general
mechanical systems with symmetry. Chenciner [1] later asked: “Is there a conceptual proof for Saari’s Conjecture?
Why not fix the moment of inertia tensor and ask the same question (maybe in higher dimensions)?”” Thus we are
motivated toward such possible extensions of the conjecture.

For a manifold Q and a Lie group G acting freely and properly on the left on Q, a Lagrangian simple mechanical
system with symmetry consists of a real-valued Lagrangian on the tangent bundle 7 Q that is in the form of kinetic
energy minus potential energy and invariant under the tangent lifted action. For a simple mechanical system with
symmetry, it would appear that the moment of inertia is the locked inertia tensor, leading to the following naive
generalization of Saari’s Conjecture.

A Lagrangian simple mechanical system with symmetry is at a point of relative equilibrium if and only if the
locked inertia tensor is constant along the integral curve that passes through that point.

In the planar N-body problem, this naive conjecture reduces to Saari’s original conjecture with potentials not
necessarily Newtonian. However, the naive conjecture is false due to the aforementioned counterexample described
in [18]. Moreover, Hernandez-Gardufio et al. [5] found a counterexample in the setting of mechanics on Lie groups
where the locked inertia tensor is not constant along a relative equilibrium. In other words, the direction that was
immediately true for the planar N-body problem fails, and one has to take more care when interpreting the moment
of inertia. We defer to Section 2 the discussion about an appropriate formulation of Saari’s Conjecture in the context
of simple mechanical systems.

Rather than try to prove or disprove the conjecture, we focus upon finding geometric relations between the locked
inertia tensor and relative equilibria. More precisely, assuming a constant locked inertia tensor, we deduce necessary
and sufficient conditions for relative equilibria. We conclude that the solution set with constant locked inertia tensor
may include other solutions besides relative equilibria. We also show that under some restrictions related to the
dimensions of the group, a generalized Saari’s Conjecture holds for linear actions. This result is applied to the spatial
three- and four-body problems.

The key to our investigation is expressing the dynamics in slice coordinates. Locally near a non-symmetric point
qo € O, wemay write T Q >~ G x (g x TS), where g is the Lie algebra of G, and S is a submanifold of Q orthogonal
at go to the group orbit. Then the dynamics splits into motion along the group (the reconstruction equation) coupled
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to motion in the reduced space g x TS (the slice equations). Since we deduce the dynamics in the reduced space via
a variational principle, we call the reduced system the Euler—Poincaré—Lagrange (EPL) equations. In the (locally)
reduced space, the equations form a coupled system of a generalized rigid body on g and a vibrational non-symmetric
Lagrangian on T'S. For a simple mechanical system, a relative equilibrium corresponds to a fixed velocity on g and a
critical point of the augmented potential. Throughout the paper we assume symmetries given by compact matrix Lie
groups. The configuration space Q is assumed to be finite dimensional.

The flow of this paper is as follows. In Section 2 we briefly review the theory of simple mechanical systems with
symmetry and state the Refined Saari Problem in this context. This generalization agrees with the formulation for
the particular case of mechanics on Lie groups described in [5]. The next section describes a slice parametrization
around a non-symmetric point and introduces Lagrangian slice coordinates in the neighborhood of a non-symmetric
point. Next appears a section on the Lagrangian in slice coordinates, the local reduction in a slice parametrization,
and the EPL equations. The next section presents necessary and sufficient conditions for relative equilibria in slice
parametrization. In Section 4 we discuss the relation between relative equilibria and constant inertia solutions. We
revisit the Refined Saari Problem in a slice parametrization and close with some applications.

2. Simple mechanical systems and Saari’s Conjecture
2.1. Simple mechanical systems with symmetry

This section recalls the definitions of the locked inertia tensor and a relative equilibrium in the context of a generic
simple mechanical system with symmetry. This exposition borrows both Marsden’s notation and his results [7]. We
begin with some general facts about Lagrangian simple mechanical systems.

A Lagrangian simple mechanical system on a configuration manifold Q consists of a Lagrangian L : TQ — R of
the form kinetic energy minus potential energy, where the potential energy is a differentiable function on Q denoted
by V(gq). Such a system is said to have symmetry if the Lagrangian L : T Q — R is invariant under the natural lift to
T Q of a proper left action of a Lie group G on Q. The Lagrangian determines a metric ({, )) whose quadratic form is
the kinetic energy, and thus G acts by isometries (that is, the metric is invariant under the action of G). The momentum
mapping corresponding to the action of G on T Q isthe map J : TQ — g* given by the formula

J(g) (&) = (vg. E0 (@), 2.1)

where &g is the infinitesimal generator of the action on Q corresponding to & € g. Of course, Noether’s theorem
guarantees that J is conserved along solutions of the Euler—Lagrange equations. (See, for example, [7].)
The locked inertia tensor is defined to be the mapping I : Q — Lin(g, g*) given by

(g)n, &) = (no(@), Co(@)) = IJmo(@) (),

where (, ) is the natural pairing of g and g*. The name comes about from the fact that if one has, for example, two
freely spinning rigid bodies connected by a ball-in-socket joint, then the locked inertia tensor at a configuration g € Q
is the inertia tensor for the rigid body obtained by locking, or welding, the joint in this configuration. If g - ¢ denotes
the left action of g € G on g then the locked inertia tensor is equivariant in the sense that

(I(g - ), §) = (I(@)Adg-11, Adg1¢).

Notice in particular that if G is abelian then I is invariant under the group action.
The angular velocity of the locked system is defined via the map

a:TQO—g:y, ]I_l(q)J(vq).

The map « is a connection on the bundle Q — Q/G known as the mechanical connection. It is useful to recall the
horizontal-vertical decomposition of a vector v € T, Q given by the prescription

v = horyv + vert,v,

where vertyv = [a(vy)]p(g) and hory,v = v — vert,v. One may think of vert,v as the orthogonal projection of
veT,0.
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Let (ge, ge) € TQ and p == J(ge, ge)- By definition, (g., g.) is a relative equilibrium if there is a £ € g such that
the solution curve in T Q passing through (¢., g.) is given by the one-parameter family

t = exp(t€) - (ge, Ge)-

Observation 2.1. If z, := (ge,qe) € T Q is a relative equilibrium, then so is the left translation g - z, for any
g € G. More precisely, if z(t) = exp(t€) - z. is a relative equilibrium dynamical orbit, then so is g - z(t) =
expl(Adgé)r] - (g - ze).

For a proof, see [7].
A useful quantity for identifying relative equilibria is the augmented potential, defined by

1
Velq) =V(g) — EUI(CI)E» &).

A point (g.,&0(q.)) € T Q is a relative equilibrium if and only if ¢, is a critical point of V¢ and g. = £p(q.).
(See [7] for a proof.) Observe that if (g., £ (q.)) is a relative equilibrium, then the unique solution curve through
that point is given by exp(t£) - (¢e, g.). Thus every point on that curve is also a relative equilibrium. Note that at a
relative equilibrium, the horizontal part of the velocity vector is null. That is, for all 7 along the relative equilibrium

(g@®), q(t)) = exp(t§) - (qe, qe), we have
q(t) = verty(1q () = 9 (q(1)).

2.2. The Refined Saari Problem

Hernandez-Gardufio et al. [5] point out that a relative equilibrium curve ¢(¢) does not necessarily conserve the
locked inertia tensor I(g(#)). Instead, they prove that for any simple mechanical system, a relative equilibrium curve
q(t) = expté - g, conserves the locked inertia tensor along &, that is, I(g(¢))& is constant as a curve in g*. This
observation leads to a Refined Saari Problem in the context of simple mechanical systems:

Find classes of simple mechanical systems with symmetry such that a solution q(t) of the Euler—Lagrange
equations is a relative equilibrium if and only if 1(q(¢))& is constant as a curve in g*, where £ (q(0)) = ¢(0).

One such class is that of mechanical systems on Lie groups with no potential function, precisely, the class of
mechanical systems with the configuration manifold being the group itself and with no potential function [5]. For
G = SO(3) this result becomes the well-known fact that a necessary and sufficient condition for relative equilibrium
of a rigid body in R is the alignment of the angular velocity and the angular momentum.

3. Slice coordinates around a non-symmetric point

For the Refined Saari Problem in the case of a simple mechanical system on a general configuration manifold Q
we invoke the technique of slices. In this section we shall cast a simple mechanical system in a slice parametrization,
state a reduction of Hamilton’s principle, and express conditions for relative equilibria in the slice coordinates.

3.1. Slice coordinates

The idea behind slices is to locally decompose motion into two coupled systems. One describes the dynamics in
the symmetry direction, or “rigid body” motion on 7'G. The other describes the dynamics in the direction orthogonal
to the symmetry, or “shape-vibrational” motion on 7'S where S is chosen to be a submanifold of Q orthogonal to the
group orbit. For instance, for a planar three-unit-mass particle system initially disposed in a triangular configuration,
the motion in the group direction describes the changes in the angular velocity and the rotation of the triangle, whereas
the dynamics on 7'S catches changes of the triangle’s shape. We briefly present here the formal background needed to
develop the above ideas. For more detailed coverage of these topics, see [3,13,16], or [19].

Let O be a smooth manifold and G a Lie group acting smoothly and properly on Q on the left. The isotropy
subgroup of apoint g € Q is G, = {g € G|gg = q}. By definition, the action is free if all of the isotropy subgroups



J.K. Lawson, C. Stoica / Journal of Geometry and Physics 57 (2007) 1247-1258 1251

are trivial. A point go € Q is called non-symmetric if it has trivial isotropy, that is, if G,, = e. Now consider a
non-symmetric point gg € Q and S a manifold together with the left action on of G on G x S given by

GXx(GxS8)— (GxS):(h, (g,5)+r— (hg,s). 3.1

This action is free and proper. A fube for the G action at g is a G-equivariant diffeomorphism from the product G x S
to an open neighborhood of G - go in Q that, for some sp € S, it maps (e, so) to go. The space S may be embedded in
G x S as{(e, s) : s € S}; the image of S by the tube is called a slice.

The slice theorem of Palais [14] states that tubes always exist for smooth proper actions of a Lie group G on a
manifold Q. If (Q, K(-, -)) is a smooth Riemannian manifold and the action of G is linear, the theorem can be stated
as follows: Given the non-symmetric point go € Q, let N be the orthogonal complement to g - go, the tangent of the
group orbit. Then there exists a neighborhood S of 0 in N such that the map

T:GxS—>0:(g,5)—>g-(go+s) 3.2)

is a tube for the G action at gg. The complement N = (g - go)™ is called a linear slice to the G action at gg. The
product G x N may be identified with the normal bundle of the orbit G - go. Since the G action is linear, S may be
chosen to be any neighborhood of 0 such that 7 is injective. Note that T'S is trivial, as S is a subset of a vector space.
Also, Ty S = N for any s € S. We write elements of 7S as (s, s). The tangent bundle 7(G x S) ~ TG x TS is
identified with G x g x TS via the left trivialization

GxgxTS—TGxTS:(g,§,5,85)— (g T.Ls&,s,5). 3.3)

For any (g, s) € G x S, the map T, 5 T can be identified with an isomorphism from g x 7S to T7(4,5) Q. A velocity
vector v, € T Q is represented by the tangent map

Tt:GxgxTS—TQ:(g.£5,5) — g(Eo(qo+s)+35). (3.4)
3.2. The Lagrangian in slice coordinates

In the special case of a simple mechanical system, the Lagrangian L : T Q — R has the form

1
L(g,vq) = EK(Uq’ vg) — V(q)

for some G-invariant Riemannian metric K on Q, called the kinetic energy, and some G-invariant potential V : Q —
RR. We shall compute L for such systems, using the results of the previous section.

Let N := (g - go)™ be the orthogonal complement to the tangent to the group orbit through go, with respect to the
given metric. Using parametrization (3.4), recall that for any (g, s) € G x S, the map T(; ;)T can be identified with an
isomorphism from g x N to T¢ (g 5) O. We write the metric tensor in these coordinates. Since the metric is G-invariant,
K (t(g, s)) depends only on s. For any s, we see that K(s) is a symmetric bilinear form on g x N, which we represent
as a matrix. This matrix can be written in block form, with respect to the splitting T7(,5) O = g x N, as follows:

_ (Ig(s) Cos)
K(“‘)‘(CT<s) m(s))'

The block I3 is called the body locked inertia tensor. It is related to the usual locked inertia tensor I by

(I(g - (qo+) & 1) = (Ip(s)Ady1£, Ady-17) (3.5)

for any &, n € g. The block m(s) is called the reduced mass. The terminology comes from the fact that the kinetic
energy matrix is often called the mass matrix. Note that [ (s) and m(s) are invertible. The block C(s) is called the
Coriolis tensor. It couples the system and is related to the usual Coriolis forces. Our choice of coordinates go = 7 (e, 0)
enforces C(0) = 0, since T(.,0)r maps g x {0} to g - go and {0} x N to Tyy(go+N) =N = (g- qo)l. Therefore the
mechanical system in slice coordinates is decoupled at gg.
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Since it is G-invariant, the potential V' is written in slice coordinates as V (s). So, L takes the form
. . 1 . £
Liice(8,§,5,8) =L o(T1)(g,§,5,5) = 3 (5 $)K(s) i) V). (3.6)
Using (2.1) and the identity £p(g - q) = (Adg—l & ) 0 (g), we may express the momentum mabp in slice coordinates:

J:GxgxTS—g° : (g.&,5,8) — Adz, (Ig(s)E + C(s)$).
3.3. The Euler—Poincaré—Lagrange system

We begin by observing that the tangent lift of (3.1) acts only on the “rigid body” component TG ~ G x g of
the phase space TG x TS ~ G x g x TS. Since the Lagrangian is left invariant under the action of G, we are
able to reduce the dynamics using Hamilton’s variational principle adapted to our particular phase space structure.
The reduced equations of motion form a coupled system formed by a reduced Euler—Poincaré rigid body part and
a (tangent bundle) Lagrangian shape-vibrational part. (See [8] or [9] for a summary of Euler—Poincaré reduction of
Lagrangian mechanics.)

Theorem 3.1. Let G be a Lie group and S be a vector space. Consider a free and proper left action of G on G x S.
Also,let L : TG x TS — R be a left-invariant Lagrangian and its restrictionto e € G bel : g x TS — R. Fora
curve (g(t),s(t)) € G x S let (£(t),s(t)) = (g(t)_lg'(t), s(t)), ie, &(t) = Tg(l)Lg(,)flg'(t). Then the following are
equivalent:

(i) Hamilton’s principle

b
3/ L(g(n), 8@),s@),5(1)) =0

holds for variations (5g(t), §s(t)) vanishing at the end points.
(1) The curve (g(t), s(t)) satisfies the Euler—Lagrange equations of L.
(>iii) The variational principle

b
5/ L(E@),s) =0
a
holds on g x TS using variations of the form

(8&,8s) =(+[&,n),05) eTgx TTS

where n vanishes at the end points.
(iv) The Euler—Poincaré—Lagrange (EPL) coupled equations hold:

d 8l sl
- zadg_
dr 8¢ S&
dsl 8l
dr8s ~ 8s

Proof. This is directly analogous to the proof for the Euler—Poincaré equations (see, for instance, [9]). O

Observation 3.2. If T'S is trivial then the EPL equations reduce to the well-known Euler—Poincaré equations on g.

For a simple mechanical system with Lagrangian (3.6), the EPL coupled system takes the form:

d
P Ip(s)& + C(s)$) = ad; (L () + C()3) (3.7

% (CT)6 + m(s)s) = aa—s (%(HB(S)S, £) + (C(s)s. &) + %<m<s)s‘, §) — V(s)> . (3.8)
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The dynamical picture of the system is completed by the reconstruction equation
g =gmi@),  g0) =e. 3.9)

Given a solution (£(¢), s(z), s(¢)) of the reduced EPL system, the orbit in the full unreduced space is retrieved by
integrating the reconstruction equation. This is a standard procedure for systems with symmetry.

