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Abstract
In this paper we study the dynamics of a constrained generalized rigid
body (the Suslov problem) on its full phase space. We use reconstruc-
tion theory to analyze the qualitative dynamics of the system and
discuss differences with the free rigid body motion. Use is made of the
so-called quasi-periodic Floquet theory.



1 Introduction

In this paper we analyze the dynamics, and in particular the reconstruc-
tion of the so-called Suslov problem—a generalized rigid body with some of
its body angular velocity components set equal to zero. The unconstrained
generalized rigid body problem can be shown to be noncommutatively inte-
grable and hence the system evolves on a torus of dimension lower than half
that of the phase space. While the reduced (Euler-Poincaré-Suslov) dynam-
ics of the Suslov problem is integrable (in a nonholonomic sense) there is
no analogue of non-commutative integrability in the nonholonomic setting.
The question then arises of what is the dynamics in the full space and in
particular what is the reconstruction of the torus dynamics of the reduced
equations.

We recall briefly the notions of reduction of mechanical systems. For
a mechanical system with symmetry, the process of reduction neglects the
directions along the group variables and thus provides a system with fewer
degrees of freedom. In many important examples, the reduced system is
integrable. Switching back to the original system is called reconstruction. If
the symmetry group is abelian, then the reconstruction may be performed
explicitly. The process of reconstruction in general, when the symmetry
group is non-abelian, involves integration of a linear non-autonomous differ-
ential equation on a Lie group (see Marsden [1992] for details). Even if we
cannot explicitly perform the reconstruction, we still may obtain important
characteristics of the motion, such as frequencies, for instance.

The relative equilibria and relative periodic orbits of flows with sym-
metry are discussed in Ashwin and Melbourne [1997]. They show that the
closure of a reconstructed relative equilibrium (relative periodic orbit), if
compact, is an invariant quasi-periodic torus. A natural generalization of a
relative periodic orbit is a relative quasi-periodic orbit and below we gener-
alize their approach to this setting. We consider a system with an integrable
quasi-periodic reduced flow. We study the reconstruction equation and show
that in certain situations its solutions are quasi-periodic or may be approx-
imated by quasi-periodic curves in the phase space. We then apply the
theory to the integrable nonholonomic Suslov problem.

We intend in a future work to use the results obtained in this paper to
study more general problems of integrable nonholonomic systems.



2 Equations of Motion of Nonholonomic Systems
with Symmetries

In this section we briefly discuss the dynamics of nonholonomic systems
with symmetries. We refer the reader to Bloch et al. [1996] and Zenkov
et al. [1998] for a more complete exposition.

2.1 The Lagrange-d’Alembert Principle

We now describe the equations of motion for a nonholonomic system. We
confine our attention to nonholonomic constraints that are homogeneous
in the velocity. Accordingly, we consider a configuration space @) and a
distribution D that describes these constraints. Recall that a distribution
D is a collection of linear subspaces of the tangent spaces of @); we denote
these spaces by D, C T,Q, one for each g € Q. A curve ¢(t) € Q will be said
to satisfy the constraints if §(t) € Dy for all t. This distribution will, in
general, be nonintegrable; i.e. the constraints are, in general, nonholonomic.

Consider a Lagrangian L : TQ — R. In coordinates ¢*,i = 1,...,n, on Q
with induced coordinates (¢‘,¢") for the tangent bundle, we write L(q', ¢*).
The equations of motion are given by the following Lagrange-d’Alembert
principle.

Definition 2.1 The Lagrange-d’Alembert equations of motion for the
system are those determined by

b
6/ L(q*,¢")dt =0,

where we choose variations 6q(t) of the curve q(t) that satisfy dq(a) =
dq(b) = 0 and dq(t) € Dy for each t where a <t <b.

This principle is supplemented by the condition that the curve itself satisfies
the constraints. Note that we take the variation before imposing the con-
straints; that is, we do not impose the constraints on the family of curves
defining the variation. This is well known to be important to obtain the
correct mechanical equations (see Bloch et al. [1996] for a discussion and
references).

The usual arguments in the calculus of variations show that the Lagran-
ge-d’Alembert principle is equivalent to the equations

doL oL\ .,
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for all variations g such that d¢ € D, at each point of the underlying
curve ¢(t). One can of course equivalently write these equations in terms of
Lagrange multipliers.

Let {w®,a=1,...,p} be a set of p independent one forms whose vanish-
ing describes the constraints. Choose a local coordinate chart ¢ = (r,s) €
R™ P x RP, which we write as ¢ = (r%,5%), where 1 < a < n — p and
1 < a < p such that

w(q) = ds* + Ay (r, s)dr®

for all a = 1,...,p. In these coordinates, the constraints are described by
vectors v = (v, v?) satisfying v* + A%® = 0 (a sum on repeated indices
over their range is understood).

The equations of motion for the system are given by where we
choose variations dq(t) that satisfy the constraints, i.e., w%(q)dg = 0, or
equivalently, §s% + A%dr® = 0, where §¢* = (6r%,6s%). Substituting varia-
tions of this type, with dr® arbitrary, into (2.1)) gives

d OL oL d oL 0L
——— —— | =AY — — 2.2
<dt ore 87’“) « <dt 05 83“) (22)
for all @« = 1,...,n — p. Equations (2.2)), combined with the constraint
equations

5= — A% (2.3)

(67

for all a =1,...,p, give the complete equations of motion of the system.
A useful way of reformulating equations ([2.2) is to define a constrained
Lagrangian by substituting the constraints (2.3]) into the Lagrangian:

Lo(r®, s, 7%) := L(r%, s, 7%, — A% (r, s)r%).

The equations of motion can be written in terms of the constrained Lagran-
gian in the following way, as a direct coordinate calculation shows:

dIL. 0L +AQ8LC _ —a—LBb B

dt e gre T T 9se  ggb el

where Bgﬁ is defined by
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Geometrically, the A% are the coordinate expressions for the Ehresmann
connection on the tangent bundle defined by the constraints, while the Bgﬁ
are the corresponding curvature terms (see Bloch et al. [1996]).



2.2 Symmetries

As we shall see shortly, symmetries play an important role in our analysis.
We begin here with just a few preliminary notions. Suppose we are given a
nonholonomic system with Lagrangian L : TQ) — R, and a (nonintegrable)
constraint distribution D. We can then look for a group G that acts on
the configuration space ). It induces an action on the tangent space T'Q)
and so it makes sense to ask that the Lagrangian L be invariant. Also, one
can ask that the distribution be invariant in the sense that the action by a
group element g € G maps the distribution D, at the point ¢ € @ to the
distribution Dy, at the point gq. If these properties hold, we say that G is
a symmetry group.

2.3 The Geometry of Nonholonomic Systems with Symme-
try

Consider a nonholonomic system with the Lagrangian L : TQ)Q — R, the
(nonintegrable) constraint distribution D, and the symmetry group G in
the sense explained previously.

Orbits and shape space. The group orbit through a point ¢, an (im-
mersed) submanifold, is denoted

Orb(q) :={g9q| g € G}.

Let g denote the Lie algebra of the Lie group G. For an element £ € g, we
write g, a vector field on ) for the corresponding infinitesimal generator,
so these are also the tangent spaces to the group orbits. Define, for each
q € @, the vector subspace g? to be the set of Lie algebra elements in g
whose infinitesimal generators evaluated at g lie in both D, and T;,(Orb(q)):

g7 :={{€g|&(q) € DgNTy(Orb(q))}.

The corresponding bundle over ) whose fiber at the point ¢ is given by g¢,
is denoted by gP.

Reduced dynamics. Assuming that the Lagrangian and the constraint
distribution are G-invariant, we can form the reduced velocity phase space
TQ/G and the reduced constraint space D/G. The Lagrangian L induces
well defined functions, the reduced Lagrangian

1:TQ/G — R



satisfying L = [ o mpg where mpg : TQ) — T'Q/G is the projection, and the
constrained reduced Lagrangian

l.:D/G — R,

which satisfies L|p = l. o mp where mp : D — D/G is the projection. By
general considerations, the Lagrange-d’Alembert equations induce well de-
fined reduced equations on D/G. That is, the vector field on the manifold
D determined by the Lagrange-d’Alembert equations (including the con-
straints) is G-invariant, and so defines a reduced vector field on the quotient
manifold D/G. Following Cendra et al. [1999], we call these equations the
Lagrange-d’Alembert-Poincaré equations.

Let a local trivialization be chosen on the principle bundle 7 : Q@ — Q/G,
with a local representation having components denoted (r,g). Let r, an
element of shape space /G, have coordinates denoted r®, and let g be
group variables for the fiber, G. In such a representation, the action of G
is the left action of G' on the second factor. The coordinates (r,g) induce
the coordinates (r,7,&) on TQ/G, where ¢ = g~'¢. The Lagrangian L is
invariant under the left action of G and so it depends on g and § only
through the combination £ = g~ '¢. Thus the reduced Lagrangian [ is given
by

l(T, T, 5) = L(T7 g, T, g)

Therefore the full system of equations of motion consists of the following
two groups:

1. The Lagrange-d’Alembert-Poincaré equation on D/G (see theorem
53).

2. The reconstruction equation
g = g¢.

The nonholonomic momentum in body representation. Choose a
g-dependent basis e,(q) for the Lie algebra such that the first m elements
span the subspace g? in the following way. First, one chooses, for each r,
such a basis at the identity element g = Id, say

e1(r),ea(r),...,em(r), ems1(r), ... ex(r).

For example, this could be a basis whose generators are orthonormal in the
kinetic energy metric. Now define the body fized basis by

ea(T', g) = Adg €a(?”),



then the first m elements will indeed span the subspace g? since the distri-
bution is invariant.

To avoid confusion, we will make the following index and summation
conventions:

1. The first batch of indices range from 1 to m corresponding to the
symmetry directions along constraint space. These indices will be
denoted a, b, ¢, d, ... and a summation from 1 to m will be understood.

2. The second batch of indices range from m + 1 to k corresponding to
the symmetry directions not aligned with the constraints. Indices for
this range or for the whole range 1 to k will be denoted by a’,¥’, ¢, ...
and the summations will be given explicitly.

3. The indices «, G, ... on the shape variables r range from 1 to o. Thus,
o is the dimension of the shape space /G and so 0 = n — k. The
summation convention for these indices will be understood.

Assume that the Lagrangian has the form kinetic energy minus potential
energy, and that the constraints and the orbit directions span the entire
tangent space to the configuration space:

Dy + T,(0rb(q)) = T,Q.

Then it is possible to introduce a new Lie algebra variable ) called the body
angular velocity such that:

1. Q = Ar + &, where the operator A is called the nonholonomic connec-
tion.

2. The constraints are given by Q € span{ei(r),...,emn(r)} or QM =
=0k =0.

3. The reduced Lagrangian in the variables (r,7,€)) becomes

k
1 o 1 / /.
fga/grarﬁ + §IacQ“Qc + E (la/a — la/c/.AZ) Qe r

2
a’'=m+1
1 k

+5 > gV -V (2.4)

a’,c’=m+1



In the above, g,g are coefficients of the kinetic energy metric induced on
the manifold Q/G, I,. are components of the locked inertia tensor relative
to g7, I(q) : g¥ — (gP)" defined by

@) m) = (qrne),  &negl,

where ((-,-)) is the kinetic energy metric, and
0%l 0%l
lora = Pe e lore = e e
We remark that this choice of €2 eliminates the terms proportional to Q%

and Q90 in 1) The constrained reduced Lagrangian becomes especially
simple in variables (r, 7, Q):

1 1
le = = Gapm ™’ + Z1,0°0° — V.
2 2
The nonholonomic momentum in body representation is defined by

o Ol
Pa=90s = 90

Notice that the nonholonomic momentum may be viewed as a collection of
components of the ordinary momentum map along the constraint directions.

The Lagrange-d’Alembert-Poincaré equations. As in Bloch et al.
[1996], the reduced equations of motion are given by the next theorem.

Theorem 2.2 The following nonholonomic Lagrange-d’Alembert-Po-
incaré equations hold for each 1 < a <o and1<b<m:

d ol dl. o1
dt ore  9gre  9ra
— Dpap"pei® — Koy,

B
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= CS I pepa + Do per™ + Dagyi .

Here l.(r*, 7%, p,) is the constrained Lagrangian; r®, 1 < o < o, are coordi-
nates in the shape space; po, 1 < a < m, are components of the momentum
map in the body representation; 1°% are the components of the inverse locked



inertia tensor; By are the local coordinates of the curvature B of the non-
holonomic connection A; and the coefficients Dy, Dagp, Kagy are given by
the formulae

D5, Z —C AL + A5, + Z AaraCY 1%

=m+1
Dagy = Z Aa/a (v&} - Z C?MZ) ,
a/—m+1 b=1
Kapy = Z >‘av aﬁv
where
Adtor = latec = b,zll @i Aa = agf fara bzl agaalagb’ A
forad = m+1,...,k. Here Cgic, are the structure constants of the Lie

algebra defined by |ey, ev] = Cg;c,eb/, a,v',d =1,...,k; and the coefficients
yg; are defined by

k
86{, o
ore - Z TbaCe'-
d=1

We shall discuss in detail the nonholonomic system of interest here, the
Suslov problem, after a general discussion of relative equilibria and recon-
struction theory.

3 Relative Equilibria and Relative Periodic Orbits

In this section we discuss how the relative equilibria and relative periodic
orbits of flows with symmetries are related to maximal tori of the symmetry
group. We follow the exposition of Ashwin and Melbourne [1997].

Consider a vector field X (x) on a manifold M. Let G be a Lie group act-
ing on the manifold M. For simplicity we assume that the orbit space M /G
is a smooth manifold. Suppose that the vector field X (z) is G-invariant,
and that the flow F; : M — M of this vector field is complete. The flow F;
induces a reduced flow ¢, : M/G — M /G, ¢ = mo F;, where 7 : M — M/G
is the projection. We have the following definition (Marsden and Scheurle
[1995)):



Definition 3.1 An orbit y(t) is called a relative equilibrium (a relative
periodic orbit) if the orbit wo~(t) of the reduced flow is an equilibrium (a
periodic orbit).

Remark. All orbits (t) generated by the same relative equilibrium (rel-
ative periodic orbit) belong to the same group orbit

Orb(mo7(t)) = {Orb(z) |z € Toy(t)},

which sometimes is also referred to as a relative equilibrium (relative periodic
orbit respectively) (see Ashwin and Melbourne [1997]).

Suppose that the group G is connected. The following two theorems
from Ashwin and Melbourne [1997] explain what the reconstructed relative
equilibria and relative periodic orbits are. Similar results may be found in
Field [1991], Marsden and Scheurle [1995], and Hermans [1995].

Theorem 3.2 (Ashwin and Melbourne) Suppose that the relative equi-
librium x. has isotropy subgroup . Then the group orbit through x. is
foliated by tori TP, p < rank(N(X)/X), or by copies of R.

In this theorem, N (X) denotes the normalizer of ¥. Next, consider a system
with a relative periodic orbit (). Let zp = (0) and let ¥ be the isotropy
of ZQ-

Theorem 3.3 (Ashwin and Melbourne) A group orbit through the rel-
ative periodic orbit is foliated by tori TP, p < rank(N(X)/X) + 1, with irra-
tional tori flow or by copies of R with unbounded linear flow.

In the above theorems, the upper bound for the dimension of the invariant
tori is attained generically. If the isotropy X is a trivial subgroup of G, then
p <rank G (p < rank G + 1 respectively).

4 Relative Quasi-Periodic Orbits

In this section we discuss the reconstruction process applied to relative quasi-
periodic orbits.

10



Systems with quasi-periodic reduced dynamics. Suppose that the
reduced flow of the mechanical system with symmetry group G is quasi-
periodic, i.e. the reduced phase space is foliated by m-dimensional tori and
the flow on these tori is

1 =Wwi, oo s Pm = Wi

where the frequencies w; are incommensurate (i.e. are not rationally related).
In this case the Lie algebra element £(¢) in the reconstruction equation

9= 9¢(t) (4.1)
is a quasi-periodic function, i.e.
E(t) = E(wit, ... ,wnt)

for an appropriate function Z : 7™ — g. If the symmetry group is abelian
(and compact), then this equation is explicitly solvable and the generic mo-
tion is quasi-periodic on (dim G + m)-dimensional tori.

Suppose that the reconstruction equation is reducible, i.e. there exists a
substitution ¢ = ha(t), where a(t) is a quasi-periodic group element such
that the Lie algebra element

is time-independent.

Theorem 4.1 If the reconstruction equation is reducible, then the trajecto-
ries (r(t), g(t)) of the original system are quasi-periodic.

Proof The reconstruction equation after the substitution g = ha(t) be-
comes

h = hn.

Since 7 is a fixed Lie algebra element, the solutions h(t) = hgexp(tn) are
quasi-periodic. By theorem for a generic 7, h(t) is a rank(N(X)/X)-
dimensional torus. The corresponding trajectory of the system (r(t), g(t))
is thus quasi-periodic. Generically, it has (rank(N(X)/X) + m) frequencies,
where m is the number of frequencies of the quasi-periodic Lie algebra ele-
ment £(t). If the group G acts on the phase space without fixed points, then
the trajectory (r(t),g(t)) has (rank G + m) frequencies. [

11



The main question therefore is whether the equation ¢ = g&(t) is re-
ducible. Suppose that the group G is a matrix group, then equation (4.1)) is
reducible if and only if the linear system of differential equations

i =L (t)z
is reducible.

Quasi-periodic Floquet theory. Consider a system of linear differential
equations
&= A(t)x. (4.2)

If the matrix A(t) is periodic, then the Floquet theory states that equation
(4.2) is reducible. This means that there exists a periodic linear substitution
x = C(t)y such that equation (4.2)) becomes

y = By,

where B = C~1(t)A(t)C(t) — C~L(t)C(t) is a constant matrix.

However, if the matrix A(t) is quasi-periodic, system may be irre-
ducible. See Johnson and Sell [1981] and references therein. We remark here
that the conditions for reducibility are either “nonconstructive” (like those
of Johnson and Sell [1981]), or too restrictive. For instance, the reducibility
conditions in Bogolyubov et al. [1976] require that the eigenvalues of the
constant part of the matrix A satisfy certain conditions. These conditions
do not hold for many interesting mechanical examples, such as the Suslov
problem.

Effective reducibility. The following theorem (see Jorba et al. [1997])
states that the quasi-periodic part of the matrix A(t) can be made exponen-
tially small. As before, w1, ...,w,, are the frequencies of the quasi-periodic
matrix

Theorem 4.2 Consider the equation & = (A+eQ(t,€))z, || < o, v € RY,
where we have the following hypotheses:

1. A is a constant d x d matriz with distinct eigenvalues A1, ..., Aq.

2. Q(t,e) is an analytic quasi-periodic matrix on a strip of width p with
1Q(-,e)ll, < q for all |e| < eq, for some w € R™, where q,p > 0.

12



3. The vector w satisfies the diophantine conditions

for any k € Z™\0 and for any j,l € {1,...,d} for some constants
c>0andy>m—1. As usual, |k| = [k1| + - + |km]|.

Then there exist positive constants *, a*, r*, and p such that for all e,
le| < e*, the initial equation can be transformed into

y=(A"(e) +eR*(t,€))y,
where
1. A* is a constant matriz with |A*(e) — Al < a*|e| and

2. R*(-,¢€) is an analytic quasi-periodic function on a strip of width p with
IR*(-,€)llp < 7 exp(—(/[e])/76) for any & € (0, p].

Furthermore, the quasi-periodic change of variables that performs this trans-
formation is also analytic on a strip of width p.

So, if £(t) = A+ eQ(t,¢), then the reconstruction equation reduces to

h = h(A*(c) + eR*)

with an exponentially small quasi-periodic term. Therefore the flow de-
termined by the reconstruction equation may be approximated by a quasi-
periodic flow on a time interval of length ~ exp(1/¢). We remark that this is
a considerably longer time span than the time span of order 1/e that would
be expected from standard perturbation theory arguments.

In the example below (the Suslov problem), the constant matrix A has
multiple zero eigenvalues. Jorba et al. [1997] remark that theorem is
valid for multiple eigenvalues too, but the exponent of ¢ in the expression
for R* is slightly worse.

5 The Suslov Problem

In this section we study the constrained dynamics of the Euler top. The
constraints require that some of the components of the body angular velocity
are equal to zero.

13



5.1 The Classical Suslov Problem

The Suslov problem is an Euler top with a nonholonomic constraint (a, ) =
0, where 2 is the body angular velocity and a is a vector fixed in body. Here
(-,-) stands for the standard metric in R3. The configuration space of this
system is the group SO(3). The Lagrangian (the kinetic energy) and the
constraint are invariant under the left action of SO(3) on the configuration
space.

The Suslov problem belongs to a class of nonholonomic systems with
no shape space. The Lagrange-d’Alembert-Poincaré equations (see theorem
for such systems reduce to the momentum equation

Py = CI1%epy, (5.1)

where p, are the components of the nonholonomic momentum relative to
the body frame, I are the components of the inverse inertia tensor, and
C¢, are the structure constants of g. Equations are not in general
Euler-Poincaré equations because the subspace g¥ = {Q | (a,Q) = 0} is
not necessarily a subalgebra. Instead, we may view ([5.1)) as Euler-Poincaré
equations restricted to a subspace (gD)* of the Lie coalgebra g*. Following
Fedorov and Kozlov we call these the Euler-Poincaré-Suslov equations.
Choose e3 = a/|a| as the third vector of the body frame. Then the
constraint becomes Q% = 0. Pick two independent vectors e; and ey that
are orthogonal to e3 in the kinetic energy metric. These vectors e;, eo, and
e3 are not orthogonal relative to the standard metric in so(3) = R3 unless
e3 spans an eigenspace of the inertia tensor. Consequently, the structure
constants Cl, and C%, are not necessarily equal to zero. In the frame ey,
€2, e3 the components I3 and I3 of the inertia tensor are equal to zero.

Therefore
ol

= = I330° =
P3= 5035 = 133 0
and equations (5.1)) become
p1 = (Coupr + Cp2) (Ip1 + Ipa) (5.2)

P2 = (01122?1 + szm) (Illm + 112p2) .

These equation are equivalent to the equations in Fedorov and Kozlov [1995].

It is known that equations and are not integrable unless eg is
an eigenvector of the locked inertia tensor (see Kozlov [1985] for details). In
this last case lles = I3es and we may choose the two remaining eigenvectors
to be e; and es as defined above, so that the basis e, es, e3 is orthogonal

14



with respect to both the standard and the kinetic energy metrics. In this
basis, Ciy, = C%, = 0. Hence in the integrable case equations (5.2) and (5.3))
become

p1=0,  p2=0.
Thus all the solutions of the reduced system are relative equilibria. By

theorem[3.2] almost all reconstructed motions of the classical Suslov problem
are periodic because the rank of the group SO(3) is equal to one.

5.2 The n-Dimensional Suslov Problem

Fedorov and Kozlov [1995] consider an n-dimensional Suslov problem, i.e.
they consider the motion of an n-dimensional rigid body with a diagonal
inertia tensor I;; = 0;;1;, Iy > Io > --- > I, subject to the constraints
Q5 =0,14,j > 2, where Q € so(n) is the body angular velocity. This system
is SO(n)-invariant, where the group SO(n) acts on the configuration space
by left shifts.

Integrability of the reduced flow. Fedorov and Kozlov prove that the
reduced system on so(n) has n — 1 quadratic integrals

F()(Q):h/Q, Fl(Q):Cl, ,Fn_Q(Q) = Cp—2,

where Fy(2) is the positive-definite energy integral. The common level sur-
face of these integrals is diffeomorphic to the disjoint union of (n — 2)-

dimensional tori if h,cy,...,c,—2 are all positive and satisfy the condition
C1 Cn—2
e < h. 5.4
L L1, (5:4)

The flow on these tori in the appropriate angular coordinates is governed by

the equations
dpy A2
dr T dr
where 7 is a new independent variable introduced by dr = q2dt. The
solutions of equations are quasi-periodic motions on tori. The reduced
Suslov problem is therefore integrable. The frequencies wy, . ..,w,_9 are the

same for all the tori and depend only on the values of Iy, ..., I,,. Explicitly,

(I —2)(I2 — 2)
(I +2)(I2+2)

= Wn—2, (5.5)

Ws = f(IerQ)a f(Z) =

15



The function f(z) is decreasing on the interval [0, I3] and takes values be-
tween 0 and 1. Therefore the set of (Ii,...,I,) for which the diophantine
conditions fail is of zero measure.

The non-zero components of the body angular velocity are:

1 2 < Cs c
Qg = h — —  sin® ¢y + ———— cos? ),
T Sz:; Iy — Isio b Iy — Isyo os
Q CS . ¢
— sin ