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Abstract

Itis a classical result of Euler that the rotation of a torque-free three-dimensional
rigid body about the short or the long axis is stable, whereas the rotation about
the middle axis is unstable. This result is generalized to the case of a multi-
dimensional body.
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1. Introduction

1.1. Three-dimensional free rigid body
The Euler problem in rigid body dynamics is one of the following equivalent problems.

(1) The motion of a rigid body fixed at the centre of mass under no external forces.
(2) The motion of a rigid body which is free to move in space under no external forces.

The second problem is reduced to the first one by passing to the coordinate system related to
the centre of mass. In both cases we can add a constant gravity field because the resulting
torque of the gravity force with respect to the centre of mass vanishes.

Let us consider the problem of motion of a rigid body fixed at the centre of mass acted
on by no external forces. Then, as was observed by Euler, the evolution equations for the
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angular velocity do not involve the position coordinates of the body. Euler’s equations have
the form

Loy = (I — ;) wyws,
La = Iz — I1) w3wy, (nH
Lo = (1) — b) ww,,

where Iy, I, I3 are the principal moments of inertia and @ = (w;, w2, w3) is the angular
velocity vector written in principal axes. In terms of modern geometric mechanics, this system
is obtained from the ‘rigid body fixed at the centre of mass’ problem by reduction with respect
to the SO(3) action.

Remark 1.1. Recall that the inertia tensor of a rigid body is a positive-definite quadratic form
I which characterizes the distribution of mass in the body. The eigenvalues of I are called
principal moments of inertia, and its eigenvectors are called principal axes. For a uniform
box-shaped body, principal axes coincide with the axes of symmetry, and principal moments
are inversely proportional to the lengths of these axes. See [1] for details.

If we assume that the body is asymmetric, i.e. if I, I, and I3 are pairwise distinct, then the
right-hand sides of equation (1) vanish simultaneously if and only if the angular velocity vector
is collinear to one of the three principal axes. Thus the fixed point set of the system (1) consists
of three mutually orthogonal straight lines. These fixed points are stationary, or permanent,
rotations of the body, i.e. such motions that the axis of rotation is time-independent. Stationary
rotations are also called relative equilibria.

As was shown by Euler, stationary rotations about different principal axes have different
dynamical features. Rotation about the axis of greatest moment of inertia or axis of least
moment of inertia is stable, whereas rotation about the intermediate axis is unstable. This can
be demonstrated by trying to spin a book about one of its symmetry axes. While the book
spins fairly well about the longest and the shortest axis, spinning about the intermediate axis
causes the book to ‘tumble’, periodically reversing the direction of rotation.

The aim of this paper is to establish a multidimensional generalization of this result. The
problem was studied by a number of authors [2-7], however the general answer has only been
obtained in dimension four. As the dimension grows, the problem becomes too complicated
from the computational point of view when being approached by direct methods. In this
paper, the problem is solved in arbitrary dimension by means of algebraic technique related to
compatible Poisson brackets and Lie algebras.

1.2. Multidimensional rigid body

The possibility to generalize the free rigid body equations to the n-dimensional case was
already mentioned by Frahm [8] and Weyl [9]. Arnold [1] observed that, after the standard
identification of R® with the space of skew-symmetric 3 x 3 matrices s0(3), equations (1) can
be rewritten in the form

M =M, ],
M=QJ+JQ,

where M € so0(3) is the angular momentum, 2 € so(3) is the angular velocity, and
J = diag(Jy, J2, J3) is a constant positive-definite diagonal matrix such that I)} = J, + J3,
L, =J +J3and13= Ji+ o

The multidimensional generalization of equations (2) is straightforward: we just replace
3 x 3 matrices by n x n matrices. A somewhat better approach is to generalize not the equations
but the problem. Consider an n-dimensional rigid body fixed at the centre of mass acted on by

@
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no external forces. Fix a space frame and a body frame both centred at the centre of mass of
the body. Let X () € SO(n) be the position of the body frame with respect to the space frame.
Define @ = X' X. This matrix is skew-symmetric and is called the angular velocity matrix.
Define also a symmetric matrix J by

Jij = fxixj du,

where the coordinates x; are related to the body frame, and du is the density of the mass
distribution. Then it can be proved that the evolution of the angular velocity matrix €2 is
governed by equations (2). Note that equations (2) are equivalent to the conservation of the
angular momentum in the space frame

d (XMXH=0
dr o
See [1, 10] for details.

Remark 1.2. Following [11], we suggest that J is called the mass tensor. The mass tensor
should not be confused with the inertia tensor. The inertia tensor is the map I: so(n) — so(n),
which is given by [(2) = JQ + QJ. In three dimensions so(3) may be identified with R3,
which may lead to a confusion between I and J. In higher dimensions these two operators act
on different spaces.

1.8. Multidimensional rigid body as a completely integrable system

Arnold showed that the system (2) is Hamiltonian with respect to the Lie—Poisson bracket on
the dual of the Lie algebra so(n), and therefore the invariants of the coadjoint representation
are the first integrals of the system. These first integrals are trivial in the sense that they are
Casimir functions of the Lie—Poisson bracket and do not correspond to symmetries. Later,
Mishchenko [12] found a family of non-trivial quadratic first integrals. They were shown to
be involution with respect to the Lie—Poisson bracket by Dikii [13]. Dikii also observed that
in the four-dimensional case Mishchenko’s first integrals are sufficient for complete Liouville
integrability. In his famous paper [14], Manakov showed that equations (2) can be rewritten
in the form

d 2 2
3 M +20%) =M +3J%, Q@+ 1],

which implies that the functions f; = Tr (M +AJ?)¥ are first integrals'. Later it was proved
by Mishchenko and Fomenko [15] and Ratiu [10] that these first integrals Poisson-commute
and are sufficient for complete Liouville integrability.

Note that we will not be using the integrals of the system in their explicit form: they are
complicated polynomials not easy to deal with. Instead of considering the integrals, we will
make use of the bi-Hamiltonian structure of the system, which encodes all the information
about them. The bi-Hamiltonian structure of (2) was discovered by Bolsinov [16, 17]%.

1.4. Stability for the multidimensional rigid body

Below we discuss what is known about stability of stationary rotations in the multidimensional
case. A more detailed comparison of previously known results with the results of this paper
can be found in section 2.3.

' Manakov also showed that the system (2) can be embedded into a large class of integrable systems which are now

called Manakov tops. Note that all the results of this paper remain true for all generic Manakov tops.
2 The same bi-Hamiltonian structure was later rediscovered by Morosi and Pizzocchero [18].
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The first topological description of the four-dimensional rigid body problem was obtained
by Oshemkov [2], who constructed bifurcation diagrams of the moment map. As it is clear
now, these diagrams can be used, in principle, to study stability of stationary rotations?.

The solution of the stability problem in dimension four was obtained by Fehér and
Marshall [3], and later by another approach by Birtea and Cagsu [5], Birtea et al [7]. In
this paper these results receive a geometric interpretation (see example 2.3).

There was also an attempt to solve the stability problem in five dimensions, however only
partial results are available, see Casu [6].

The multidimensional situation was studied in the thesis of Spiegler [4]. He gave a
sufficient condition for a stationary rotation to be stable in arbitrary even dimension. However,
as follows from the results of this paper, this condition is far from necessary and sufficient (see
example 2.5).

In this paper, the stability problem is solved almost completely in arbitrary dimension by
means of the bi-Hamiltonian approach. The bi-Hamiltonian approach for studying topology
and stability in integrable systems was suggested and developed in [21-23].

We also refer the reader to the author’s preprint [24] where the stability problem for the
multidimensional rigid body is studied by means of algebraic geometry.

1.5. Structure of the paper

The paper is organized as follows. All main results are contained in section 2. Section 2.1 is
devoted to the classification of stationary rotations. In section 2.2, the notion of a parabolic
diagram is defined and the main stability theorem is formulated. Section 2.3 contains some
examples and compares the results of the paper to previously known results. In section 3, the
machinery which allows to prove stability in bi-Hamiltonian systems is presented. In section 4,
the bi-Hamiltonian structure of the multidimensional rigid body is introduced. The proof of the
main theorem is in sections 5 and 6. Finally, the appendix contains the explicit classification
of Lie algebras g,, which arise in the bi-Hamiltonian geometry of the multidimensional rigid
body.

2. Main results

2.1. Stationary rotations

We study the equations

M =M, Q]
M=QJ+JQ, )
where M € so(n) is called the angular momentum matrix*, Q € so(n) is called the angular
velocity matrix and J is a positive symmetric matrix called the mass tensor. Without loss of
generality we may assume that J is diagonal.

3 See [19] where the relation between topology and stability in integrable systems is discussed. Also note that the
topological approach to integrable systems was first proposed in the classical work of Smale [20].

4 To be precise, the angular momentum M belongs to the dual space so(n)*. In what follows, we identify so(n) and
s0(n)* by means of the Killing form Tr XY.
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Before describing stationary rotations, consider how an n-dimensional body may rotate.
At each moment of time, the angular velocity matrix €2 may be brought to a canonical form

0 w1
—w1 0

Q= 0  wn 4

by an orthogonal transformation. In other words, R" is decomposed into a sum of m
pairwise orthogonal two-dimensional planes I1y, .. ., I, and a space I of dimension n —2m
orthogonal to all these planes:

R" = (@ 1'1,-) @ Tl,. (5)
i=1

There is an independent rotation in each of the planes Iy, ..., IT,, while [Ty, = Ker Q is
immovable.

Definition 1. The eigenvectors of J are called principal axes of inertia.

A classical three-dimensional result states that a rotation is stationary if and only if it is a
rotation about a principal axis of inertia. In the multidimensional case, this is not always so.
Stationary rotations of a multidimensional rigid body are described in [25].

Proposition 2.1. Consider the system (3). Suppose that J has pairwise distinct eigenvalues.
Then M is an equilibrium point of the system if and only if there exists an orthonormal basis
such that J is diagonal, and Q2 is block-diagonal of the following form

w182

Q= Wy 2 ,

where Q2; € s0(2m;) N SOQ2m;) for some m; > 0, and w;s are distinct positive real numbers.

Definition 2. A stationary rotation M is regular if there exists an orthonormal basis such that
J is diagonal, and €2 is of the form (4). Otherwise, M is exotic.

In other words, a rotation is regular if all the planes IT; entering (5) are spanned by principal
axes of inertia. Note that if all non-zero eigenvalues of 2 are distinct, then the rotation is
automatically regular. In the three-dimensional case, all stationary rotations are regular.

In this paper, only regular stationary rotations are considered.

Remark 2.1. It was asserted in the announcement [26] as well as in the earlier version of this
paper that all exotic stationary rotations are unstable, however some technical details in the
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Figure 1. Parabolic diagrams for the three-dimensional rigid body. Rotations around
the long, middle and short axes of inertia, respectively.

proof are still to be completed®. The proof will be published elsewhere. Also note that exotic
stationary rotations arise as relative equilibria of the n point masses problem [28].

The main problem of the paper is to study regular stationary rotations for Lyapunov stability.
It will be assumed that the body is asymmetric, i.e. all eigenvalues of J are pairwise distinct.

2.2. Parabolic diagrams and stability

Consider a regular stationary rotation. Then there exists an orthonormal basis such that J is
diagonal, and 2 is given by (4). In other words, there exists a decomposition (5) in which all
planes I1; are spanned by principal axes of inertia.

Define the notion of the parabolic diagram of a regular stationary rotation.

(1) Draw a coordinate plane.
(2) For each 2-plane I1;, i > 0, draw the parabola given by y = x;(x) where

(x — k?l)(x — ké)
F (At +Ai2)?
w; is the frequency of rotation in the plane I1; and A;j, A;» are the eigenvalues of J

corresponding to the eigenvectors ¢;;, e;» € I1;.

(3) For each immovable principal axis ey € Iy, draw a vertical straight line through A> where
A is the eigenvalue of J corresponding to the eigenvector eg.

xi(x) = (6)

As a result, there is either a parabola or a vertical straight line passing through the square of
each eigenvalue of J.

Definition 3. The obtained picture is the parabolic diagram of a regular stationary rotation.

Parabolic diagrams for the three-dimensional rigid body are depicted in figure 1. See
section 2.3 for more examples.
The following theorem is the main result of the paper.

Theorem 1. Consider a regular stationary rotation of a multidimensional rigid body.

(1) Assume that

(a) all intersections in the associated parabolic diagram are either real and belong to
the upper half-plane, or infinite;

5 Namely, we can prove that all exotic equilibria are unstable provided that (3) is known to be a non-resonant system,
which means that trajectories of the system are dense on almost all Liouville tori. Moreover, we can prove that the
non-resonant condition is satisfied for a certain open subset of the phase space. Since the system is analytic, this
should imply that it is non-resonant everywhere [27], however the proof of this latter assertion is unknown to the
author.
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Figure 2. Parabolic diagrams for the four-dimensional rigid body. Stable rotation.

Figure 3. Parabolic diagram for the four-dimensional rigid body. Unstable rotation.

(b) the are no tangency points in the parabolic diagram.
Then the rotation is stable.

(2) Assume that there is at least one intersection in the parabolic diagram which is either
complex or belongs to the lower half-plane. Then the rotation is unstable.

Remark 2.2. When speaking about real, complex or infinite intersections, the parabolic
diagram is considered as a curve in CP?.

Remark 2.3. In [22], a weaker version of the first statement of theorem 1 was announced. It
included an additional requirement that dim 1y < 2. In this paper, the technique of [22] is
extended, so that the mentioned requirement could be omitted: it seems to be quite natural to
consider rotations with a large number of fixed axes.

Remark 2.4. Note that this theorem solves the stability problem for an open dense subset of
regular stationary rotations.

Remark 2.5. It is proved in the preprint [24] that condition 1(b) of theorem 1 can be omitted,
so aregular stationary rotation is stable if and only if all intersections in the associated parabolic
diagram are either real and belong to the upper half-plane, or infinite. The proof uses methods
from algebraic geometry.

2.3. Examples

Example 2.1 (Three-dimensional rigid body). Parabolic diagrams for the three-dimensional
rigid body are depicted in figure 1. The classical results on stability are immediately recovered.

Example 2.2 (Four-dimensional rigid body). Let ¢}, e,, e3, e4 be the principal axes sorted
in order of increasing eigenvalues of J. There are three possibilities.

(1) T} = (e, ez), [T, = (e3, eq). The rotation is stable (see figure 2; note that there is an
intersection at infinity in the second diagram).

(2) I} = (e1, e3), [T, = (ey, e4). The rotation is unstable (see figure 3).

3) I} = (e1,eq), I, = (er,e3). In this case, stability depends on the ratio of angular
velocities. If w; >> w,, then the rotation is unstable (see figure 4; note that there is a
complex intersection in the second diagram). If w; < w,, then the rotation is stable
(see figure 5).
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Figure 6. Parabolic diagram for the four-dimensional rigid body. Hamiltonian Hopf
bifurcation.

The conclusions of items (1), (2), (3) above coincide with the results of [3,5,7]. Of course, the
papers [3,5,7] do not use the language of parabolic diagrams and give stability conditions in
terms of some inequalities. However, the translation from the language of parabolic diagrams
to the language of inequalities is straightforward.

Note that there is a case with a tangency point in the upper half-plane (figure 6) when
theorem 1 is not applicable. It is claimed in [3,7] that this rotation is unstable, however this
conclusion seems to be incorrect. This follows from the results of [24] and can also be deduced
from the bifurcation diagrams constructed by Oshemkov [2].

Example 2.3 (Two-dimensional rotation). Suppose that there is only one plane of rotation
I1}, i.e. the body is rotating about a subspace of codimension two. Sort principal axes in order
of increasing eigenvalues of J. Then theorem 1 implies that the rotation is stable if and only
if the plane of rotation is spanned by two adjacent axes: I1; = (e;, e;+1). This result can be
viewed as a natural generalization of the Euler theorem.

Example 2.4 (Rotation with one fixed axis). Suppose that there is only one fixed axis, i.e.
I is one-dimensional. Sort principal axes in order of increasing eigenvalues of J. Assume
that the fixed axis is in the even place (2nd, or 4th, or 6th, ...). Then the rotation is unstable.
This result can also be viewed as a natural generalization of Euler’s theorem about instability
of rotation about the middle axis.
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Example 2.5 (Spiegler’s theorem). Below is the main result of the work [4], reformulated in
terms of this paper.

Theorem 2 (Spiegler [4]). Consider a regular stationary rotation of a 2m-dimensional rigid
body. Sort principal axes in order of increasing eigenvalues of J. Assume that

(1) all planes of rotation are spanned by two adjacent axes: T1| = (e, ez), [1o = (e3, e4), ...,
(2) o] > ... > |w,], or |wi| < ... < |wy].

Then the rotation is stable.

Itis easy to see that theorem 1 implies theorem 2. Moreover, theorem 1 implies that condition 2
of theorem 2 can be omitted, and there are many more stability cases not covered by the result
of Spiegler (see e.g. figure 2).

Note that Spiegler’s approach to the problem is based on the method known as the Arnold
energy-Casimir method (see [1,29]). As he proves, condition of theorem 2 is necessary and
sufficient for the Hessian of the energy to be positive-definite on the coadjoint orbit. By
comparing theorem 2 with theorem 1, we conclude that for the majority of stable stationary
rotations the Hessian of the energy is indefinite, so the energy-Casimir method fails. For these
rotations, another Lyapunov function is needed to prove stability. Such a function can be
explicitly found in small dimensions, as was done in [3, 5, 6], however it is not clear how to
proceed for general n. The method of this paper allows to prove the existence of a Lyapunov
function without finding it explicitly.

3. Bi-Hamiltonian structures and stability

In this section, basic definitions and theorems related to stability in bi-Hamiltonian systems
are formulated. Most of them can be found in [22,23]. Basic notions from Poisson geometry
used throughout the section can be found in [30].

3.1. Basic notions

Definition 4. Two Poisson brackets on a manifold M are called compatible, if any linear
combination of them is a Poisson bracket again. The Poisson pencil generated by two
compatible Poisson brackets Py, P is the set

IM:= {P)L = P() — )‘POO}AEE'

A vector field X is bi-Hamiltonian with respect to a pencil IT if it is Hamiltonian with respect
to all brackets of the pencil, i.e. forany A € C there exists a (complex-valued) smooth function
H;, such that

X = P, dH,.
The notion of a bi-Hamiltonian system was introduced by Magri [31], Gel’fand and Dorfman
[32].

Remark 3.1. For complex values of A, the bracket P; should be treated as a complex-valued
Poisson bracket on complex-valued functions. The corresponding Poisson tensor is a bilinear
form on the complexified cotangent space at each point.

Definition 5. The rank of a pencil T1 at a point x is the number

rank IT(x) := maxrank Py (x).
reC
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The rank of a pencil T1 (on a manifold M) is the number

rank IT := max rank IT(x).
xeM

Definition 6. The spectrum of a pencil IT at a point x is the set
An(x) := {x € C | rank P;(x) < rank IT1(x)}.

When IT is fixed, the notation A (x) is also used.
By g,(x), denote the Lie algebra structure defined on Ker P, (x) by the linear part of P,
at the point x. The commutator in g, is given by

(€, n], :=d{/, g}n(x),

where &, n € Ker P,, and f, g are any smooth functions such thatd f (x) = §, dg(x) = n.
The algebra g, (x) is mainly considered only for A € A(x).

Remark 3.2. For A € R, the algebra g, is real. However, for complex values of A, the space
Ker P, (x) is a subspace of T{ M ® C, and therefore g, is considered as a complex Lie algebra.

Let X be a system which is bi-Hamiltonian with respect to I1, and let x be an equilibrium
point of X.

Definition 7. Say that x is regular if the following condition holds:

Ker P, (x) = Ker Pg(x) forall o, B ¢ A(x).

Remark 3.3. Under some additional technical assumptions, regularity is equivalent to the
following: x is an equilibrium for all systems which are bi-Hamiltonian with respect to the
pencil IT (see [21,22]). Equilibria not satisfying this condition are normally unstable.

For a regular equilibrium x, denote Ket(x) := Ker P, (x) = Ker Pg(x). Itis easy to see that
Rer(x) C ga(x) is a Lie subalgebra for each A.

3.2. Spectral formula for bi-Hamiltonian systems

Let x be a regular equilibrium of a bi-Hamiltonian system X = P, dH, (x). Let £ € g, (x) =
Ker P (x). Denote

ad,E(m) :=[&, nlx,

where [, ], is the commutator in g; (x).
Note that P, dH, (x) = X (x) = 0, so dH, (x) € Ker P, (x) = g, (x). Consequently, the
operator ad, dH, (x) is well-defined.

Proposition 3.1. The subalgebra Kev(x) C g,(x) is invariant with respect to ad, dH, (x), i.e.
[dH; (x), Rer(x)]x C Ker(x).

Proof. Let £ € Rer(x). By definition,

[dH)\.('x)’ E])\. = d{H)u g})»(x)v
where g is any function such that dg(x) = &. Further,

{H)u g})» = X(g) = {HO(’ g}ot
for any a € C. So,

[dH).(x), ], = d{Hy, g}a(x) = [dHy, §]a.
If o ¢ A(x), then [dH,, £], € Ker P,(x) = Rer(x), so [dH, (x), €], € Rer(x). O
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Let x be a regular equilibrium point of a bi-Hamiltonian system. Then all symplectic
leaves of generic brackets P,, o ¢ A(x) are tangent to each other. Denote their common
tangent space by T(x).

The following statement is used to find the spectrum of a bi-Hamiltonian system linearized
at a regular equilibrium point.

Lemma 3.1. Suppose that Tl is a Poisson pencil on a finite-dimensional manifold, and
X = P, dH, is a system which is bi-Hamiltonian with respect to T1. Let x be a regular
equilibrium of X.
Then the spectrum of the linearization of X at x restricted to T(x) is given by
o(dX |1) = | o (ady dH;.(x)) lg,00/erm) -
reA(x)
where o (P) stands for the spectrum of the operator P.
Note that the restriction of ad; d H, (x) to g, (x)/Rer(x) is well-defined since Ket(x) is invariant

with respect to ad, dH, (x) (see proposition 3.1).
The proof of lemma 3.1 easily follows from the results of [22,23].

3.3. Linearization of a Poisson pencil and nonlinear stability

Definition 8. Let g be a (real or complex) Lie algebra, and let 5 be a skew-symmetric bilinear
form on g. Then ‘B can be considered as a Poisson tensor on the dual space g*. Assume that
the corresponding bracket is compatible with the Lie—Poisson bracket. In this case the Poisson
pencil I1(g, B) generated by these two brackets is called the linear pencil associated with the
pair (g, B).

Proposition 3.2. A form B on g is compatible with the Lie—Poisson bracket if and only if this
form is a Lie algebra 2-cocycle, i.e.

dBE,n,¢) =B(& 1,0 +B(n,¢],.6)+B(¢,6l,n) =0
forany &, n,¢ € g.

Below is the central construction of the theory discussed in the present section. Let IT be an
arbitrary Poisson pencil on a manifold M, and x € M. As before, denote the Lie algebra on
Ker P, (x) by g, (x). It turns out that apart from the Lie algebra structure, g, carries one more
additional structure.

Proposition 3.3.

(1) Forany o and B the restrictions of P,(x), Pg(x) on g, (x) coincide up to a constant factor.
(2) The 2-form Py, is a 2-cocycle on g;.

Consequently, P, |4, defines a linear Poisson pencil on g;. Since Py|g, is defined up to a
constant factor, the pencil is well-defined. Denote this pencil by d; IT(x).

Definition 9. The pencil d, IT(x) is called the A-linearization of the pencil IT at x.

Now, let 8 be a 2-cocycle on a Lie algebra g. For an arbitrary element v € Ker B, define
the bilinear form

B, n) =B(v. &L, 0.

The cocycle identity implies that this form is symmetric. Furthermore, Ker B, O Ker ‘B,
therefore B, is a well-defined symmetric form on the vector space g/Ker ‘B.
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Definition 10. A linear pencil I1(g, B) is compact if there exists v € Z(Ker B) such that B,
is positive-definite on g/Ker B.

Remark 3.4. The notation Z(g) stands for the centre of the Lie algebra g.

Definition 10 is motivated by the following statement.

Proposition 3.4. Any linear pencil on a compact semisimple Lie algebra is compact.

Proof. Let g be a compact semisimple Lie algebra. Since H?(g) = 0, any cocycle 9B on g has
the form B (&, n) = (¢, [€, n]), where (, ) is the Killing form, { € g. Take v = ¢. Note that
Ker B is the centralizer of v, so v € Z(Ker B). Further,

B,(5,8) =, [[v.§].8]) = —([v,§], [v,§]) > O,

so the pencil is compact. O

Another motivation for definition 10 is the following fact: let a system X be bi-
Hamiltonian with respect to a compact linear pencil; then all trajectories of X are bounded.

In this paper, there will be non-trivial examples of compact linear pencils on non-compact
Lie algebras u(p, ¢) and u(p, g) x CP* arising as A-linearizations of the pencil related to the
multidimensional rigid body (see the appendix).

Definition 11. A pencil IT is called diagonalizable at x if

dim Ker (Pa(x)lpk(x)) = corank [T(x) forall A € Ap(x), @ # A. @)

Note thatif (7) is satisfied for some o # A, thenitis satisfied for any & # A (see proposition 3.3).
The following theorem is used to prove nonlinear stability for a bi-Hamiltonian system.

Theorem 3. Suppose that I1 is a Poisson pencil on a finite-dimensional manifold, and X is
bi-Hamiltonian with respect to 1. Let x be an equilibrium point of X. Assume that

(1) rank IT(x) = rank IT.

(2) The equilibrium x is regular.

(3) The spectrum of T at x is real: A (x) C R.

(4) The pencil 11 is diagonalizable at x.

(5) For each A € An(x) the A-linearization d,I1(x) is compact.

Then x is Lyapunov stable.
See [22] for the proof.

Remark 3.5. The idea of the proof can be explained as follows. A bi-Hamiltonian system
automatically possesses a large number of first integrals: these are the Casimir functions of
all brackets of the pencil. The Hessians of these functions are controlled by linear parts of the
corresponding brackets. The conditions of the theorem allow to show that there exists a linear
combination of Casimir functions with a positive-definite Hessian, so that this combination
can be used as a Lyapunov function.
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3.4. Generalized stability theorem

In this section, a stronger stability result is formulated which allows to proceed for those points
where rank I1(x) < rank I1. The condition rank I1(x) = rank IT can only be omitted under
some additional technical assumptions.

Let X be a system which is bi-Hamiltonian with respect to a pencil I1, and let x be a
regular equilibrium point of X. Then for each o ¢ A(x), the linear part of P, (x) defines a
natural Lie algebra structure on Ket(x) = Ker P, (x). For A € A(x), there is a strict inclusion
RKer(x) C Ker P, (x). However, since P, (x) is a linear combination of P, (x) and Pg(x) for
anya # B € C, the subspace RKer(x) is a subalgebra in Ker P, (x) for any A. Thus, Ker(x)
carries a structure of a Lie pencil. Denote by Z, (Ret(x)) the centre of Ker(x) with respect to
the Lie structure [, ],.

Definition 12. Say that x is strongly regular if it is regular, and
Z(Rer(x)) := Z4(Rer(x))
does not depend on «.

Remark 3.6. The centre of the kernel is important for the following reason: if f is a Casimir
function of P, then d f(x) € Z(Ker P(x)). Moreover, if the transverse Poisson structure to P
at the point x is linearizable, then the differentials of Casimir functions span Z(Ker P (x)).

Definition 13. A pencil I is called fine at a point x if there exists « ¢ A(x) and an open
neighbourhood U > « such that

(1) for each B € U the transverse Poisson structure to Pg at the point x is linearizable, and
its linear part is compact;

(2) forany f, € Z(P,) there exists a family fs depending continuously on 8 and defined for
B € U such that fg € Z(Pg), i.e. any Casimir function of P, can be ‘approximated’ by
Casimir functions of nearby brackets of the pencil.

Remark 3.7. The notation Z(P) stands for the set of (local) Casimir functions of the Poisson
bracket P.

The following theorem is a generalization of theorem 3.

Theorem 4. Suppose that T1 is a Poisson pencil on a finite-dimensional manifold, and X is a
dynamical system which is bi-Hamiltonian with respect to I1. Let x be an equilibrium point
of X. Assume that

(1) The pencil T1 is fine at x.

(2) The equilibrium point x is strongly regular.

(3) The spectrum of T at x is real: An(x) C R.

(4) The pencil T is diagonalizable at x.

(5) For each A € A (x) the A-linearization d,I1(x) is compact.

Then x is Lyapunov stable.

It is easy to see that if rank [T(x) = rank I, then the pencil IT is fine at x, and regularity is
equivalent to strong regularity. So, theorem 4 is a generalization of theorem 3. The proof of
theorem 4 repeats the proof of theorem 3.
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4. Bi-Hamiltonian structure of the multidimensional rigid body
Denote the standard Lie bracket on so(n) by [, ] and the corresponding Lie—Poisson bracket
on s0(n)* by {, }oo. The latter is given by
{f. 8loc(M) := (M, [df, dg]x)
for M € so(n)* >~ so(n) and f, g € C*(so(n)*). By (, ) we denote the Killing form
(X,Y) =Tr XY,

and so(n)* is identified with so(n) by means of this form.
The following was observed by Arnold [1].

Proposition 4.1. Equations (3) are Hamiltonian with respect to the bracket {,}s. The
Hamiltonian is given by the kinetic energy

1
Hyo = 5 (2. M).

Now introduce a second operation on so(n) defined by
[X,Y]o:= XJ?Y —YJ?X.
Proposition 4.2.

(1) [, lo is a Lie bracket compatible with the standard Lie bracket. In other words, any linear
combination of these brackets defines a Lie algebra structure on so(n).
(2) The corresponding Lie—Poisson bracket {, }o on so(n)* given by

{fs g}O = (Mv [df’ dg]())

is compatible with the Lie—Poisson bracket { , }oo.

Consequently, a Lie pencil is defined on so(n), and a Poisson pencil is defined on so(n)*.
Write down these pencils in the form

[X,Yh =[X,Y]lo—AX,Y]eo = X(J2—AE)Y —Y(J? = AE)X 8)
for X, Y € so(n) and
{f. 8} = {f. 8lo = M/, 8oo = (M, df(J* — LE)dg — dg(J* — AE)d f) (9)

for M € so(n)* and f, g € C®(s0(n)*).
The Poisson tensor corresponding to the bracket {, }, reads

PL(M)(X,Y)=(M,X(J* —AE)Y —Y(J? = AE)X), (10)
where M € so(n)* and X, Y € Tj},(so(n)*) = so(n).

Proposition 4.3 (Bolsinov [17,33]). The system (3) is Hamiltonian with respect to any bracket
{, }5, so it is bi-Hamiltonian. The Hamiltonian is given by

H, = _%<(J+JXE>—IQ(J+¢XE)—1,M>. (11)

Remark 4.1. The matrix J ++/AE is invertible for any A if the proper value of the square root
is chosen.

Note that the function H, written here is different from the one given by Bolsinov. The
difference is a Casimir function of P;.

1432



Nonlinearity 27 (2014) 1419 A 1zosimov

5. Proof of theorem 1: instability

The proof consists of the following steps:

(1) check that a regular stationary rotation (in the sense of definition 2) is a regular equilibrium
(in the sense of definition 7), so that lemma 3.1 can be applied (section 5.1);

(2) describe the spectrum A (M) (section 5.2);

(3) describe the adjoint operators ad; (section 5.3);

(4) find the spectrum of the linearized system using lemma 3.1 (section 5.4).

Fix some notation which is used throughout the proofs.

It is only regular stationary rotations which are considered. So, assume that there exists an
orthonormal basis such that J is diagonal, while €2 and M are block-diagonal with two-by-two
blocks on the diagonal (definition 2). Denote by A; the diagonal elements of J in this basis.
Note that this means that A; are possibly different for different rotations. However, they are
unique up to a permutation and coincide with the eigenvalues of J.

By w;s, denote the non-zero entries of the matrix 2 as in (4). By m; = (Agi—1 + Ai)w;,
denote the non-zero entries of the matrix M. The notation M; stands for the diagonal two-by-
two blocks of M, i.e.

0 m;
M, = (_mi O) | (12)

The number n stands for the dimension of the body and m stands for the number of non-zero
w;s, that is for the number of two-dimensional planes in the decomposition (5).

For a fixed A, let A := J> — AE if . # 0o or A := E otherwise. By g;, denote the
diagonal entries of the matrix A. Clearly, a; = )Liz — Aif A # o0, and a@; = 1 otherwise. It is
also convenient to represent A as

Ay

A= Ap i (13)

A2m+1

an

where A; are two-by-two diagonal matrices and a; are numbers.
Further, extend the definition of x;(x) given by (6) to the point co.

1 1
xi(00) 1= 5 ————— = —.

W (haio1 +A)? m3

Note that for each A e C the following equality holds.
w0y = 2B (14)
m

i
5.1. Regularity

Let M be a regular stationary rotation (in the sense of definition 2). Find a basis such that J
is diagonal and M is block-diagonal. Introduce the following subspaces:

e K C so(n) is generated by {Eo; 12 — E2ii—1}i=1,...m a0d {Ejj — Ejitom<i<j<n-

.....
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o Vij C so(m) is generated by FEy_12j—1 — Ezj_12i-1, Ezi—12j — Ezjai-1,
Esizj—1— Esj_12i, Ezipj — Enjoi.
o W;; C so(n)is generated by Eyi_y ; — Ejoi—1, Ezij — Ej .

Clearly, the following vector space decomposition holds

so(n) = K @ @ Vij ® @ Wi;. (15)
1<i<j<m 1<i<m,
2m<j<n

Proposition 5.1. The space K belongs to the common kernel of all brackets of the pencil at
the point M. All spaces V;;j, W; are mutually orthogonal with respect to all brackets of the
pencil.

Proof. Use (10). O

Proposition 5.1 implies that the rank of a bracket P, drops if and only if this bracket is
degenerate on one of the spaces V;; or W;;. Calculate the forms P, on these spaces.

Identify V;; with the space of two-by-two matrices, and W;; with R?. Let the matrices M;
be defined by (12). Let also the numbers a; and the matrices A; be defined by (13).

Proposition 5.2. The form P, restricted to V;; reads
P(X,Y) =2Tr (M;XA;Y'+ M;X'A;Y).
The form P, restricted to W;; reads
P, (v, w) = —2a;v'M;w.

Proof. Use (10). O

Now calculate P, on V;; in coordinates. Let

a b e f
X_<C d)EVij, Y—(g h)eV,]

Explicit calculation shows that
P(X,Y) =2(mjarj_1c + mjar_1b)e +2(mjayd — m;aj_1a)g
+2(mjarjd — mjazi_1a) f — 2(m;az;b +mjasc)h.
Consequently, X € Ker P, if and only if
miazj_1¢ +mjax_1b =0,
mjayd — miayj_1a =0,
miazjd — mjaz_1a =0,
miazib +mjarc = 0.
This system can be split into 2 two-by-two systems, and the determinant of both of them equals
det = m?az,;laz,' — mizazj,lazj.
So, the following is true.

Proposition 5.3. P, is degenerate on V;; if and only if

m§a2i—la2i —miayj_1az; = 0. (16)
If P, is degenerate on V;j, then its kernel is given by
¥ — ( om jay; ﬂmiazj—1> 7 a7
—Bmjar_1 am;azj_,

where o and B are arbitrary numbers.
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Now study P, on W;;.

Proposition 5.4. P, is degenerate (and, consequently, zero) on W;; if and only if & = A?.

Proof. Use proposition 5.2. |

Proposition 5.5. The intersection of kernels of all brackets of the pencil is exactly K. For
almost all brackets the kernel is exactly K. Thus, M is a regular equilibrium (in the sense of
definition 7), and fKev(M) = K.

Proof. Only finite numbers of brackets are degenerate on each of the spaces V;; and W;; (see
propositions 5.3 and 5.4). ]

5.2. Description of the spectrum A (M)

Proposition 5.6. Let M be a regular stationary rotation. Then A(M) is the set of horizontal
coordinates of intersection points in the parabolic diagram of M.

Proof. By proposition 5.3, the bracket P; is degenerate on V;; if and only if
m302i—102i - mizazj—lazj =0.

This equality can be rewritten as (see (14))
Xi() = x; (),

which means that A is the horizontal coordinate of the intersection point of two parabolas
¥y = xi(x) and y = x;(x). Further, by proposition 5.4, P, is degenerate on W;; if and only if
A= k?, which means that A is the horizontal coordinate of the intersection point of the vertical
line x = A3 with any parabola. O

5.3. Description of adjoint operators

Compute the restriction of the operator ad; d H, to the space Ker P, /K. Using proposition 5.1,
the kernel Ker P, (M) can be decomposed in the following way

KerP, =K ® @ Vi) @ @ Wi (),

1<i<j<m 1<i<m,
2m<j<n
where
Vij(A) :=Ker (Py |v,) C Vi, W;;(A) := Ker (P, |w,) C Wi;. (18)

The space Ker P, /K is decomposed as
Ker P, /K = @ Vii(L) @ @ Wii(d),

1<i<j<m 1<i<im,
2m<j<n

To compute ad; dH,, note that P, is a linear bracket, so the commutator in g; is simply the
restriction of the bracket [, ], given by (8) to the space Ker P, , so it is given by

[X,Y], = XAY — YAX. (19)
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Formula (11) implies that
dH, = —(J +VAE)'Q(J + VAE)™!, (20)

so dH, is a block-diagonal matrix with two-by-two blocks on the diagonal. Denote the space
of such matrices by L. Clearly, L C K C Ker P,. Since dH, € L, it suffices to describe the
operators ad; X for X € L.

Proposition 5.7. For any X € L, the spaces V;j(A) and W;;(A) are invariant with respect to
the operator ad; X.

Proof. Let X € L and Y € V;;. Then, using (19), show that [X, Y], € V;;, which means
that ad, X (V;;) C Vj;. Further, V;;(A) = V;; N Ker P;, and Ker P, is invariant with respect
to ad; X, so V;; (1) is invariant as the intersection of two invariant subspaces. The proof for
W;;(A) is the same. O

Represent an element X € L as

0 X1

Proposition 5.8. Let V;;(A) # 0. Then the operator ad, X, being written in coordinates o, B

given by (17), reads
0 —ai—1 (Xi - ﬂx,‘)
m;

azy | Xi — —'Xj 0

Proof. Use (19). O

Proposition 5.9. Let W;; (1) # 0. Then, after the natural identification of W;; () = W;; with
R2, the matrix of ad; X reads

0 X;a;
—X;aoi_1 0 /)

Proof. Use (19). O

Proposition 5.10.

(1) Let V;j (L) # 0. Then the eigenvalues of ad, X restricted to V;; (L) are £v;;(X), where

l),'j(X) =/ _Xi()\)(mjxj — miX;).

(2) Let W;j(A) # 0. Then the eigenvalues of ad, X restricted to W;; (L) are £u,;(X), where

wi(X) =/ = xi Mm;x;.

Proof. Use propositions 5.8 and 5.9. U
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5.4. Spectrum of the linearized system

Let M be a regular stationary rotation. Then the symplectic leaves of generic brackets
P,,a ¢ A(M) are tangent at M. By T(M) denote their common tangent space. By dX
denote the linearization of (3) at M.

Proposition 5.11. Let M be a regular stationary rotation. Let also Afjl.), k;}g) be two roots of
the equation x; (L) = x;(A). Then the spectrum of dX |t is

k) k=1, 21K <
o(dX |t = {:I:Ui(j )}lfgifjgm U {xm; 12?@1} !
where
(k) (k)
S _ 1 Aij ¥ haic1hy 3 Aij ¥ Aajo1hg) if)»@ %00
Y L (A(k)> Azi—1 + Az Aaj—1+ Ao Y
1 l]
o) = (wj —w)W=1  ifr} = o0,
and
. 1 (Aj = A1) (A — A2i)
ij = .
L (Ai) Aoi—1 + Ao
Proof. Use lemma 3.1, proposition 5.10 and formula (20). g

Remark 5.1. Itis also possible to find the spectrum of the linearized system explicitly, without
introducing the bi-Hamiltonian structure. However, the bi-Hamiltonian framework is essential
for the proof of the stability part of theorem 1 (section 6), so it seems to be better to prove both
parts using the same philosophy. At the same time, the bi-Hamiltonian approach is simpler
from the computational viewpoint. Also note that lemma 3.1 allows to find the spectrum for
all systems bi-Hamiltonian with respect to I at once.

5.5. Completion of the proof

For simplicity assume that all eigenvalues of 2 are distinct. Suppose that there is at least
one intersection in the parabolic diagram which is either complex or belongs to the lower
half-plane. Then proposition 5.11 shows that d X has an eigenvalue with a non-zero real part
unless
k k
k§j’ + A2i—1A2i )ng) + A2j—1A2]

- —0. Q1)
A2i—1 + A Arj—1+ A2

A simple computation shows that (21) implies the equality wlz = a)f If all eigenvalues of 2
are distinct, then this is not possible, so d X has an eigenvalue with a non-zero real part, and
the equilibrium is unstable.

The sketch of the proof in the case when 2 has multiple eigenvalues is as follows.
Assume that (21) is satisfied. Then )\gf) is a real number. So, we only need to consider
the case when there is a real intersection in the lower half-plane. Find a stationary rotation
M, € U,(M) such that all eigenvalues of 2 (M, ) are distinct. Then the rotation M, is unstable.
Moreover, an argument similar to the one of [3] can be used to show that there is a heteroclinic
trajectory joining M, with another stationary rotation M_ such that the distance dist(M,, M)
is uniformly bounded from below as ¢ — 0. Therefore M is unstable.
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6. Proof of theorem 1: stability

According to theorem 4, to prove the stability part of theorem 1 we should do the following:

(1) check that the pencil IT is fine at M (section 6.1);

(2) check that the equilibrium point M is strongly regular (section 6.2);

(3) check that the spectrum of IT at M is real (section 6.3);

(4) check that the pencil IT is diagonalizable at x (section 6.4);

(5) check that for each A € A (x) the A-linearization d, IT(x) is compact (section 6.5).

6.1. The pencil Il is fine

Leta besuchthata ¢ A(M) and @ < A2, where A, is the minimal eigenvalue of J. Take ¢

min
such thatx+¢ < )\ﬁlm,and (a—e,a+e)NA(M) = . Take U = (o —¢&, a+¢). Then for each

B € U, the bracket Pg is compact semisimple. Therefore conditions 1 and 2 of definition 13
are satisfied. Further, for any g € U, the map

Fop:(s0(n), [, o) = (s0(n), [, 1p)
defined by
Fus(X) = (J? — BE) 2(J? —aE)'*X (J? — aE)'*(J? — BE)™'/?
is an isomorphism of Lie algebras. Therefore, for any f, € Z(P,), the function
f5(0) = fulFl3(x)

is a Casimir function of Pg, so condition 3 of definition 13 is also satisfied, and the pencil is
fine at every point.

6.2. Strong regularity

Proposition 5.5 shows that a regular stationary rotation (in the sense of definition 2) is a regular
equilibrium (in the sense of definition 7). Now, prove that each regular stationary rotation is
strongly regular (see definition 12). Introduce the following subspaces:
o Ko is generated by {Epi—1 2 — Eoini—1}i=1
e K is generated by {E;; — Eji}om<i<j<n-
Then

..... m»

K =Ky® K,
as a Lie pencil, which means that Ky, and K; are Lie subalgebras with respect to all Lie
structures [, ]y, and [Ky, K], = 0.

Clearly, K is Abelian with respect to all structures [, ]o, and K; is isomorphic to so(n)

with a Lie pencil given by

[X,Y], =[X,Y]o— A[X, Y] = X(J2 = AE)Y — Y(J} — LE)X,
where J; = diag(Azm+1, - - - » Ay). Therefore the centre of K; with respect to any Lie structure
[, o is trivial unless n — 2m = 2. So, Z,(K) = Ko forall ¢ if n —2m # 2, and Z,(K) = K
if n —2m = 2. In both cases Z,(K) does not depend on «, so M is strongly regular.

6.3. The spectrum A(M) is real

By proposition 5.6, the spectrum A (M) is the set of horizontal coordinates of the intersection
points on the parabolic diagram of M. So, under the conditions of theorem 1, the spectrum
is real.
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6.4. Diagonalizability

It is convenient to use the following alternative definition of diagonalizability.

Proposition 6.1. Assume that x is a regular equilibrium of a bi-Hamiltonian system, and that
the spectrum A (x) is real. Then the pencil 11 is diagonalizable at the point x if and only if
TiM/Rer(x) = @D Ker P (x)/Rer(x).
rEA(x)
For the proof, see [22,23].
Proposition 6.2. Let M be a regular stationary rotation. Then the pencil is diagonalizable at

M if and only if any two parabolas in the parabolic diagram of M intersect at two different
points.

Proof. Proposition 6.1 implies that the pencil is diagonalizable if and only if
so(n)/K = P Ker (P) /K. (22)
AeA(M)
Using (15), write

soam/K= P vie P wy.

1<i<j<m 1<i<m,
2m<j<n
Since all the summands of this decomposition are pairwise orthogonal with respect to P;
(proposition 5.1), relation (22) is satisfied if and only if

Vi= @ vy forl<i<j<m, (23)
rAeA(M)

W= @ Wiy forl<i<m.2m<j<n, (24)
reA(M)

where V;; (1) and W;; (1) are defined by (18).

Since there is a unique A = A? such that W;; = W;; (1), equality (24) is always satisfied.
Equality (23) is satisfied if and only if equation (16) has two distinct roots, i.e. if corresponding
two parabolas are not tangent to each other. |

6.5. Compactness

Show that under the conditions of theorem 1, the pencil d, IT(M) is compact.

First, consider the case A = 0o. Then g; is the ad* stabilizer of M € so(n)*, so g; is
compact, and so is the pencil do, IT(M) (see proposition 3.4).

So, let A # co. The pencil d; IT(M) is defined on g, by the cocycle B = Py |ker p,. Prove
that there exists X € Z(Ker B) such that the form

Bx(Y,Y) = Puo([X, Y], V)

is positive definite on Ker P; /Ker B.
By proposition 6.2, the pencil is diagonalizable at M. This implies that (see definition 11)

dim Ker (Poo |ker p,) = dim Ker Py
Since Ker P, = K (proposition 5.5),
dim Ker (Poo |Kerp,) = dim K.
On the other hand, Ker (P |kerp,) D K. So,
Ker B = Ker (Pw |kerp,) = K, (25)
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and the compactness condition can be reformulated as follows: there exists X € Z(K) such
that the form By is positive definite on

Ker /K= P vyme P wim.
I<i<j<m 1<i<m,
2m<j<n
At the same time, Z(K) = Kq or Z(K) = K (section 6.2), so Ky C Z(K), and it suffices to
show that there exists X € K such that By is positive on Ker P, /K. Represent an element
X € Ky as

0 X1
—X1 0
X = 0 Xm
—Xn 0
0
Denote
bi == as; +ay_1.

Proposition 6.3. Let V;; (L) # 0,

Y = (Z) eV,  zZ= (%) € V),

where o, B are the coordinates on V;;(\) given by (17). Then
POO(Y, Z) = 2mia2_,-_1 (mlzbj — m%b,) ((XE— &ﬁ)

Proof. Use proposition 5.2. O

Proposition 6.4. Let

Y = (Z) € Vij() #0,

where a, B are the coordinates on V;;(X) given by (17). Then
Bx(Y,Y) = —2as;_, (mizbj - mﬁbi) (mix; —mjx;)(ayo® +ay_1p%). (26)

Proof. Use propositions 6.3 and 5.8. |

Proposition 6.5. Let

Y = (2) € Wi (1) #0,

where a, B are the coordinates on W;; (L) = W;; given by its natural identification with R2.
Then

Bx(Y,Y) = —2mxi(az—10° +az ). 27)
Proof. Use propositions 5.2 and 5.9. ]

Proposition 6.6. Under the conditions of theorem 1, the pencil d;, T1(M) is compact.
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Proof. It suffices to consider the case A # 0o (see beginning of the section). Show that there
exists X € Ky such that By is positive on

Ker Py /K = @D Vi;(1) & @ Wi; (1).

The summands of this decomposition are pairwise orthogonal with respect to By, so it suffices
to show that there exists X such that By is positive-definite on each of the summands.
Propositions 6.4 and 6.5 show that for each summand there exists X such that By is positive
on this summand (note that a,; and a,;_; are of the same sign; this is because all intersections
are in the upper half-plane). However, it is not obvious a priori why there should exist X such
that By is positive on all summands. Nevertheless, such an X exists and can be defined by the
following magical formula

i (28)
X; = b
fori =1,...,m. Show that Bx > 0 on V;;(}). Substituting (28) into (26), obtain
2 2\’
Bx(Y,Y) = 2az;_1b;(azia* + azi—1 )b (% - b—j) .
i J

Since all intersections are in the upper half-plane, a;;_; and b; have the same sign. The same
is true for ay;, ar;—1 and b;. Consequently, for ¥ # 0, the following inequality is satisfied

arj_1bj(aza* +axy_ )b > 0.
Further, if
w
b; b
then P (Y, Y) = 0 (see proposition 6.3), and
Vij()\) C Ker (Poo |KerPA) s
which contradicts (25). So, By is positive on V;;(1).
Now, show that By > 0 on W;;(}). Substituting (28) into (26), obtain
2
m:
Bx(Y,Y) = j(QZi—laz +ax ).
Since ay;, asi—1 and b; are of the same sign, and m; # 0, the form Bx > 0 on W;;(A). O

=0,

Remark 6.1. Let ) > )ernax orA < )Lﬁm where Anin and Ay are, respectively, the minimal and
the maximal eigenvalues of J. Then the compactness of d, IT(M) is natural, since the algebra
so(n) with the [, ], bracket is compact, and so is g; (M) which is the ad} stabilizer of M.
However, for A € [)‘ﬁnn’ Azmax], the algebra g, (M) is not necessarily compact. The
classification of Lie algebras g, (M) up to an isomorphism is given in the appendix.
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Appendix: Classification of Lie algebras g

Let M be a regular stationary rotation, » € C. By ¥, denote the set of intersection points
on the parabolic diagram of M with abscissa x = A. For A € R, denote by X}, X, the set
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Figure 7. Rotations with g, >~ u(1,2) ® R" and g, ~ u(3) ® R", respectively.

of intersection points € X, which lie in the upper and lower half-planes, respectively. For
z € X, denote by n, the number of parabolas passing through z. For z € X} denote by [,, r,
the number of parabolas passing through z such that their vertices are to the left or right of z,
respectively. Denote by v the number of vertical lines on the parabolic diagram. For A € R,
denote by [, and r, the number of vertical lines to the left or to the right of the line x = A,
respectively.

Proposition A.1. Let M be a regular stationary rotation.
(1) If . € R, and there is no vertical line x = X on the parabolic diagram of M, then
g~ s0(b. 1) ® Pue.r) & P aln.. R) ©RY.
23} zex;
(2) If A = oo, then
g~ 50(v. R) & P un.. R) ®R".

ZEZ,
(3) If » € C\ R, then
. ~ s0(v, C) & P gl(n.. C) & C".
ZEX;
(4) If A € R, and there is a vertical line x = X on the parabolic diagram of M, then
g = (50, 1) %, W) @ P (ullz, 72) %, C) & @) (al(nz, R) i, R) @ RY,
€Ty z€%;

where representations pi, py are standard, and

A 0
pa(4) = (0 _At).

In all cases N is some number > 0.

Example A.1. Rotations with g, ~ u(1,2) @ R and g, ~ u(3) @ R", respectively are
depicted in figure 7. Proposition 5.11 can be used to check that both cases correspond to a
(1:1:1) resonance. Note that, in both cases, the bi-Hamiltonian system corresponding to the
linear pencil d, IT coincides with the three-wave interaction system [34]. So, the three-wave
interaction system is the bi-Hamiltonian linearization of the multidimensional rigid body at a
(1:1:1) resonance.
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