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Abstract Using modern differential geometric methods, we study the relative equi-
libria for Dirichlet’s model of a self-gravitating fluid mass having at least two equal
axes. We show that the only relative equilibria of this type correspond to Riemann
ellipsoids for which the angular velocity and vorticity are parallel to the same prin-
cipal axis of the body configuration. The two solutions found are MacLaurin and
transversal spheroids.

The singular reduced energy-momentum method developed in Rodriguez-Olmos
(Nonlinearity 19(4):853-877, 2006) is applied to study their nonlinear stability and
instability. We found that the transversal spheroids are nonlinearly stable for all ec-
centricities while for the MacLaurin spheroids, we recover the classical results. Com-
parisons with other existing results and methods in the literature are also made.
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1 Introduction

A Riemann ellipsoid is a relative equilibrium for a dynamical model of a rotating self-
gravitating fluid mass that remains an ellipsoid at all times, and for which the fluid
velocity is a linear function of the coordinates. This model, first studied and formu-
lated by Dirichlet, is nowadays known as Dirichlet’s model. The linearity assumption
on the allowed motions makes the study of these deformable bodies very attractive
since it implies that their dynamics is governed by a system of ordinary differential
equations with a finite number of degrees of freedom. These bodies are also known as
affine-rigid bodies or pseudo-rigid bodies. Dirichlet’s model can be viewed as a first
order model for the study of the shape of the Earth, and the study of the stability of
its solutions has been used in planetary stability research (see, for instance Todhunter
1873).

The study of self-gravitating fluid masses has a long history which can be traced
back to Newton’s times with many contributions from Dirichlet, MacLaurin, Jacobi,
Dedekind, Riemann, Liapunov, Poincaré, and Cartan, just to name a few. In 1861,
Riemann published a remarkable paper (Riemann 1861) where he reformulates the
equations of the motion given by Dirichlet, determines conditions (known nowadays
as Riemann’s theorem) for the existence of relative equilibria and studies their stabil-
ity using an energy criterion.

We can distinguish two classical approaches to the study of the stability of Rie-
mann ellipsoids. One initiated independently in the latter part of the nineteenth cen-
tury by Poincaré (1885) and Liapunov (1904) who used expansions in spherical and
ellipsoidal harmonics to study the stability of MacLaurin ellipsoids and Jacobi ellip-
soids, not only under Dirichlet’s assumptions, but also under more general conditions
(allowing perturbations not preserving the ellipsoidal shape). The other approach oc-
curred in the middle of the twentieth century with the works of Chandrasekhar and
collaborators who developed the so-called virial method by applying it to the study
of the linear stability of Riemann ellipsoids. These works are collected in the book of
Chandrasekhar (1987) which constitutes a comprehensive survey on the subject and
related problems with many historical facts on this model.

In recent times, the subject has had the attention of several researchers, in par-
ticular in what respects to the application of new formulations and methods (Rosen-
steel 1998, 2001) to study rotating deformable bodies, not only subjected to the self-
gravitating potential, but also for other potentials modeling nuclei (see, for instance
Rosensteel 1988), or elastic bodies (see Cohen and Muncaster 1988 and Lewis and
Simo 1990).

Our aim is to use geometric methods not only to obtain a complete characterization
of the conditions for the existence of Riemann ellipsoids having configurations with
at least two equal axes (symmetric configurations), but also to obtain the complete
description of their nonlinear stability. These geometric methods exploit the geome-
try and symmetries of the problem and its Hamiltonian structure. Some works using
the same philosophical approach to Dirichlet’s model are available in the literature
for studying several aspects of the problem such as in Roberts and Sousa-Dias (1999)
which obtains Riemann’s theorem as a consequence of the symmetry alone, or Lewis
(1993) where the stability (and not the instability) of the MacLaurin spheroids is ap-
proached using the Lagrangian block diagonalization method (see Rodriguez-Olmos
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2006 for the comparison of this method with the singular reduced energy-momentum
method).

We do not address the problem of the stability for Riemann ellipsoids with three
distinct axes for which the self-gravitating potential is an elliptic integral. In Fasso
and Lewis (2001), numerical analysis techniques have been employed to study stabil-
ity for finite but long time scales of Riemann ellipsoids with three distinct axes. These
authors do not address the stability of Riemann ellipsoids with symmetric configu-
rations considering an open problem the nonlinear stability of this type of spheroids
other than those of MacLaurin (see the conclusions section of Fasso and Lewis 2001).

We view Dirichlet’s model as a Hamiltonian system where Hamilton’s function,
h, has the form kinetic plus potential energy and is defined on the cotangent bundle,
T*SL(3), of the set of all 3 x 3 matrices of determinant 1. Furthermore, / is invariant
for the action of G = Z; x (SO(3) x SO(3)) on the phase space. The SO(3) x SO(3)
symmetry reflects the existence of two conserved vector quantities (by Noether’s the-
orem): the angular momentum and circulation. The Z; symmetry reflects the reci-
procity theorem of Dedekind: Interchanging the angular velocity and vorticity vec-
tors, one obtains another (physically different) solution for Dirichlet’s model with the
same geometric configuration.

It is well known that Noether’s conserved quantities are organized as the com-
ponents of the momentum map. In the case of relative equilibria with configura-
tions having at least two equal axes (symmetric configurations), the corresponding
momentum map value can be singular. Recently, one of the authors developed in
Rodriguez-Olmos (2006) a method appropriate for the study of nonlinear stability
of this kind of relative equilibria. This construction extends the so-called reduced
energy-momentum method of Simo et al. (1991) to the case of singular relative equi-
libria and so we will refer to the method (Rodriguez-Olmos 2006) as the singular re-
duced energy-momentum method. This is the approach we use in this work to study
the nonlinear stability and instability of Riemann ellipsoids with symmetric configu-
rations.

The preliminary sections of the paper are organized as follows: In Sect. 2, we
give the geometric formulation of Dirichlet’s model. In Sect. 3, the singular reduced
energy-momentum method is briefly reviewed, and in Sect. 4, we compute the aug-
mented potential energy for symmetric configurations, as a necessary step toward the
stability analysis.

The main results of the paper are in the following two sections. In Sect. 5, Theo-
rem 5.1, we give the complete characterization of all the possible Riemann ellipsoids
with symmetric configurations. We prove that for Dirichlet’s model the only relative
equilibria with configurations having at least two equal axes are: the spherical con-
figuration which has zero angular velocity and vorticity, the MacLaurin spheroids
which are oblate spheroids rotating around the (shortest) symmetry axis and have an-
gular velocity and vorticity aligned with it, and the transversal spheroids, which have
prolate spheroidal configurations that rotate around an axis, say n, perpendicular to
the (longest) symmetry axis and have angular velocity and vorticity aligned with n.
We also prove that there are no symmetric relative equilibria for which the angular
velocity and vorticity are not aligned with a principal axis of the relative equilibrium
configuration. That is, there are no symmetric configurations which are not of type S
in Chandrasekhar’s terminology.
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In Sect. 6, we apply the singular reduced energy-momentum method to the study
of the nonlinear stability of the relative equilibria found in the previous section. The
main results of this section are Theorems 6.1, 6.2, and 6.3 giving respectively neces-
sary and sufficient conditions for the nonlinear stability of the spherical equilibrium,
MacLaurin spheroids, and transversal spheroids.

Our results on the eccentricity range for the nonlinear G, -stability of the MacLau-
rin spheroids agree with those already obtained by Riemann (see Remark 6.1) and
confirmed by Liapunov and Poincaré who studied the problem of self-gravitating
fluid masses under hypotheses different from Dirichlet’s ones (see Remark 6.1(3)).
In the works of these authors, we have not found reference to the transversal spher-
oids, however, their existence is acknowledged in page 143 of Chandrasekhar’s book
(Chandrasekhar 1987). See also Remarks 5.3 and 6.3.

In conclusion, this work presents, from a purely geometric point of view, a self-
contained and complete study of the nonlinear stability of all symmetric relative equi-
libria for Dirichlet’s model. At the same time, the richness of the model helps to clar-
ify the applicability of the singular reduced energy-momentum method, providing
also a methodology for its use in other models.

2 Geometric Formulation of Dirichlet’s Model

Let (M, ({,-))) be a Riemannian manifold (the configuration manifold), G a Lie
group that acts by isometries on M (the symmetry group) and V € C®(M) a G-
invariant function (the potential energy). With these ingredients, we construct a sym-
metric Hamiltonian system on 7*M (which is a manifold equipped with a natural
symplectic structure) as follows: The potential energy V can be lifted to 7*M with
the pullback of the cotangent bundle projection 7 : T*M — M. We denote this lifted
function also by V. The Riemannian metric on M induces an inner product on each
cotangent fiber 7 M, x € M. Then the Hamiltonian is defined as

1
h(py) = Ellmn2 + V@), peeTiM.

The G-action on M induces a cotangent-lifted Hamiltonian action on 7*M with
associated equivariant momentum map J : T*M — g* defined by

(J(po), &) =(px. Em(0)) V& eg,

where &)y is the fundamental vector field on M associated to the generator &, defined
by

d

Em(x) = ar t:Oe

. x.

This momentum map is Ad*-equivariant in the sense that J(g - py) = Ad(”;,l J(py) for
every py € T;M, g € G.
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The Hamiltonian % is G-invariant for this lifted action (this follows from the in-
variance of the metric and of V). Therefore, due to Noether’s theorem, the compo-
nents of J are conserved quantities for the Hamiltonian dynamics associated to #.
The quadruple (M, ({-, -)), G, V) is called a symmetric simple mechanical system.

Let (M, ({-,-)), G, V) be a simple mechanical system with symmetry. A relative
equilibrium is a point in phase space p, € T*M such that its Hamiltonian orbit lies
inside a group orbit for the cotangent-lifted action. This amounts to the existence of
a generator £ € g such that the evolution of p, is given by ¢'* - p,. The element
& is called a velocity for the relative equilibrium and is defined up to addition of
elements in g, = Lie(G,), where G, is the stabilizer of p, under the cotangent-
lifted action. A useful criterion for finding relative equilibria in simple mechanical
systems is given by the following theorem:

Theorem 2.1 (Marsden 1992) A point p, € T*M of a symmetric simple mechanical
system (M, ((-,-)), G, V) is a relative equilibrium with velocity & € g if and only if
the following conditions are verified:

L pe={(Em (), ).
2. x is a critical point of Ve ==V — 3 (£, 1(-)(£)),

where 1: M x g — g* is defined by (£,1(x)(n)) = ({(Ep(x), nar(x))). Moreover, the
momentum w = J(py) € g* of the relative equilibrium is given by u = 1(x)(€).

Note that in virtue of the above theorem, any relative equilibrium is characterized by a
configuration-velocity pair (x, &) € M x g satisfying dVg (x) = 0. The map I is called
the locked inertia tensor, while the function Vg is called the augmented potential. We
indicate for later use that the kernel of I is precisely g,, the Lie algebra of G, the
stabilizer of x for the G-action on M. The knowledge of the pair (x, §) allows us
to compute the stabilizer of the corresponding relative equilibrium p, = ({(§p7(x), -))
with the formula (see Rodriguez-Olmos and Sousa-Dias 2002):

Glix ={geGy: Adgs — & egxl}.

Dirichlet’s model is a symmetric simple mechanical system for the motion of a
homogenous and incompressible fluid mass of density p having as reference config-
uration the unit ball centered at the origin in R? and subjected to the self-gravitating
potential. The only allowed configurations for this model are linear embeddings of
the reference ball into R3 preserving volume and orientation. The configuration man-
ifold M for a self-gravitating fluid mass under Dirichlet’s conditions is then SL(3),
the group of all 3 x 3 matrices with determinant equal to 1, which is equivalent to
the space of orientation and volume preserving linear automorphisms of R3. In what
follows, we review the geometric formulation of Dirichlet’s model as a symmetric
simple mechanical system on G L™ (3), the group of all 3 x 3 matrices with positive
determinant, with a symmetric holonomic constraint.

The singular value decomposition of any linear automorphism of R* allows to
decompose (nonuniquely) any matrix F € GL*(3) as

F=LART,
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where L, R € SO(3), and A is a diagonal matrix with positive entries called singular
values (the square roots of the eigenvalues of C = F! F). It follows from this decom-
position that the reference unit ball is mapped by F into a solid ellipsoid of equation
X . C~'X =1,X € R?, having principal axes half-lengths equal to the entries of A.
Physically, the matrix L describes the rigid rotation of the body in space relative to
an inertial frame and R is related to the rigid internal motion of the fluid with respect
to a moving frame. Then A is an orientation preserving dilatation of the original ref-
erence body into an ellipsoid with principal axes aligned with the eigenvectors of A.
The condition on the volume preservation of the total embedding corresponds to im-
pose the holonomic constraint det F = 1 (or equivalently det A = 1), which in turn
amounts to consider our system as defined on SL(3).

The tangent space at F € GL™(3) is isomorphic to L(3), the vector space of 3 x 3
matrices. We can define a Riemannian metric on GL*(3) as

((8F1,8F,)) = Ttw(8F{ 8 F>), )

for 8 Fi,8F, € TrGL'(3), and T is a constant depending on the density of the refer-
ence body and other physical parameters of the system. In the case of interest here,
the reference body is a homogeneous unit ball of constant density p, and T in (1) is

T— 4r
=157
The symmetry group G of our model is the semidirect product G = Z, x (SO(3) x

SO(3)), where Z, = {e, o}. Several actions of G of interest in this paper are:

(1) The G-actionon G:If (y; g, h), (v'; &', ') € Zy x (SO(3) x SO(3)) then

vieh (v h)=(v:@n- (v (¢ h))),

where for the nontrivial element o € Z, o - (g/,h') = (W', g’), and SO(3) x
SO(3) acts on itself by the direct product of left matrix multiplications.

(2) The adjoint representation of G: We identify the Lie algebra of SO(3), the set
50(3) of skew-symmetric 3 x 3 matrices, with R3 via the usual isomorphism
~:R3 = s0(3):

0 )
v=(V1,02,03) > V= V3 0 —v . 2)
—vy ] 0

This is an isomorphism of Lie algebras, i.e. (so(3), [+, -]) is isomorphic by (2) to
(R3, x), where [, ] denotes the commutator of matrices and x denotes the vector
product of vectors in R3.

The Lie algebra of G is then g = R? @ R? and the adjoint action is given by

Ady,emEL.ErR) =V - (g-&L,h-ER),

where o - (§1,&Rr) = (§r. &) and g - &1 is the rotation of £7, by g (and similarly
for &g).
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Using the standard inner product in R3, we also identify g* with R? @ R3.
Under this identification, it follows easily that the coadjoint representation has
the expression

Ad, 1 (L r) =y - (8- o - peg).
(3) The G-action on GL*(3):
(e;L,R)-F=LFRT, (6;L,R)-F=RFTLT.

Note that the Z; transposition symmetry on SL(3) (first noticed by Dedekind) maps
a rigidly rotating configuration without internal motion into one that is stationary
in space, but with rigid fluid internal motions. That is, for a given ellipsoid there is
an adjoint one, obtained by transposition. These adjoint type of ellipsoids are called
Dedekind ellipsoids. More generally, the transposition symmetry interchanges exter-
nal rotations and internal motions for any solution of Dirichlet’s model.

Any G-invariant function f on GL™(3) can be written as

F(F) = f(I\(F), L(F), (F)),

where f ‘R3 > R, and I 1, I, and I3 are the three principal invariants of a 3 x 3
matrix, given by

11 (F) = tr(S), 3
L(F) = %(trz(S) —tr(5?)), )
I (F) = det(S), (5

with § = FFT (also valid interchanging S with C = FTF). Note that I, I, I3 are
G-invariant and that 1 is a regular value of /3. Hence, we have SL(3) = I5 l(1)
as a G-invariant submanifold of GL™(3). The condition I3 = 1 is the holonomic
constraint of the model. Note also that the restriction of a G-invariant function
f € CY(GL*(3)) to SL(3) is given by

F(F)= f(L/(F), (F), 1),

for F € SL(3) C GL™ (3). Therefore, any G-invariant function on SL(3) can be writ-
ten as h(F) = h(I;(F), L(F)), with  : R? — R. Any G-invariant function on SL(3)
can be then extended invariantly to GL™(3) by declaring it to be independent of
I3(F). From now on, we will drop the tildes and hats from the corresponding func-
tions unless there is risk of confusion.

Since G acts on GL™(3) by isometries with respect to (1), the induced metric on
SL(3) (which we will denote by the same symbol) is also G-invariant. For later use,
we recall that tangent vectors to SL(3) can be seen as tangent vectors to GL*(3)
satisfying the linearization of the constraint /3 = 1. In other words,

TrSL(3) = {8F e L(3) : tr(F~'6F) =0}.

@ Springer



186 J Nonlinear Sci (2009) 19: 179-219

Dirichlet’s model (see Chaps. 1 and 4 of (Chandrasekhar 1987) for a survey of
the subject) is governed by a Hamiltonian function of the form kinetic plus potential
energy on the phase space P = T*SL(3) given by

T
h(pr) = 5||pF||2 +V(F), preT}SL@3).

Here || pr|| is the norm of the covector pr (seen as a 3 x 3 matrix) relative to the
metric on SL(3). The potential energy V for a self-gravitating body of homogeneous
density p under Dirichlet’s assumptions is given by restricting the function

® ds

ViF)=-Rr | 2, 6
(F) /0 N ©)

where F € SL(3), R = %]TZG,Oz, G is the gravitational constant and

A(F)=+/s3+ 1 (F)s2 + L(F)s + 1. 7

The quadruple (SL(3), ({-, )}, Z> x (SO(3) x SO(3)), V) defines a symmetric simple
mechanical system on SL(3).

The infinitesimal generator for the G-action on M = GL™(3) (and on SL(3)) cor-
responding to & = (£7, £g) € R? x R3 is:

d ~ o~ o~ o~
Em(F)=— (exprép,exptéR) - F =& F — Fég. ®)
=0

The vectors &;, and &g are respectively the angular velocity and vorticity of the fluid
motion. We denote the momentum value of pr by J(pr) = (j, ¢). The components
j and ¢ are respectively the angular momentum and circulation of the instantaneous
state pr (see, for instance Roberts and Sousa-Dias 1999 or Chandrasekhar 1987).

A Riemann ellipsoid (a.k.a. an ellipsoidal figure of equilibrium) is a solution of
the Hamiltonian system defined by Dirichlet’s model with angular velocity, vorticity,
and principal axes lengths all constant. In our setting, Riemman ellipsoids corre-
spond exactly to relative equilibria of the underlying symmetric simple mechanical
system. Therefore, a Riemann ellipsoid is represented by a triple (F, &, &Eg), where
F € SL(3) is the configuration matrix and the Lie algebra element (&7, £g) € g is the
angular velocity-vorticity pair.

3 The Singular Reduced Energy-Momentum Method

In the last years, there are several works studying the stability of relative equilibria
of Hamiltonian systems by exploiting their symmetry and the geometric properties
of their phase space (see, for instance Arnold 1966, Patrick 1992, and Marsden 1992
for a overview). Most of these methods can be used to test the stability of relative
equilibria lying in singular level sets of the momentum map, for instance (Lerman
and Singer 1998) and (Ortega and Ratiu 1999) under the hypothesis of G,, compact
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and (Montaldi 1997), Patrick et al. (2004) using topologic properties. This observa-
tion is important since, as we will see, the class of symmetric Riemann ellipsoids
known as MacLaurin spheroids corresponds precisely to nontrivial relative equilib-
ria for Dirichlet’s model having singular momentum values. We refer the reader to
Patrick et al. (2004) for a comparison of the applicability of several existing methods.

The generally adopted notion of stability for relative equilibria of symmetric
Hamiltonian systems is that of G -stability, introduced in Patrick (1992) and that
we now review in the context of symmetric simple mechanical systems. This notion
is closely related to the Liapunov stability of the induced Hamiltonian system on the
reduced phase space.

Definition 3.1 Let (M, ({-,-)), G, V) be a symmetric simple mechanical system and
px € T*M a relative equilibrium with momentum value © = J(p,). We say that p,
is G, stable if for every G ,-invariant neighborhood U C T*M of the orbit G, - py
there exists a neighborhood O of p, such that the Hamiltonian evolution of O lies in
U for all time.

In the early 1990s (Simo et al. 1991), a tool known as the reduced energy-momentum
method has been developed, providing sufficient conditions for the stability of relative
equilibria of a simple mechanical system under the hypothesis that its momentum is a
regular value of the momentum map. This method is especially well suited for simple
mechanical systems since it incorporates all of their distinguishing characteristics
with respect to general Hamiltonian systems. Recently, based on the characterization
(Perlmutter et al. 2008) of the so-called symplectic normal space N for a cotangent-
lifted action, the reduced energy-momentum method was generalized in Rodriguez-
Olmos (20006) to cover also the case of singular momentum values.

In this section, we outline the implementation of this singular reduced energy-
momentum method following (Rodriguez-Olmos 2006). Our setup will be as in De-
finition 3.1 and Sect. 2. In particular, we will fix a relative equilibrium p, with
configuration-velocity pair (x,£) and momentum p. We will also assume that the
G-action on M is proper and that there exists a G, -invariant complement to g, in g.
These last two conditions are always satisfied for any relative equilibrium in Dirich-
let’s model due to the compactness of G.

We start by stating some key observations: First, by equivariance of J : T*M — g*
and 7 : T*M — M, one has G, C G, and G, C G, In fact, it is not difficult to
prove the characterization

Gp, =G,NGy. ©)

We remark that the above formula is not valid in general for covectors p, other than
relative equilibria.

Second, also by equivariance of t together with the bifurcation lemma (see Arms
et al. 1980), if u is a singular momentum value, then g, # {0}, in which case
i € (gx)°. Third, the properness of the G-action implies that G, is compact. This,
together with (9) allows to define the following G, -invariant splittings:

9. =0y, ®p and g=g, DpDt (10)
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which by duality induce the splittings
G=g, @p ad gogep et 1

Here p and t must be chosen in such a way that I(x)(p) C t°. Note, from the definition
of the locked inertia tensor in Theorem 2.1, that kerI(x) = g, so the restriction

To =1 |pot : p O t— (g:)° =p* D"

is a G p, -equivariant isomorphism. Then the condition on the above splitting is that p
and t must be orthogonal with respect to the inner product on p & t induced by Ij.

We will denote generically the linear projections associated to the splittings (10)
and (11) by the letter P with an appropriate subindex. For instance, IP, : g — p or
Py 1 g* — t*. It is a consequence of Noether’s theorem that £ € g, and so we will
denote by £+ = Py (¢) € p (the orthogonal velocity of the relative equilibrium).

In this work, we only need a particular version of the singular reduced energy-
momentum method. Consider the following definitions:

(1) Let S be the linear orthogonal slice for the G-action on M at x, i.e.,
il
S=(Tu(G-x))” €T M.
(2) Define the subspace g* C g as
g ={y e t: Py [adju] =0}.
(3) Define the space of internal variations
Yint = {yj’,l +a:y*eq”,ae8, and (DH- (yj’,,(F) +a))(§J‘) € p*}. (12)

(4) For any vy, vp € Ty M, the correction term is the bilinear form on 7, M defined
by

corr (x)(v1, v2) = (Ppree- [(D1- v1)) (©)]. Iy ' (Pprar: [(DI- 1) ©)])).  (13)

(5) The Arnold form Ar: g* x g* — R is defined by:

Ar(y1, v2) = (ads, 1. Ty " (ady, 1) + Py [ady, (T, 12)]). (14)

The following theorem (Corollary 6.2 of Rodriguez-Olmos 2006) is the synthesis
of the singular reduced energy-momentum method.

Theorem 3.1 Let p, € T*M be a relative equilibrium with configuration-velocity
pair (x,&) € M x g and momentum j € g* such that dim(G - F) < dimM. Let
£+ = Py (&) be its orthogonal velocity. If the Arnold form is nondegenerate at py
and (di Vg1 + corrg 1 (x))|xy, is positive definite, then the relative equilibrium is G -
stable.

int
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When the Arnold form is nondegenerate, it is also shown in Rodriguez-Olmos
(2006) that the symplectic matrix of the symplectic normal space at py has a partic-
ularly simple block-diagonal expression. We quote this result which will be essential
in the proof of the linear instability of some Riemann ellipsoids.

Theorem 3.2 Ifthe Arnold form is nondegenerate at the relative equilibrium p, with
configuration-velocity pair (x, &) and momentum [, the symplectic normal space at
Dx, is symplectomorphic to N = q* @ Zin @ S* equipped with the symplectic matrix

CI“ Eint S*

B - 0
wN = 2 _dXSL):.l L E

0 -1 0

where
E(n.y) =—(w.ady ), U(y, (v () +b))=(w ad,y?)
and x&" is the one-form defined by x** (X) = ({4, X)), for all X € X(M).

Remark 3.1 The G-invariance of V and ((-, -)) imply the following property. If (x, &)
is a relative equilibrium, then the orbit (g - x, Adg&) for every g € G consists of
relative equilibria with the same stability or instability properties.

Remark 3.2 The reason why in the previous section we looked at Dirichlet’s model
as a simple mechanical system holonomically constrained is that the unconstrained
space GL ™ (3) is an open domain of the vector space L(3), and then the implementa-
tion of the reduced energy-momentum method is easier than if one is working directly
on SL(3). In view of the survey of the method, the strategy will be to use the triv-
ial extension of the self-gravitating potential to GL™(3) and consider its augmented
potential with respect to the locked inertia tensor corresponding to the original Rie-
mannian metric on GL™ (3). Then we further augment this augmented potential with
the constraint function I3 and Lagrange multiplier A. Denoting by

A
VSL?%‘R = VéLséR - )\.det

the resulting twice augmented potential, we have:

(1) Relative equilibria for Dirichlet’s model correspond to triples (F, &y, &g) with
F € GLT(3), (&1, £r) € R? x R3 such that the following two equations hold:

dv} . (F)=0, and det(F)=1. (15)

(2) The stability test now follows from the following observation. If we call Egj@)
and Eisn]t“@ the spaces of internal variations for GL™(3) and SL(3) associated to
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the triple (F, &1, &R), according to (12), we notice that

+
5SLG) _ $GLT ()

int — “int

Nker TrI3.

Therefore, according to the general method, and standard Lagrange multiplier
theory, to conclude stability it suffices to study the eigenvalues of the bilinear
form

2 A
(d7 Ve, et T COIT@L@&R)L(F)) |2i5n%‘3)’
G

SL(3) - L*t(3) :
where X is seen as a vector subspace of 2 . From now on, we will
omit the superindex SL(3) for the space of internal variations.

4 The Augmented Self-Gravitating Potential for Symmetric Configurations

In this section, we compute the augmented potential

1
Vipgx =V = (L, &0), I(F) (L, €p))

in the unconstrained configuration space GL™(3) and collect some results for the
self-gravitating potential V. The potential V (F) at a typical configuration is an ellip-
tic integral except for symmetric configurations (i.e., with at least two equal singular
values) for which it can be integrated by elementary functions. The extension to the
unconstrained space of the potential V depends on F € GL*(3) through the two
principal invariants 17 and I; defined by (3) and (4), respectively. In the study of the
existence and stability of relative equilibria of simple mechanical systems, it will be
necessary to compute the first and second derivatives of Vg, ¢, and the results of this
section are essential to this end. In the following, we will restrict ourselves to diagonal
configurations only. There is no loss of generality with this assumption since, accord-
ing to the singular value decomposition, every matrix F € GL*(3) belongs to the
G-orbit of some diagonal configuration D by some element (e; A, B) € G. Hence,
by Remark 3.1, the qualitative properties of a relative equilibrium (D, ({1, &g)) are
the same as those of (ADBT, (A&r, B&R)).
Let J(k,r), with k, r € N be the following family of integrals:

S r) = * s'ds
v .—/0 W,

and denote by V; (i = 1, 2) the partial derivative of V with respect to I; and by V;; the
partial derivative of V; with respect to I; for j = 1, 2. Using (6), elementary calculus
computations give:

R R
V=-RI10). Vi=2J3.2. V2=2JG.D, (16)

3R 3R 3R
V“:_TJ(S’4)’ VIZZ_TJ(5’3)’ VZZ:_TJ(S’Z)' a7
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Note that the integrals J (k, r) are all positive as well as V1 and V5.
Next proposition gives the values of J(k, ) in the case of spheroidal (two equal
axes) configurations.

Proposition 4.1 Let F = diag(a, a, c) be a spheroidal configuration with a*c = 1.
(i) The integral J(k,r) for the oblate spheroid F (a > c) and eccentricity e =
[1—(£)? is given by

x2)rx3(k71)72r dx

2 Ta-
Jo(k,r) = o\ 20D =3k / : (18)
e”) 6 0

(1— (1 — e2x2)5

(i1) The integral J(k,r) for the prolate spheroid F (a < c) and eccentricity e =

1 — (£)2 is given by

I r) 2 / (1 _x2)rx3(k—l)—2r dx 19)
,r) = .
P (1 _ 62) 2(r+;)—3k 0 (l _ €2x2)k

Proof Note that for the diagonal configuration F' = diag(a, b, ¢) the value of A(F)
in definition (7) is

A(F) = [(a2 + s) (b2 + s)(c2 + s)]l/z.
For (i): making the change of variables s = a? tan® 6 we get

2 (sing)2r ! 3(k—1)—-2
Jo(k, 1) = 2q20+D=3k f”/ (sinf)?" (Czosg) . o
0 (1 4+ E5£ cos2 9)k/2

—e2) Y0 and ¢ = (1 — €2)1/3 be-
cause a%c = 1. Then from the above expression for Jo (k, r), one gets

Since the eccentricity is ¢ =

2 /2 (sin0)2r+l (COSQ):%(kfl)er
Jo(k,r)= T / N de.
1 - 62) 0 (1- 2cos 0) /

Making x = cos 6 the result follows.
For (ii): The change of variables s = ¢ tan® 0 gives

2 (sin@)?+1 3k—1)—2
Tp(k, r) = 22 +D=3% f”/ (sin6)  coso) D>
0 (1 a —c C052 9)"

The eccentricity e of the prolate spheroid is such that ¢*(1 — %) = a?. As a’c =1,
thena = (1 — 62)1/6 and ¢ = (1 — ¢%)~!/3 and the result follows for x =cosd. O

As stated in the previous section, in order to find critical points of a G-invariant
function defined in SL(3) we will work with its extension to GL™*(3) subjected
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to the constraint det F = 1. Since any such function can be written as f(F) =
f1(F), b(F)), in order to compute the critical points we use the augmented func-
tion f*(F) = f(I,(F), I,(F)) — A det(F) subjected to the condition det(F) = 1. For
the differentiation of f* consider the pairing between vectors 8 F € TrSL(3) and
covectors B € TiSL(3) tobe B -§F = tr(BT § F). Then using the chain rule we get
that critical points must verify the following set of equations:

df*(F)-8F = 2tr|:(f1FT + (L F' = FTFFT) - %det(F)F—l)aF} =0,

(20)
det(F) =1,
since
dli(F)-§F =2u(F'sF), (1)
dL(F)-8F =2[Lu(FT8F) —tu(FT FFT§F)], (22)
ddet(F) - 8F = det(F)tr(F '8 F) (23)

(see, for instance Ciarlet 1988 or Marsden and Hughes 1983).
Next proposition gives the expression for the locked inertia tensor.

Proposition 4.2 The locked inertia tensor for the G-action on T*GL™Y (3), at a con-
figuration F € GL™ (3), is defined by

((€2. €r). L(F)(TL. 7R))
=Tul, T FFT + & FTFir—& FigF" —& FTqLF], (24)

where T = %p and &, €so(3) fori=1,2.
Under the isomorphism (2), the locked inertia tensor is also equivalent to:

ig —2det(F)F~ T [y
(€L, &), I(F)YL, nR)) =T [£L  £r] . . ,
—2det(F)F ic nNR

(25)
where S= FFT,C=FTF andis = tr(A)I — A (I denotes the identity matrix).

Proof By the locked inertia tensor definition in Proposition 2.1, the expression (8)
for the infinitesimal generators of the G-action on GL™(3) and the definition (1) for
the Riemannian metric, we have

<(§Zﬂ 5;)7 I[(F) (ﬁZV ﬁE)) = <<(§I\n &)GL"’(:’))(F)’ (ﬁZa ﬁE)GL-F(?,)(F)))
=((ELF — FEg, ILF — Fir))

=Tu[(§,F — F&)' (TLF — F7iz)]-
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Using the fact that g and 7); are skew-symmetric matrices and the cyclic property of
the trace of a matrix, it is straightforward to obtain expression (24).

For the expression (25), we need some standard properties of the isomorphism (2).
In particular,

w(E77) =2¢ -, (26)

—~ 1 ~
w(€L) = Sur(E(L - L"), 27)
L§+§L = i;fv if L is a symmetric matrix, (28)
ZE = det(L)L*T?L*1 if L is an invertible matrix, 29)

where the dot denotes the standard inner product on R>. Let us compute some terms
of the expression (24) since the other are done similarly

o 1 p~7, _
wE FF) = Sulé FFT + FETL)] by 7)

1 P
=5 tr(éLTisnL) (by (28))
=& -ign.  (by (26)),

~ A 1 o~ ——
w(€x' FT7LF) = P u[&" F-1ne]  (by 29))
=2det(F)ég - F~ 'L (by (26)). O

As a straightforward consequence, we can obtain the momentum of a relative equi-
librium for Dirichlet’s model, that is, its angular momentum and circulation.

Corollary 4.1 The momentum for a relative equilibrium with configuration F and
velocity-vorticity pair (¢, £g) € R? @ R is

u=1(F) (L, €r) =T (isér — 2det(F)F " £g,icEgr — 2det(F)F'EL).  (30)

That is, the angular momentum and circulation of a Riemann ellipsoid with configu-
ration by F, and angular velocity-vorticity pair (&1, £g) are given, respectively, by

i/ T =iskL — 2det(F)F &,
¢/T =icégr —2det(F)F~'g;.

The expression for the twice augmented potential VQL £r follows now easily from
Proposition 4.2.

7 (F)——R/Oo ds
§L.6r - o A(F)

1 1
- T(g& ig€p + ESR “icég — 2det(F)&L - FTSR)

— L det(F). 3D
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5 Existence Conditions for Symmetric Riemann Ellipsoids

In this section, we classify symmetric relative equilibria for Dirichlet’s model. We
will treat the spherical case (i.e., a configuration having three equal principal axes) as
a particular case of a symmetric configuration. From the singular value decomposi-
tion and the definition of the action of G = Z, x (SO(3) x SO(3)) on M = GLT(3)
(or on SLT(3)), it follows that the stabilizer of a symmetric configuration F is conju-
gate to the stabilizer of a diagonal configuration. That is, conjugate to Z; x O(2)2 or
7y x SO(3)P if F has 2 or 1 different singular values, respectively (see Roberts and
Sousa-Dias 1999 for a derivation of this result). Actually, if the configurations are
diagonal, these are exactly their stabilizers. Here, K” denotes the diagonal embed-
ding of K € SO(3) in SO(3) x SO(3) and O(2) is the subgroup of SO(3) generated
by all the rotations Ry € SO(2) around a given axis e in R3 and a rotation, |
by 7 around an axis el perpendicular to e. In case of the diagonal configuration
F =diag(a, a, c), Ry is the rotation matrix by an angle 6 around (0, 0, 1) and IT¢.
can be chosen to be diag(1, —1, —1). We introduce the following subgroups:

° SO(2):>\</SO(2)e, generated by elements (e; Ry, Ry,), with Ry, , € SO(2)e and
(o; ML, Mg1).

° 6_(\2_):, generated by elements (e; Rg, Rp), with Ry € SO(2)e and (o7; [Te1, TTo1).

e 75(e), the cyclic group isomorphic to Z, generated by the element (e; I1e, ITe).

e More generally, if K is a subgroup of SO(3) x SO(3), we denote also by K the
subgroup of Z; x (SO(3) x SO(3)) generated by elements (e; k), with k € K.

Note that since we are going to impose the constraint F' € SL(3), we will consider
only two kinds of symmetric configurations, specifically:

e Spherical: F =diag(1, 1, 1).
e Spheroidal: F = diag(a, a, ¢), with a’c = 1.

To find all the possible Riemann ellipsoids with symmetric configurations, we will
have to solve (15) with F of the above forms and different pairs (£, £g). The possible
solutions are summarized in the following theorem.

Theorem 5.1 The relative equilibria for Dirichlet’s model of a self-gravitating fluid
mass are:

(1) The spherical equilibrium with spherical configuration F = diag(l,1,1),
velocity-vorticity pair (0,0) and Lagrange multiplier > = 2V + 4V,. Its cor-
responding momentum and isotropy groups are

pn=3,¢)=(0,0), G,=2Z x (SO3)xSO(3)),
Gr=Gp, =7 x SOB3)".

(ii) The family of MacLaurin spheroids which have oblate spheroidal configurations
F =diag(a, a, c) (with ¢ < a) and angular velocity and vorticity parallel to the
axis of symmetry es. In terms of the parameter §2 defined by 2e3 = &1 — &g,
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this family is characterized by » = 2(1 — 2BV + 41 — )13V, and the
following constraint between §2 and the eccentricity e:
2? V1—e?

_ 2 N
an_Z > (3 —2¢°)arcsine 82(1 e”). (32)

Its corresponding momentum and isotropy groups are:

n=G.0=2(1-¢)""T2(es —e3),

Gr=Zox0@PL,  G,=S0Q2)¢ x SOQ)e;.  Gp, =02y

(iii) Two branches of transversal spheroids which have prolate spheroidal configura-
tions F = diag(a, a, c) (with ¢ > a). We distinguish the two branches of this fam-
ily with the signs + and —. These branches are characterized by the Lagrange
multiplier A = 2((1 — )3V, + (1 — e2)13(e? —2)V»), the velocity-vorticity

pair (EL,ER)+ = wL(m, fin) with fi = \/I% (where n is a unit vector per-
—e

pendicular to e3) and the following constraints between w4 and the eccentric-

ity e:

0l _(eF el
7pG ed

(Se + (e2 — 3) arctanhe). (33)
The corresponding momentum and isotropy groups are:

B e(e+2) e(eF2) >
=23 T eF D —e)/6")

Gr=Zx0Q)%.,  Gu=S0Q2)n xS0,  Gp, =Zs(n).

Mt = Tw:t(

Before proving the theorem, we remark that formula (32) has already been obtained
by MacLaurin in 1742, as it is claimed in p. 4 of Chandrasekhar’s book (Chan-
drasekhar 1987).

Proof First, using (31), (16), and (20), it is easy to see that the general conditions
(15) are equivalent to

0=2ViFT +2Vo(,FT — FTFFT) — Adet(F)F !
—T[(IEL I + 16l FT — FT (5, ® &) — Gr ® ER)FT

+2det(F)((F ', ® FTeg) — (1 - FT&g)F )], (34)
1 = det(F). (35)

Spherical case: If F =1, then (34), (35) are simply

(Vi +4Va —a = T[lIEL I + 611> — 261 - £&])T
+ T Q&L +Er®ER — 286 ®ER]=0.
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Taking &7, = (€11, &L 2, &1,3) and the same sort of notation for &g, the off-diagonal
terms of this expression are independent of Vi, V,, and A, and equivalent to the fol-
lowing 6 equations:

Gr1—8r1)EL2—ER2) =0, Er16L2 =E&R26L .1,
Gr1—8r1)EL3—E&R3) =0, §r16L3 =68Rr38L.1,
L2 —8r2)EL3—6R3) =0, Er26L3 =&R 381 2.

It follows then that &, = £g. Recall from Theorem 2.1 that the momentum of a rel-
ative equilibrium with configuration x and velocity £ is given by u =1(x)(&). Then
from (25), we have u = (j, ¢) = (0, 0). Therefore, Gr = Z> x SO(3)?, G, =G,
Gpr=G,NGF=GF.

Now, noting that (§1,&R) € gp, if &, = &g, and that the velocity of a relative
equilibrium is defined only up to addition of elements in g, the relative equilibrium
(X, (51, &R)) is the same as (I, (0, 0)). Then the relative equilibrium conditions are
satisfied with A =2V| +4V5.

Spheroidal case: We now consider F = diag(a, a, ¢) with a’c = 1. Since in the
(e1, e2) plane all directions are equivalent, we can assume without loss of generality
that £, 1 = 0. Now, conditions (34), (35) are equivalent to the following system:

0=2aV, + 2a3V2 + 2ac2V2 —ach — aT(SI%’Z + E,zm + 532 + 533)

+ 2T (c§Rr,26L,2 + a&Rr,35L,3). (36)
0=2aV; + 2a3V2 + 2ac2V2 —ackh — aT(EI%’1 + 51%3 + 51%3)

+2aTéR 361 3, (37
0=2cV| +4a’cVy — a’h — cT (6} | + &}, + &7 5) +2aTER2ELs,  (38)
0=28r15r2="5R16R3=E6R16L,2 =ER15L 3, (39)
0=cT&r2ER3 —2aTER 3612 +aT§L 2613, (40)
0=aT&gr25r3 —2aTER2EL3 + cT6L 2613, 41
1 =d’. (42)

Note that these equations imply that £z | = 0. Indeed, if £ 1 # 0, then (39) im-
plies ép2 =&r3 =&12=§1,3 =0 and so (36) and (37) imply &g | = O which is
a contradiction. We will now proceed systematically considering four main cases:
(i) & = £r = 0, (ii) &2 = 0, (iii) &3 = 0 and &2 # 0, and (iv) &3 # 0 and
€12 #0.

(1) If & =&r =0, then (37), (38), and (42) are the only nontrivial conditions,
which are equivalent to

=1, A:%(2V1+4a2V2), (a® = 1)(Vi +a’V2) =0.
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As V1 and V; are positive and 0 < a # 1 it follows from the last equation that there
is no solution.

(i) If &2 » = 0, then from (36) and (37) we have &g » = 0 and so (38) and (42)
give A = 2¢2 Vi+4cVs.

Let §2 = &1 3 — &g 3. Then the remaining nontrivial equations, (36), (37), and (42),
give
2 a? —c?
T a2
As Vi and V; are positive, then last equality implies that the spheroidal configuration

92

(Vi +a*Va). (43)

. . . o 2
F is oblate, that is a > ¢. The eccentricity of the spheroid is ¢? = 1 — 2—2 and a® =

(1 —¢*)~1/3, Using the relations (16) for the partial derivatives of the self-gravitating
potential, V| and V5, the expression Jo for the integrals J(k, r) in the oblate case
given by (18) and % =2mpG, then (43) is equivalent to

—1/3

2= ?ez(fo& 2+ (1=¢?) " "JoB.1)

~1/3

=2mpGe*(Jo(3,2)+ (1 —¢*) ™ "Jo(3, D).

One can easily compute the definite integrals Jo(3,2) and Jp (3, 1), although we
avoid to display their expressions since they are quite lengthy. However, the expres-
sion Jo(3,2) + (1 —e>) 137 (3, 1) is

_ 21 3-—2¢
3753, 1) =38 ¢ 2

1 — e*arcsine,

Jo(3,2)+ (1—¢?) . 5

from which (32) follows. From Corollary 4.1, it is trivial to obtain that the momentum
of this relative equilibrium. Hence, using (9), the appropriate isotropy groups are also
straightforward.

(iii) If &2 3 =0 and &1 » # 0, it follows from (40) and (41) that £z 3 = 0. Then
(37) and (42) give

a*c=1,  a=2a*(Vi + (a* +*)Va).

We can setn =e3 and (§7, £g) = w(n, fn). So, substituting the above value of A into
(36) and (38) these equations are

0= (a—20f+af2)Tw2, (44)
0= 2(c2 — az) Vi+ 2a2(02 — az)Vz — (02f2 —2acf + cz)Ta)2. 45)

From (44), we obtain the solutions fi = VA ”22_‘12, from which follows that the

. .. 2
spheroids must be prolate (c > ). In terms of the eccentricity ¢ = 1 — Z—Z, we have

1+e
NI

fr=

@ Springer



198 J Nonlinear Sci (2009) 19: 179-219

Therefore, (45) gives

2c? —a ) (Vi+a’Vy)  1Fe
T(2f2—2acfe+c2) T

1/3

wi = (V1 + (1 — ez) Vz).

Substituting in this expression V| = RJp(3,2)and Vo = BJp(3,1), as well as R =
2rpGT gives (33). As before, using the expression of the locked inertia tensor and
(9) the remaining results follow.

(iv) In this case, we have &1, » #0, &1, 3 # 0 and &7 1 = &g,1 = 0. Note that from
(40) and (41) one should also have £g » # 0 and &g 3 # 0. So, let &1 » = g&g 2 and
&r.3 = h&g 3 for some reals g, # # 0. Then using also (42), (40) and (41) reduce to

(1 —2a’g +a’gh)ég 26r,3 =0,
(a3 —2a%h + gh)é:R,zé'Rs =0.

These equations have solutions

4a° ' 4a3

50— 1+ v1—=10a® +9a'2 1+43a® £ /1 —10a6 + 942
(h:I:ag:I:)=< ) (46)

Comparing (36) and (37) using &1 2 = g&r.2, £1.3 = h&g 3 and (42), we obtain

—a(1+ g% +2cg =0 and so g+ must be 1T ag‘“é or = Vai_a6, but this is a contra-
diction with (46). So, there is no solution for the above system. O

Remark 5.1 Note that the functions fy and f_ appearing in the characterization
of transversal spheroids are inverse of each other. Therefore, the two families of
transversal spheroids belong to a single orbit of the symmetry group. Indeed, the
Z, symmetry interchanges the + and — families, since o - (F; win, oy fyn) =
(F T. w4 f+n,wyn) = (F; w_n,w_ f_n), as it follows from their definitions that

o2 Jo? = f/f+.

Remark 5.2 Theorem 5.1 is in agreement with Riemann’s classification of ellipsoidal
figures of equilibrium for Dirichlet’s model of self-gravitating fluid masses. That is,
these ellipsoidal figures of equilibrium must lie in one of the following categories:
(a) the case of a uniform rotation with no internal motion (or uniform vorticity and
no rotation); (b) the case when the directions of the angular velocity &;, and vorticity
&g are the same and coincide with a principal axis of the ellipsoid (also known as
ellipsoids of type S); (c) The case when the angular velocity and vorticity are not
parallel, but lie in the same principal plane.

In particular, we show that for Dirichlet’s model it is not possible to obtain relative
equilibria with spheroidal configurations belonging to category (c).

Remark 5.3 The existence of transversal spheroids is referred in Chandrasekhar’s
book (Chandrasekhar 1987) (see, for instance p. 143); however, their study is not

present in the classical works of Liapunov (1904) and Poincaré (1885).
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In the work of Chandrasekhar, the transversal spheroids have been treated as par-
ticular (or limiting) cases of some families of triaxial ellipsoids of type S. We feel
that the transversal spheroids should be regarded as independent solutions in their
own right due to the fundamental geometric differences (different isotropies) from
ellipsoids with three distinct length axes.

Our expression for the angular velocity of transversal spheroids coincides with
(93) in Chap. 7 of Chandrasekhar (1987). Our expression for f4 coincides with equa-
tion (92) in the same page of the referred book once we substitute the vorticity &g by

a2—|—02

/—_
ER_ ac

&R,

which is the vorticity in the reference frame rotating with the body. In this accelerated
frame (the one considered by Chandrasekhar), the spheroid is at rest and there are
only internal motions with constant vorticity & . Therefore, £ is the vorticity vector
expressed in body coordinates. See Remark 3 in Sect. 3 of Roberts and Sousa-Dias
(1999) for a more detailed explanation of these differences.

6 Stability Conditions for Symmetric Riemann Ellipsoids

In this section, we apply the singular version of the reduced energy-momentum
method introduced in Rodriguez-Olmos (2006) in order to deduce the stability of
the symmetric relative equilibria obtained in Theorem 5.1. In order to apply this
method, it is essential to compute the second derivative of the twice augmented po-
tential VE);‘ R The following lemma gives that result.

Lemma 6.1 If F is a critical point of the twice augmented potential

&L

1
VéLsSR) = V(I](F), IZ(F)) ~5 [‘fL éR] I(F) |:$R

:| — Adet(F),
for (1, &r) € R? x R3 and I(F) as in Proposition 4.2 and A, B € TrGL* (3), then

1 3
g =V 3o sy
R

— rdet(F)(te(F~'B) u(F~'A) —u(F~'BF ' A)),
where
d7.V(A, B) =2t(BTA)(Vi + 1)
—2tr(BFTFAT + FBTFAT + FFTBAT)V,
+4u(FTA)w(FBT) (Vo + Viy + 20 Via + [T Vo)
—4u(FFTFBT)u(FTA)(Vio + I} V)
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—4tr(FTFFTA)e(FBT)(Viz + 11 V)
+4uw(FTFFTA)uw(FFTFBT)Vy,
and

&L

&r

[e. &]DI(A, B) [ ] =T u(46xBTEL A — 28, ABT — 26 BT A).

Proof We will just sketch the computation of d% V(A, B).
Recall from the proof of Theorem 5.1, that

dV(F)-A=2(Vi + 1) te(FTA) =2V, r(FT FFT A).

Differentiating again using the expressions for d/{(F) - A and d/>(F) - A given in
(21) and (22) and the chain rule, the result follows.

For the expression D%,H(A, B), we differentiate the expression (24), which in this
case takes the form

(L. &R). 1(F) (€L, €r)) = T w[26x FTELF — FTFéx” — FFTE"].
Then applying standard properties of the trace, we get
(62, €r), DI(F) - A)(EL, £x)) = T u[4Er ATELF — 24T FER* —2AFTE 7).

The expression for D%H(A, B) stated follows now easily. Finally, using (23) to dif-
ferentiate the expression

ddet(F) - A =det(F)tr(F~' A),
we get
7 (det(F))(A, B) =det(F)[tr(F'B)uwr(F~'A) —u(F'BF~'A)]. O
6.1 Spherical Equilibrium

We now study the stability of the spherical equilibrium. Notice from the outline of
the method in Sect. 3 that for this equilibrium we have that g*, the correction term
and the Arnold form are all trivial, as well as the velocity-vorticity pair (£, &g). As
a consequence, EiSnI;(3) =SSO | the orthogonal complement to the G-orbit at the
identity in SL(3). Hence, to conclude stability of the spherical equilibrium we need
to study the definiteness of
2y

4 V0.0|gseo-
Theorem 6.1 For Dirichlet’s model, the spherical equilibrium is nonlinearly G-
stable.
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Proof Recall that TSL(3) is the space of traceles/s\ mat/r\ices. Also, the infinitesimal
action of g on GL™(3) at Lis (&, ER)GL‘*'(?))(I) =§&; — &g. Then

SSL®) = [A € TISL(3) : tr(A& — A&R) = 0 V&L, Eg e RY).
Therefore, S5 is the space of traceless symmetric matrices. That is, matrices of
the form
air an a3
A=|ap ax azs
aiz a3 —(ain +ax)

We fix a basis for S5 with respect to which the components of A are (a11, a2, a1z,

aiz, az).
By Lemma 6.1, the expression of d% V()(‘) 0) |gsL@), with A = 2V; + 4V, as given in
Theorem 5.1, reduces to:

dVio,0)lgsie (A, B) = 4(V1 + Va) (BA),

where we have applied the fact that A and B are traceless symmetric matrices. There-
fore, in this basis, we have

21 000
1 2000
d%V(/(\),O) gLy =4Vi+WV2) [0 0 2 0 0
00020
|00 0 0 2]

As Vi + V; is positive, the eigenvalues of this matrix are 12(V] 4+ V»),4(V1 + V»)
and 8(V| + V») with multiplicities 1, 1 and 3, respectively. These are all positive,
therefore, the spherical equilibrium is G-stable. |

6.2 MacLaurin Spheroids

We now study the nonlinear stability of MacLaurin spheroids in the setup of pre-
vious sections (Theorem 5.1). As it has been stated, a MacLaurin spheroid has an
oblate configuration which, with no loss of generality, we suppose diagonal. This
configuration is uniquely characterized by the eccentricity e € (0, 1). In order to ap-
ply Theorem 3.1, one needs first to split g = R> @ R3 according to (10), that is, as

gu=0p,®p and g=grdpdt

Recall that for the MacLaurin spheroid one has Gr = Z, X 0(2)? and G, =

SO(2);_>\</SO(2)%. One can then choose the following ordered orthonormal bases
(with respect to the Euclidean product in R3 @ R?) for each of the spaces of the
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above splitting: If we define & = %(63,63),[7 = %(63, —e3),t1 = (e1,0), 1 =
(0,e1),13 = (e2,0), 14 = (0, €2), then

gr = spanf{h},
p = span{p},
t=span{ty, t, 13, 14}.

—~—

It is straightforward to check that these subspaces are invariant for G p, = O(2)e;.
The orthogonal velocity £ for the MacLaurin relative equilibrium is the orthogonal
projection of the velocity & onto p. Then

1
(5L, ER)T = = (5L 3€3,ER 3€3) - (€3, —e3)(e3, —e3)

2
N o 2 i
= E(EL,s —&r3)(e3, —€3) = ?(63, —e3) = EP, 47)

where §2 must satisfy (32). As already deﬁned,fo is the restriction of I to p @ t. The
locked inertia matrix for the configuration F = diag(a, a, c) is according to (25),

Dy Dy
I(F)=T ,
D, D

where D = diag(a® + ¢?, a® + ¢2,24*) and D, = —diag(2ac, 2ac, 2a?). It is now
straightforward to obtain the Ip matrix with respect to the basis (p, t1, t2, t3, t4). That
is,

[4a®> 0 0 0 0
0 a’+c* —2ac 0 0
fo =T| O —2ac  a*+c? 0 0
0 0 0 a’>+c*  —2ac
L O 0 0 —2ac  a*+c? |

Or in terms of the eccentricity,

M 14 . 0 0 0 0
—e
0 P N 0 0
1—e?
o~ _ 2
To=T| 0 —2V1-¢? 321;2 0 0 . (48)
2—¢? N1 2
0 0 0 o 271 —e
0 0 0 —2Y1—e2 2=
L 3 1—e2 .
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We can use /}I\o and (£7, £g)* to compute the momentum of a MacLaurin spheroid.
Indeed,

~ 2~ 22T 2
=To(&, Eg)" = —1 = 17 5,
1% O(EL ER) \/z O(P) (1—62)1/3[)
which is of course the same as the value obtained in Theorem 5.1 under the identifi-
cation g ~ g* induced by the Euclidean product in R @ R3.
In order to apply Theorem 3.1, we need to verify that the singular Arnold form is
nondegenerate.

Proposition 6.1 For a MacLaurin spheroid q* = t and the Arnold form, defined in
(14), is positive definite for all eccentricities.

Proof Recall that the Arnold form Ar: g* x g#* — R is defined by:

Ar(y1, y2) = {ady, 1, A(F, ) (2)),
where
AF, ) (y) =T (ady 1) + Pprges [ady (Tg ' ).

First, we compute the space g/. Notice the following relations for the adjoint
representation of G:

ad,l pP=

-1 1 1 -1
—1, ad, p = —ty, ady p = —t, adyp=—h, “49)
\/E t, P \/E 13 P \/E 4 P ﬁ

and

adfl th = adtl Iy = ad;2 3 = ad,3 ty =0,

1

adtl 13 = ﬁ(h + P), (50)
1

ady, 14 = %(h = P).

Also, recall that under our identification g >~ g*, we have ad;jp = —ad,p, for y €

g, p € g*, and where p in the right-hand side is identified with an element of g.
Therefore, IP’gF(ad[ w)=0fori=1,2,3,4, hence g =t. As —Ho(p) W, then

]I (,u) p Then from (49), we obtain

2

~ 2
adn(ﬂ(;l“)z_jt% ad,z( 0 “)—jt‘%

2 2
adt3( 0 “) S ad,4( 0 ') = 5 h

The i 1nverse of the matrix (48) is not difficult to compute. Here, we just state the
values of ]IO (adju) = —H (adw ) on vectors w of the fixed basis:

2T 82 —2(e* - 2)2 41 —e282

W 0 (13) = 7 3 e Ig,

Iy ' (ad: ) =

e
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~ 2T ~ —4/1 =282 2(e2 —2)2

—1 _ —1 _
Iy (adZM) = —mﬂo (t4) = A 13+ A 14,
~ 2T ~ 2(e2 —2)2 41— 22

1 _ Loy —

o (adin) __mﬂo =g =g
~ 2T -~ 41— 22 2(e2 —2)2

—1 _ —1 _
I (adip) = = iple () =——F—n-———n

From these expressions, it follows easily that

et +4e? -8 41 — 2
ACF, (0) =————Qn+ ————Qu,
2e e
—4/1 =2 et +4e -8
A(Fa N«)(Q): 4 Qt3+ 4 Qt4,
e 2e
4 2 2
e"+4e- —8 44/1 — ¢
A(Fa H’)(t:;) = 4 Qtl - 4 Qtz,
2e e
44/1 — €2 et +4e2 -8
ACF. p)14) = Q1 = ———— 21

Finally, the entries of the Arnold matrix are given by

2V2T 2

Ar(ty. 1)) = (. ady ACF ) (0) = 7= 5175

(p.ady ACF, (1)), i=1,2,3,4.

Using (50), the Arnold matrix is then given by

A=A 00 (8 — e* — 4e)T Q2
A=
—A2 A] 0 0 401 _ .2 1
Ar= with e’(l le )3
0 0 A1 -4 4, 80— e?)s T 22
0 0 —Ay A ° et ’

The trace and the determinant of each block of Ar are positive and so Ar is positive
definite. 4

The next theorem gives the stability of the MacLaurin spheroids.

Theorem 6.2 A MacLaurin spheroid with eccentricity e € (0, 1) and momentum
is nonlinearly G, -stable if Sy > 0 and S > 0, where

Si = Ze—f (9¢(3 — 562 + 2¢*) — v/1 — €2(27 — 36¢> + 8¢*) arcsine),
S = eﬁs(e(l —e?)(3+4e*) — V1 —e2(3+2¢* — 4¢*) arcsine).

The MacLaurin spheroid is unstable otherwise.
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Proof As the Arnold form is nondegenerate, G, -stability will follow whenever
(d%, Ve1 + corrg 1 (F))|s,, is positive definite. Recall from (12) that

Zine = {ysLa)(F) + A: y €q, Ae S5O,
and (DH(F) : (VSL(3)(F) + A))(%‘L) c p*}’

where S0 is the linear slice for the G-action on SL(3) at the oblate configuration,
F =diag(a, a, c). Matrices A € SSLG) must verify

0=t[ATEF — F))), V&, neR, and
0=tr(F'A),

because A must belong respectively to the orthogonal complement to the tangent
space to the group orbit through F and A € TrSL(3). These two conditions give that
A must be of the form

aip a0
1 1
A=lap axpyp 0 with Z(an +ax) + Ea33 =0.

0 0 as

Therefore, we can describe SSH) as the set of matrices of the form

ai+ap as 0
A= a3 ay —ap 0 , (51)
0 0 —2ga1

with ay, ap, a3 € R. Let the vector y € g* =t be y = (y1, v2, ¥3, ya) With respect to
the basis (¢1, f2, 13, t4). Therefore, using (8), we have

ar+az az cys —ays
ysL3)(F) + A= az ay—ay —cyit+ay:
—ays+cys ayi—cyy  —2a)

The set Xy is precisely the set of matrices Asy,3)(F) + A for which
(DI(F) - (ysL)(F) + A)) G, £r) " € p* = (gF +1)°.

where (h + t)° denotes the annihilator of b + t. Using (&, &g)* = % pand w €
{h, 11, 1z, 13, t4} and differentiating (24), the computation of

(w, (DI(F) - (hsL3) (F) + A)) (€L, €r)")

gives, in terms of the eccentricity e:

(h, (DI(F) - (ysL3) (F) + A)) (L, Er) ) =0,
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(1, (DI(F) - (ysL3) (F) + A)) (€, £r)T)
T2
= 2(1 — e2)1/3 [(
(2, (DI(F) - (ysL3)(F) + A)) (6, £r)F)
T2
==Y 1= 2+e)nl.

(13, (DI(F) - (ysL3)(F) + A)) (€L, £r)T)
TR
T2(1-e)3

(ta, (DI(F) - (ysL3)(F) + A)) (€, ER)T)

T2

=— [ 2VI-e2y + 2+ )]

2(1—e?)1/3

2+ )ys —2V1 -y,

[—(2+62)y1 +2v1 - @2)/2],

It follows from the above expressions that
(DI(F) - (ksLy(F) + A)) 6L, §R)" € (87 +D)°

if and only if y = 0. This is equivalent to Xj, = SSM3 . Let us now compute the
correction term restricted to iy = SSV3). For any A € SSL®) | one has (DI(F) -

A) (€L, Ep)t = (‘Kfz;/l?ﬁalp and so

4T 22

Pegp[(DI(F) - A) (€L, 6r)1] = (m

a1,0,0,0,0>.

From the expression of ’]I\o, it is straightforward to obtain
~ 1/6
Iy (Peop[(DICF) - B) (L. £0)"]) = V202 (1 — ¢2) b1 p,

where by is the entry of B € S playing the same role of a; in A. Then from (13),
we have

AT 22

cortq - (YA B) =( T

ap, «/E.Q(l — ez)]/6b1p> = 8T92a1b1.

The computation of d% VéL £p)L (A, B) is lengthy but with no difficulties. Using
Lemma 6.1, we obtain

(52, €r) ", (DRI(A, B)) (6L, Er)*Y) = darby T22,
d2 det(A, B) = —2c(3aib + axby + azbs).

We fix a basis for the slice SS®) in which the coordinates of A in (51) are A =
(a1, a2, a3). With respect to this basis, the matrix for d% Vs, 1s given by d% Vig, =

@ Springer



J Nonlinear Sci (2009) 19: 179-219 207

diag(D1, D2, D) with

alO

=D =a*(a® +2)Vi +3a5(a® — 1)Va +4(a® — 1)’ Vi) +8a>(a® — 1)’ Vi

+ 4a4(a6 — 1)2V22,

alO

TDQ =a10V1 +a6(1 — a6) V5.

Therefore, with respect to this basis, we have

(A V71 +corrg (F)) |, = diag(Dy +6¢i + 6T 2%, Dy + 2ch, D2 + 2c)
= diag(S1. 52, 52). (52)

For the MacLaurin spheroid we have, from Theorem 5.1, A = 2(c2 Vi+2cV,) and
22= %eZ(Vl + a2V5). Then in terms of the eccentricity, we have

1= 1 _882 ((3 _4ez+e4)V1 +3(1 —e2)2/3V2 +2€4(1 —62)2/3V11
P - ) P+ 26 v),
h 24 o4 2 n2/3
S:= T a(@-3¢ + )i+ 2 -3) (1= ) 0a).

Expressing the partial derivatives of V in terms of the integrals Jo (k, r), we obtain

Sy = 2_1: (9¢(3 — 5% +2¢*) — /1 — €2(27 — 36¢* + 8¢*) arcsine),
e
Sy = 655(9(1 - ez) (3+ 4e2) - M(S +2e% — 4e4) arcsine).

In order to prove the instability claim, we now study the spectrum of the linearized
Hamiltonian vector field Ly, = a)x,l (déxh(sL’sR)J_ |~), where in our case N and wy are
as in Theorem 3.2 and p, is the point in phase space corresponding to the MacLaurin
spheroid. Also, from Proposition 6.2 in Rodriguez-Olmos (2006), we have

Ar 0 0
2 _ 2 yA
) hgeptly =] 0 @EVE o0 Foome go)lssio 0
0 0 ({5 ) ssLor

Let us start by computing the block ((:,-))gsL3+ of the above matrix, where
({-, -))gsL@= is the inner product on the dual of SSL®) induced by the Riemannian
metric on SSY®). For, let as before fix the ordered basis {s1, 52, s3} on the slice SSLG)
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where
1 0 0 1 0 O 010
s1=]0 1 0 , s5=10 -1 0], s3=(1 0 0
0 0 —2J1—¢2 0 0 O 0 00

Recalling that ((A, B))gst =T tr(AT B) then the matrix that represents ((-, -))gsL3)
in the fixed basis is

3—-22 0 0
Ry =2T 0 10
0 0 1

Let {si“, si“, sg‘} be the dual basis of {s, s, s3} under the identification of SSLG)*
with SSLG) using the inner product ((-, -))gsL . In this basis, the induced inner prod-
uct ({-, -))gsLe+ is represented by Rl_l.

Let Ry = (V) .1 +00rme, g1 (F))]z,,. then

Ar O 0
&) h gotlv=| 0 Ra 0
0 0 Ry

To compute Ly in the basis {t, n, 13, t4,s1,sz,S3,si‘,si“,s§‘} for N we use the
formula for wy given in Theorem 3.2. Let us now compute each of the blocks of wy .

Recall that g* =t for a MacLaurin spheroid. Then from Theorem 3.2, for
y1, ¥2 € t, we have:

2V2T Q2 >

E(,y2)=—u-ady,y2 = —<mp, ady, 2

Using (50), the matrix E is given by

0 0 -1 0
2T 0 O 0 1
E:(l—ez)‘/3 1 0 0 0
0 -1 0 0

Since for a MacLaurin spheroid i, = SS) | it is immediate from the definition of
W in Theorem 3.2 that W is the zero matrix.

We now compute the Coriolis term —dy G |5, - For that, we will obtain a
concrete expression for the right-hand side of the equality

dX(SLQER)J‘ (X,Y)= X(X(SL,ER)L(y)) _ Y(X(EL,ER)J‘(X)) _ X(‘i:LsSR)L ([X, Y]), (53)
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with X, Y € X(GL*(3)).

Start by considering for U, V € T;GL" (3) = L(3) the corresponding left-invariant
extensions Xy, Xy € ¥(GL'(3)). We have Xy (F) = FU for every F € GLT(3).
Recall that (&1, & Rt = %(63, —e3). Then according to the definition given in Theo-
rem 3.2 we have

X(?EL&SR)L (Xy)(F) = % tr((é}F + Fé})TFU)

T
== (& 3(FTFU+FUFT)). (54)
It is straightforward to obtain
1
Xy (x SE50 (X0)) (F)

= —% w(&((FV)'FU+ F'FVU+ FVUF" + FU(FV)T))

2T
=-= w(@(V FTFU+ FTFVU+ FVUF" + FUVTFT)). (55)

Also, since Xy, Xy are left-invariant vector fields, the identity [Xy, Xvy] =
Xyv_vyy holds and we have from (54)

X EEO (X, Xy ) (F) = —% w(&(FTF(UV —VU) + F(UV — VU)FT)).
(56)
In order to compute —dX(EL’ER)leim let F =diag(a,a,c) and A, B € Zjy. The
unique left-invariant vector fields extending A and B are Xp-14 and Xp-1p, re-
spectively. Then using (53) together with (55) and (56), it is immediate to obtain

—d )(@L"ER’)L |5, = 0. Therefore, from Theorem 3.2, the symplectic matrix wy and
its inverse are

E 0 0 1 0 o0
wy = 0o 1/, w;,l = 0O 0 -1
0 -1 0 0 1 0

So, the linearized vector field is
E'Ar 0 0
Ly=| 0 0 -R{'[.
0 Ra 0

where in our basis R, = diag(Sy, Sz, $») is given in (52).

A/ 8+e

The block E~!'Ar has imaginary eigenvalues 61 =i

ity 2. For the block,
0 —R;
Ra 0

£2 with multiplic-
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Fig. 1 The plots of S| (left) and S, (right) in R units

we obtain the following eigenvalues:

° E;t =i / (6—és¥#)T with multiplicity 1, and

o & = +i,/22 with multiplicity 2.

As (6 — 462) >(0for0 <e <1, then 62i or egt become real if and only if S; or $>
become negative, respectively. Hence, if S1 < 0 or S < 0, the MacLaurin spheroid
becomes linearly unstable, therefore, unstable. This loss of stability corresponds ex-
actly to a collision at O of a pair 63i, which passes from being pure imaginary to be
real. Il

The plots of S7 and S, are shown in Fig. 1. They show that S| is always positive for
e € (0, 1) while S, has a unique zero, say egp, being positive for e < ep and negative
for e > ep. We used the Mathematica package system for the numerical computation
of ep and we obtained eg = 0.952887. In this case, Theorem 6.2 gives G -stability
for the Maclaurin spheroids with eccentricity e < eg.

Remark 6.1

(1) In Riemann’s work (Riemann 1861), some conclusions were made concerning
the stability of Maclaurin spheroids by studying the existence of a minimum of
a certain function G. The existence of this minimum was not done by studying
the second variation of G as Riemann says on p. 188: “The direct analysis of the
second variation of G when the first variation vanishes would be very compli-
cated; we can however decide if this function has a minimum in the following
form:...” He follows with the analysis of the behavior of G. His final conclusion
on the stability (ending paragraph 9 of his paper) is the following: “From this
study it follows that the case of a rotation of an oblate ellipsoid, around its short-
est axis, case already known to MacLaurin, can only be unstable if the relation
between the shortest axis with the others is less than 0.303327...” We note that if
the relation between the shortest axis of the Maclaurin spheroid and the others is
£ < 0.303327; this is equivalent to say that the eccentricity e > e = 0.952887.

The value 0.303327 obtained by Riemann follows from his study on the ex-
istence of oblate spheroids in pages 184—185 of (Riemann 1861), namely as the
root of the last displayed equation in page 184. We remark that this equation is
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2)

3)

equivalent to the equation Sp = 0 where S is as in Theorem 6.2. Indeed,
$5=0 = e(l—e*)(3+4e?) — V1 —e2(3+2¢* —4e*) arcsine = 0.
Taking e = cos ¢ =sin(5 — ¥) and ¢ € (0, %), one has

Sy=0 <= cosy sin’ ¥ (5+2cos(2y))

. 5 ) 1 4 T —0
— Slnl/f(i —cos(2yr) — 3 cos( ¢)> (5 — w) =
< 10sin(2y) 4 2sin(4r)
+ (=5 +2cos(2¥) + cos(dy)) (r — 2¢) =0. (57)

Equation (57) is the same one appearing in Riemann’s paper.

Riemann does not present any analytic proof for the existence of a unique
root of S = 0 in (0, 1), neither any hint on the result that enables its numerical
computation. Indeed, after displaying (57), he concludes: “...this equation has,
for v between 0 and 7 /2, the unique root siny = 0.303327...”

For Riemann, the concept of stability was based on the existence of a minimum
of a certain Liapunov function. He even considered as being always unstable the
relative equilibria that were not a minimum of the Liapunov function. Alterna-
tively, Chandrasekhar considered as “stable” those ellipsoids that were stable in
the spectral sense. These different stability notions lead to Chandrasekhar (1987)
and Lebovitz (1966) to consider as erroneous some of Riemann’s results in par-
ticular with respect to some ellipsoids with three distinct axes (see p. 10 and 187
of Chandrasekhar 1987). In fact, Riemann does not prove that the MacLaurin
spheroids are unstable for e > eg as we do in Theorem 6.2.

Liapunov (1904) and independently Poincaré (1885) used Lamé functions for
studying the stability of relative equilibria of self-gravitating fluid masses un-
der the hypothesis of preservation of the ellipsoidal shape, but dropping the as-
sumption on the linear dependence of the velocities, (therefore, not fulfilling the
conditions of Dirichlet’s problem). Liapunov (1904) shows that if the linearity
assumption on the velocities is dropped the MacLaurin spheroid is only stable
for e < e; with e; =0.8126... (see p. 11, 61-63 of Liapunov 1904). The point
e is exactly the point where the family of MacLaurin spheroids bifurcates into a
branch of ellipsoids with 3 distinct axes lengths (Jacobi and Dedekind ellipsoids).
He also acknowledges that Riemann’s result is correct if one considers Dirichlet’s
hypotheses. Chandrasekhar (p. 84 of Chandrasekhar 1987) also remarks that at
the bifurcation point e = e “instability can be induced if some dissipative mech-
anism is operative.” It has been later noted in Chandrasekhar (1987) and Lewis
(1993) that MacLaurin spheroids persist to triaxial ellipsoids of type S not only
at e1 but in all the range 0 < e < ¢( of nonlinear stability.

Remark 6.2 The existence of continuous isotropy for the MacLaurin spheroid also
plays a role in the spectral analysis of the linearized Hamiltonian vector field and
could produce significative differences in the motion of the eigenvalues as the ec-
centricity varies. Indeed, we have seen that all the eigenvalues remain imaginary for
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e < ep, but an imaginary doublet of multiplicity two becomes real for e > ¢g. This
behavior is a consequence of our choice of the orthogonal velocity, which is in turn a
consequence of the choice of the splitting of g done at the beginning of Sect. 6.2. This
motion of eigenvalues trough e coincides with the one obtained by Chandrasekhar
(1987) in (108) of Chap. 5. Note that Chandrasekhar’s choice for the angular velocity
and vorticity in the referred equation are %.Q and —%.Q, respectively, exactly as our
choice of orthogonal velocity in (47). Earlier in the same chapter of Chandrasekhar
(1987), he studies the linearization corresponding to the equivalent MacLaurin spher-
oid with angular velocity §2 and zero vorticity. In that case, as it follows from the
analysis carried out in pp. 81-85 (see, in particular, (50) and Fig. 7a in p. 86) he finds
that as e goes through e a double imaginary eigenvalue splits to a complex quadruple
with nonzero real and imaginary parts, suggesting a Hamiltonian—Hopf bifurcation.
Another difference between our linearization and the one studied by Chandrasekhar
is that he linearizes the full Hamiltonian system as viewed from the rotating frame
in which the MacLaurin spheroid is an equilibrium. In our approach, the singular
reduced energy-momentum method requires only to study the (lower dimensional)
linear Hamiltonian system induced in the vector subspace N associated to the aug-
mented Hamiltonian A, ¢.)1. A consequence of this is that in order to conclude
instability we only have to study a smaller number of eigenvalues.

6.3 Transversal Spheroids

All the qualitative properties, including stability, of two relative equilibria lying in the
same orbit of the symmetry group are the same. Therefore, in view of Remark 5.1,
in this subsection, we analyze the nonlinear stability of the + family of transversal
spheroids and the main result, Theorem 6.3, will follow for both families. We will set
wy =w, f=fy and (§1,&r)+ = (&L, &Er) for notational simplicity. Also, to keep
the notation consistent with the proof of Theorem 5.1, we will set n = e;.

In this case, the computation of the splitting (10) is simplified due to the fact
that g, = {0} and, therefore, p = g,,. Introducing the vectors i = %(63, e3), p1 =

(€2.0). p2 = (0. €2).11 = (e1.0). 22 = (0. €1). 13 = 5 (€3, —e3), e choose
ar = span{h},
p = span{p1, pa},
t = span{#y, 1, 13}.

These subspaces are obviously invariant under the action of G p, = Zy(ez). With
respect to the basis (p1, p2, 11, 12, 3), for p @ t, we have

a2+ c¢*  —2ac 0 0 0 ]
—2ac  a’+c? 0 0 0
’]I\o =T 0 0 a’+c¢2 —2ac 0
0 0 —2ac  a®+c?
. 0 0 0 0 4a® |
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Or in terms of the eccentricity of a prolate spheroid,

(13;;)22/3 (1_;22) 7 0 0 0 -
e e ’ "
To=T 0 0 (13222)22/3 e ’
0 0 G (13;26;/3 0

Lo 0 0 0 41—e)]

It follows immediately that p and t are orthogonal with respect to T, so our choice
of the splitting g = gr @ p @ t is correct. In this basis, the orthogonal velocity is

EL,Er)E = o (p1 + fp2),

with w and f as in the 4 family in Theorem 5.1.
It is straightforward to compute the adjoint representation of g in this basis:

Lemma 6.2 The elements of p @ t satisfy the following relations:

1
ady, tr =0, ad, t3 = ———=p1, ad;, 13 = — p»,
11 151 ﬁp 15) ﬁp
1
ad; p1 = E(“’”’ ady, p2 =0,
1
ad,, p1 =0, ady, p2 = ﬁ(h —1B),

1 1
ad;, p1 = _Etl’ ad;, pr = EIZ,

ad,, p2 =0.

With this, we can prove the following proposition, which shows that the stability
method is applicable.

Proposition 6.2 The Arnold form for a transversal spheroid is positive definite.

Proof Recall that the momentum of a transversal spheroid is
w=ToGr,50)" = To(c" pi +1" p2),

where kL := [(a® +¢?) — (2/a) fland k R := [(a®> 4+ ¢?) f — (2/a)]. From Lemma 6.2,
and recalling that ad;j,o = —ad,, p, we have, for y = YD1 +9y@h +9yPn et

Py, (ady ) = _TT;)(},(I)KL +y@iR)h,
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This is zero iff y @ = —xy (D, with

Kb e=1(e+2)
kR eV =€

and, therefore, g* = {y V(11 — k) + yP 13 : (D, y®) € R?}. A basis for g* is
given by {y, = t; — k12, yp = 13}. Now, proceeding as for the MacLaurin spheroid,
we compute

w w

ady, (T, 'w) = ﬁ((l—/cf)h+(l+/<f)t3), adyh(fglu)zﬁ(ftz—zl),
ad* __\/ET L d* _& L _ R
S = ok, ady, = ﬁ(K n—k"n),
L
~ _ —Kk"w
Iy (adj, 1) = 2ﬁ(1_ez)1/3t3’
N _2\1/6
Tl (adr, ):“}%((_ 1= (e —2)t +2( — 1)eR)y
e

+ (M(ez — Z)KR — 2(e2 - I)KL)tz).

From where it easily follows that in the basis {y,, y»} for g,

Ar—di ( 32+ e)Tw?  4(1+e)(2—e)2+e)Tw?
B O YO R Y R SN 2(1— e2)2/3

The entries of Ar are obviously positive. 0

We can therefore apply the singular reduced energy-momentum method to study
the stability of the transversal spheroid.

Theorem 6.3 Both families of transversal spheroids are nonlinearly stable for all
eccentricities verifying

Ci = 55 [—e(33 —35¢%) + (33 — 46¢? + 21e*)arctanhe] > 0
e

and

—2(—567¢ + 1269¢> — 831¢” + 121¢)arctanh e
— (567 — 1458¢ + 1212¢* — 334¢° + 13¢®)arctanh? e] > 0.

Before proving the theorem, let us remark that the plots of C; and C», displayed in
Fig. 2 show that these quantities are always positive and, therefore, both families of
transversal spheroids are stable for all eccentricities.
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Fig. 2 The plots of C; (left) and C5 (right), in R and RZ units, respectively

Proof We start by computing the space of internal variations Xjy. Recall that the
slice 833 at F = diag(a, a, ¢) is given by (51). Hence, for y = (yV, y®) in g#
and A = (a1, az,a3) in SSLO) we have

ai+ap az — \/§ay(3> 0
L (F)+A=| a3 +v2ay®  a1—ay  —(c+a)y®
1 —2c
0 (a+cx)y® —<a;

Differentiating (24), we find

(h, (DICF) - (ys1.) (F) + A)) 6L, €0)1) = 0,
2(e + DT w(eaz + /2(1 — €2)1/0y3))
(1= ¢2)5/6 ,
—2Tw(eaz + /2(1 — €2)1/0y3))
(1—e2)1/3 ;

3V2e3Twy®
(e —2)(1 —e2)2/3"

(t1, (DI(F) - (ysL3)(F) + A)) (6L, Er) ) =

(2. (DI(F) - (ysL3)(F) + A)) (€L, Er)F) =

(13, (DI(F) - (ysL3)(F) + A)) (€L, Er) ) =

In order for (DI(F) - (yssie + A))(EL,SR)L € (gr @ t)° all the above expres-

sions must vanish, which happens if and only if ¥V =0 and ¥y = aze, with

€= ﬁ Therefore, we can chose a basis for the space of internal variations
—e

Yine such that any element v belonging to it has components (aj, az, a3) with the
parametrization
al +ap az(1 — \/Eae) 0
v= (a1, az,a3) > | a3(1 4 +/2ae) ay—ay 0

0 0 =g
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It is straightforward to obtain
—((e = Day + (e + Daz)
(1- 6‘2)5/6

(e + Day +ax(e — 1) )
e—D(1—enin 2)

aﬂwvwafmi=zdw( P

Then the correction term, for v = (ay, az, az), va = (b1, ba, b3), is given by:

8Tw? (9 — 5eé?
COH(SLaER)L(vl’ U2) = m <627_1d1b1 — 3(Cllb2 + azbl) — Cl2b2>.

For the restriction of the Hessian of Vé;L £p)L at F, we compute first the following

second variations
d%V (v1, v2) = Dya1by 4+ Dyazby + D3azbs,

with

4

(1 — 25/ (—(1 =) (=3 + )i +32(e2 = 1) Vo + 4e* Vi

D =
+ 864(1 — 62)1/3 Via + 46‘4(1 — 62)2/3 V22),
ez
Dy =4(V1 + m‘@)

4

6‘2—

(L. &Rt (DFL(V1, v2)) (€L, ER)7)

=4 a)2<—(9_5€2) ab
- e—1)21+e "

Dy= (e = i+ (1 - )P (- 3)v),

3 1
+ (a1by + axby) + ———aoby + (1 + e)aszbs |,
1—e (1—e)

d%det(vl, ) = (3a1b1 +axby + (1 — 62)a3b3).

-2
(1— 62)1 /3
Putting all the contributions together, and substituting the integral expressions for
the derivatives of the potential and the values of A and w given in Theorem 5.1, we
find that the matrix representing d% Véb £k T COT(e, k) (F)|g;, in the fixed basis
of iy is block diagonal, with a 2 x 2 symmetric block in the first two components,
and the other block given by the coefficient of a3bs3, say ¢, which has the following

expression:

2

Tl =B+ + (3426 va],

¢:

@ Springer



J Nonlinear Sci (2009) 19: 179-219 217

It is clear that ¢ is positive since (3 + 2¢2 — %) is positive in (0, 1) and V; and V>
are always positive.
The 2 x 2 block is U = £[7 7] with
x =—27e(1 — %) + (27 — 36¢* + 17¢*)arctanhe,
y=-9(1 —e*)[3e — (3 — e?arctanhe],
7= —2e(3 —4e?) +2(3 — 5¢* + 2¢*)arctanhe.

The matrix U has real eigenvalues. The trace and the determinant of U are:
R 2 2 4
tr(U)=C; = —5[—6(33 —35¢”) + (33 — 46¢” + 21¢*)arctanh e]
e
and

R2
det(U) = Cy = —5[—27¢*(21 — 40¢” + 19¢*)
e

—2(—567¢ + 1269¢> — 831e + 121¢ )arctanh e
— (567 — 1458¢* + 1212¢* — 334¢® + 13¢%)arctanh? e].

Therefore, the transversal spheroids are stable whenever C; and C, are both posi-
tive. O

Remark 6.3 As mentioned in Remark 5.3, transversal spheroids have been identified
by Chandrasekhar as limiting cases of some families of type S triaxial ellipsoids. In
this sense, our stability result gives sharp conditions for the nonlinear stability of the
transversal spheroids. To our knowledge, the only stability analysis existing in the
literature applicable to the transversal spheroids is the spectral stability conditions
found in Chandrasekhar (1987) (see Fig. 15 of that reference, where the transversal
spheroids are part of the Riemann’s families of S ellipsoids).

7 Conclusions

The main aspects of this work can be summarized as follows:

(1) The singular reduced energy-momentum method of Rodriguez-Olmos (20006) is
used as the general framework to study the existence, nonlinear stability, and lin-
ear instability of Riemann ellipsoids with symmetric (spheroidal) configurations.
The geometric formulation and methods used provide a very concrete type of the
nature of the stability and instability results obtained.

(2) Theorem 5.1 provides a complete characterization of all the Riemann ellipsoids
with spheroidal configurations existing in Dirichlet’s problem. To our knowledge,
this is the first time that such a characterization is obtained. In particular, we
obtain that there are no spheroidal solutions for which the angular velocity and
vorticity are not parallel, as opposed to the case of configurations with three
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different axes (see Remark 5.2, case c). This feature of spheroidal configurations
does not follow directly from Riemann’s theorem.

(3) The stability properties of the MacLaurin spheroids have been studied intensively
over the last centuries, often using different stability and instability notions (see
Remark 6.1). Although the stability properties of MacLaurin spheroids have been
established long time ago, our approach differs from the others in that the singu-
lar reduced energy-momentum method enables to obtain simultaneously a block-
diagonal normal form for both the Hessian of the augmented Hamiltonian and
the linearization of the Hamiltonian vector field. This allows us to conclude (in
Theorem 6.2) the precise conditions for both nonlinear stability (in the sense
of G -stability as given in Definition 3.1) and instability. Previous approaches
to the stability problem of MacLaurin spheroids have obtained conditions either
for nonlinear stability but not instability (Riemann 1861), or for spectral stabil-
ity/instability but not nonlinear stability (Chandrasekhar 1987), or for nonlinear
stability but not instability (Lewis 1993).

(4) Theorem 6.3 provides sufficient conditions for the nonlinear stability of transver-
sal spheroid. Figure 2 shows that these spheroids are nonlinearly stable for all
values of the eccentricity e. Therefore, they cannot be linearly or spectrally un-
stable. Hence, we regard Theorem 6.3 as the first time that a complete stability
analysis for the family of transversal spheroids is obtained.

(5) In addition, we remark that the derivations of the full stability analysis of the
MacLaurin and transversal spheroids shows the power of using geometric meth-
ods and the Hamiltonian structure of Dirichlet’s problem, and in particular the
applicability of the singular reduced energy-momentum method.
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