3.4. Relative equilibria in slice coordinates

Relative equilibria are special solutions that are characterized by constant motion along the orbits of the symmetry
group. In a slice parametrization, locally factoring out the action of G on the phase space, the quotient spaceis g x T'S.
It follows that relative equilibria correspond to equilibria in the reduced space together with constant velocity in the
group (i.e., in (3.9) £(¢) is constant).

To simplify the notation, from now on we write the (local) diffeomorphism (3.2) ¢ = g(qo + s) as ¢ ~ (g, s) and
its tangent lift (3.4) as (g, v) ~ (g, &, s, 5). Also, we define Vi=Vorandl:=Tor.

Recall that in the case of a simple mechanical system, a point (g., v.) € T Q is a relative equilibrium if and only if
there is a £ € g such that

(1) ve = &0(ge), and
(ii) g is a critical point of the augmented potential Ve (q) = V(q) — % (I(q)&, &).

In slice coordinates these conditions G x g x T S become:

Proposition 3.3. A point (ge, &, Se, Se) € G x g x TS is a relative equilibrium if and only if
@G) $. =0, and
(1) (ge, Se) is a critical point of the augmented potential in slice coordinates,
Tets,s) = Vi) — 51z, 9%.8)
where § = Adg,&,.
Proof. By identification of the infinitesimal generators £9(g) and G s(g, s) we have

§Gxs(g,s) = (§6(g), 0),
where £5(g) is the infinitesimal generator corresponding to the left action of G on itself. It follows that £G(g.) =
(ge, &) and s, = 0. Via the left trivialization (3.3), we have £G(g.) = (g, Adg—ls) and therefore § = Adg,é,.
Condition (ii) is obtained by a direct substitution of g with t(g, s) in the augmented potential formula. [

Observation 3.4.
1

g:gez

ag

(I(g.$)&.6) =0 if and only if ~adf(I(g.,s)€) = 0.
Proof. Any vector 6g € T,, G may be expressed as §g = ng(g.) for some n € g. If % _ %(ﬁ(g, 5)6,8) =0 we

have

1 - | 1 -
5(I(g. $)§, )88 = — 5(I(g. $)§, 5)nG (8e)

=g 2 98 lg=g. 2

1 -~
5 (I(exp(tn)ge. )&, €)
t:O2

dap 1
dr|,_o2
= (I(ge. )&, adgn) = (adf ((ge. $)). n).

Thus, adg (ﬁ(ge, s)&) = 0. The argument is completely reversible. [

3
0= —
g

dr

(I(ge+ $)Adexp(— 1€ Adexp(—1m)£)
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Lemma 3.5. (g., &, Se, Se) € G x g X T'S is a relative equilibrium if and only if all of the following are satisfied:
(i) s =0,

(ii) s. is a critical point of the augmented potential given by

- - 1 -
Vei(s) = V(s) — E(H(ge,S)S, £)

and ~
(>iii) adg‘(]l(ge, 5e)&) = 0, where & = Adg,&,.

Proof. Using Proposition 3.3 and Observation 3.4, the verification is immediate. [J

By Observation 2.1 the left translation of a relative equilibrium is a relative equilibrium. Therefore, without losing
generality, we may choose g, to be the symmetry group identity. Consequently, £ = £, and we have the following
criterion.

Criterion 3.6. In a slice parametrization, a relative equilibrium is a dynamical orbit of the form (g(t), &, Se, Se),
where (&, Se, Se) satisfies

)
je =0,

(i1) s. is a critical point of the augmented potential given by
~ - 1
Ve, (s) = V(s) — E(HB(S)Ee, &), and (3.10)
(iii)
adf (Ip(s)&) = 0,
and g(t) is the solution of the reconstruction equation g(t) = g(t)&., g(0) = e.
4. Constant locked inertia tensor and Saari’s Conjecture

4.1. Constant locked inertia tensor and relative equilibria

The aim of this subsection is to establish conditions on the locked inertia tensor that suffice to make a solution a
relative equilibrium. We also discuss the Refined Saari Problem in slice coordinates.

Proposition 4.1. A dynamical orbit (g(t),&(t),s(t), s(t)) with an initial condition (e, sg, &0, So) is a relative
equilibrium if and only if all of the following are satisfied.
(i) s =0, 5
(ii) sq is a critical point of Vg, (s) given in (3.10), and
(i) & Oﬁ(g(t), s(1)& = 0, that is,

=

([(g(0), s()E0, ) =0 foralln € g.
=0

dr

Proof. Items (i) and (ii) appear verbatim from Criterion 3.6. If the curve (g(¢),&(f), s(¢),s(t)) is a relative
equilibrium, then (iii) is the restatement in slice coordinates of Proposition 5.1 in [S]. Conversely, it suffices to verify
condition (iii) of Criterion 3.6. Since I(g(#), s(¢))&o is constant in time, we apply (3.5), yielding

d
% (Ad;,l(I)HB(S(Z))Adg_l(t)SO, n)=0 forallneg,
t=0
or
o (]IB(S(t))Adg—l(t)é(), Adg—l(t)T)> =0 forallneg.
=0
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Continuing, we get

d
dr

I (s(1))Adg-1 0o, Adg_|(0)n> + (I (s(0)) Ady-1(g)ad(—&y) 0, Adg-1g)1)

t=0
+ <HB(S(O))Adg—I(0)§O, Adg—l(o)adsorl> =0 (41)
where we used the fact that
d d
d_ Adg—l(t)é‘ = _‘ Adg—l(o) CXp(—lfo)C fOr all é‘ € g.
Hi=o dr ;o

Using (i), relation (4.1) becomes

(I (s0)€0, adgn) =0 forall n € g.

Finally, g(¢) may be recovered via the reconstruction equations (3.9). O

Observation 4.2. Condition (iii) of Proposition 4.1 can be replaced with the more restrictive condition that
I(g(2), s(t))&o is constant along the dynamical orbit. Necessity of the replacement condition is a direct consequence
of Noether’s theorem, as shown in Proposition 5.1 in [5].

Observation 4.3. Condition (i) implies that % 0(]13 (s()&,n) =0 forall &, n € g, or, more restrictively, Ig(s(t))
=

is constant along the orbit.

Observation 4.4. One may easily verify that Proposition 5.2 in [5] is generalized by Criterion 3.6. Indeed,
Proposition 5.2 in [5] refers to the specific case of Q being the symmetry group G itself. This corresponds to a
trivial slice, i.e., Q = G x {0}, and thus conditions (i) and (ii) of Criterion 3.6 are satisfied vacuously. The condition
from Proposition 5.2 in [5] that for any n € g the quantity (I1(g(t), 0)&, n) be constant then satisfies condition (iii) of
Criterion 3.6.

Observation 4.5. In the planar N-body problem, Q = R3N\{collisions} and G = SO(2). In this case the action is
free, since the only non-symmetric point g = 0 corresponds to a total collision. Choose qy € Q as a base point for a
slice parametrization. Near qo >~ (e, 0) we have T Q ~ SO(2) x so(2) x TS where S is an open subset of RZN-2,
Since SO(2) is abelian, ﬁ(g, s) = Ip(s). Now consider a dynamical orbit (q(t), v(t)) =~ (g(t), £(), s(t), $(t)) with
initial condition (qo, vo) = (e, &o, S0, S0) such that the inertia tensor 1(q(t)) is constant. Because 1(q(t)) = I (s(2)),
by applying Proposition 4.1 this orbit is a relative equilibrium if and only if so = 0 and sq is a critical point of the
augmented potential Vg (s).

We return now to the Refined Saari Problem restated in slice coordinates:

Consider a simple mechanical system with symmetry. Let q(t) >~ (g(t), s(t)) be a solution of the EPL equations
together with initial conditions (g(0), ¢(0)) =~ (e, &9, 0, S9), and the reconstruction equation. Find classes of
simple mechanical systems with symmetry such that q(t) ~ (g(t), s(t)) is a relative equilibrium if and only
if ﬁ(g(t), s(t))& is constant as a curve in g*.

Using Proposition 4.1 and Observations 4.2 and 4.3, we proceed to identify one such class of solutions of the Refined
Saari Problem.

Theorem 4.6. A class of solutions of the Refined Saari Problem consists of systems with the following properties:

(i) the configuration space is a finite dimensional Riemannian manifold Q with symmetry from a free and proper

action of a k-dimensional Lie group G;

(ii) the matrix [E){,Lf] has maximal rank for all s € S and @ > n — k, where n is the dimension of Q (note that

n — k is the dimension of the slice S), and
(iii) Ip(s(2)) is constant, that is, for each & € gand n € g,

(Ip(s(1)&, n) = Cy,

where C g ) is a constant depending on & and 1.
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Proof. Since Ig(s(t)) is constant, we have [?—f] s = 0. Because the matrix % has maximal rank for all s € §
and it is symmetric, its rank equals max{k(k 4+ 1)/2, n — k}. Given that k(k 4+ 1)/2 > n — k, it follows that the linear

system [8(;1—5] s = 0 admits only the trivial solution § = 0, and this happens for all r > 0. Thus s(¢) = 0, and so

s(t) =s(0) =0forallz > 0.
Our statement assumes that (g(z),&(¢),s(¢),s(t)) is a dynamical orbit. In particular, this means that
(&(2), s(1), s(1)) solves the EPL system. Substituting s(t) = 0 = s(¢) into Eq. (3.7), we obtain that

d
3 I8(ME@) = adg ,, I (0% (1)), 4.2)

with initial condition &(0) = &.
Note that condition (ii) in the hypothesis implies that for each n € g, % O(Hg(s (t))&0, n) = 0. Following the same
t=

reasoning as in Proposition 4.1, if ﬁ(g (1), s(t)) is constant then adg0 (Ip(s0)&p) = 0. From uniqueness of solutions,
the solution of Eq. (4.2) is £(¢) = &.

Recall that at the base of the slice we have the coupling term C(0) = 0. Since s(¢) = 0, it follows that C(s(t)) = 0.
Rewriting (3.8) using all information gathered, we obtain that

a (1
0= (§<H3(0)So, §o0) — V(S)) )

i.e.,, s = 0is a critical point of Vg, (s). Thus, all three conditions of Criterion 3.6 are satisfied, so the solution is a
relative equilibrium. ~
Conversely, if the solution is a relative equilibrium then by Observation 4.2 it follows that I(g(¢), s(#))&p is constant.
O

It is natural to ask how restrictive the maximal rank condition is. Since Iz (s) = I(g) for g =~ (e, s), we may ask
a more general question: What are the critical points of I(¢)? For linear actions on inner product spaces we have a
response.

Proposition 4.7. Consider a linear action by isometries of a Lie group G on an inner product space W. Write
& -q = &w(q) and denote by & - v the infinitesimal action of & € gonv € TyW = W. Let qo be a critical
point for the locked inertia tensor. Then & - (€ - gqo) = O.

Proof. Let gg be a critical point for the locked inertia tensor. Then

0= Dy, (I(@)§, n) = D4 (& -q.1-q)w V& neg.
For a smooth curve ¢ (¢) in W such that ¢(0) = go and ¢(0) = dq,

” E-q@),n-qOWhw = Dgl&-q.m-qhw -8g =0,

t=0

SO
d
0= I tzo((é ~q(t),n-qO)Nw
= {&-8q,n-q0)w + (& - g0, n - dq)w
= ({6q, =& -(m-qo)hw + (—n- (& - q0): dq)w
= —{8g.&-(m-q0) +n-&-q0))w,

using the definition of the infinitesimal action of g on Q and the G-invariance of the metric. Since the last relation is
valid for all g € T, W we get£-(n-qo)+n-(§-qo) = OVE, n € g. Let & = n and the result follows immediately. [

Corollary 4.8. Consider the SO(3) diagonal action on W = R3", Let mi, i = 1,2,...,n, be some strictly positive
numbers and endow W with the constant metric (v, w))y = (I /20T Mw, where M is the constant mass matrix
M = (My.Dk.i=1,2...3n, Mr1 = 0 fork # 1 and My = m; fork =3i —2,3i — 1,3i withi = 1,2,...,n. Then
q = 0 is the only critical point of the locked inertia tensor.
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Proof. Let g = (q1,92,...,9n) € W, where each ¢g; € R3,i=1,2,...,n The diagonal action of SO(3) on W is
given by

E.Pr—g-9g=€ - 91,8 92,.-.,8 qn):

that is, each component g; of the vector ¢ is rotated by g € SO(3). Consider g a critical point of I. By Proposition 4.7,
E-(£-q) =0forall £ € so(3). Since the action is diagonal, we have that & - (§ - g;) = 0foreachi =1,2,...,n and
for all £ € so(3).

Identifying so(3) with R3 via the “hat” map (see, for instance, [8]), the last relation implies é X (§ x g;i) = 0, for
allé e R3.Soforeachi =1,2,...,n, é is parallel to (é x g;) = 0 for allé € R3. But this is possible if and only if
gi=0,i=1,2,...,n,ie.,ifandonlyifg =0. U

4.2. Applications

Abelian symmetries
The Refined Saari Problem includes the subclass of simple mechanical systems with the following qualities:

(1) the configuration manifold Q is an n-dimensional punctured inner product space W\{0};
(2) the symmetry is given by a free linear action by isometries of an abelian Lie group G of dimension k;
(3) KD > g,

A generalized Saari’s Conjecture is true for the spatial three-body and four-body problems

Let G be the group of rotations in the space SO(3) and consider the three-body problem. Using the Jacobi
coordinates, the configuration space is R> x R3\{(0, 0)}. (Recall that Jacobi coordinates are given by the relative
vector between two of the masses and the position vector of the third mass relative to the center of mass of the first
two.) The following generalization of Saari’s Conjecture is true for N = 3:

A solution (q(t), q(t)) for the spatial N-body problem with 1(q(t))&y constant, where (§9)0q(0) = ¢(0),
and lg(s(t)) = constant, is a relative equilibrium.

Indeed, by Corollary 4.8, the locked inertia tensor I has no critical points. If the masses are in a non-collinear
configuration, then, by Theorem 4.6 (here dimG = dimSO(3) = 3, and dim Q = 6), the above statement is
true. If the masses are in a collinear configuration, then one may apply the results of Diacu et al. [4]. In conclusion,
the generalized Saari’s Conjecture is true for the three-body problem in space, where the bodies may interact via any
potential defined on the configuration space R3 x R3\{(0, 0)}.

A similar result applies to the spatial four-body problem. This is again a direct application of Theorem 4.6 with
dim G = 3 and dim Q = 9 (where we have used the generalized Jacobi coordinates).

Constant locked inertia tensor trajectories for SO (n) action on R"

Consider a simple mechanical system with configuration space R*\{0}, n > 2, endowed with the usual inner
product. Assume that the system has a symmetry given by the diagonal action of SO (n) on R". One may think about
this problem as a generalized two-body problem in R”. Then a solution (g(¢), ¢(¢)) with constant I(g(#))&g, where
(50)0q(0) = g(0) and Iz (s(¢)) is constant, is a relative equilibrium.

Comments

If @ < n — k then the constraints on the locked inertia tensor in Theorem 4.6 do not enforce $(¢) = 0. In this
case, one may produce physically relevant counterexamples by taking advantage of the freedom of moving in the slice
and choosing non-generic potentials. For instance, in [18], in a setting with G = SO(2) and § = R2, the potential
is chosen to be V (s) := Ip(s)&y. One can verify that the associated EPL system “decouples” i.e. C(¢) = O for all .
Further, with the given choice for V, the system in s = (s, s2) € S becomes two decoupled harmonic oscillators. It
can be shown that the set of solutions preserving the moment of inertia form a large invariant manifold.
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5. Conclusions

In the context of simple mechanical systems with symmetry, we have extended the augmented potential method
of categorizing relative equilibria to a Palais slice at a non-symmetric base point. The new necessary and sufficient
criteria for relative equilibrium are applied to the Refined Saari Problem to identify new classes of solutions.

For future investigation we may wish to consider relative equilibria at symmetric base points. Of course, if one
point on a dynamical orbit is a relative equilibrium then every point is as well. So if such a curve passes through even
one non-symmetric point then applying the criteria for relative equilibrium at the non-symmetric point will suffice to
determine relative equilibrium for the entire curve. However, our method does not address solution curves for which
every point on the curve is symmetric.
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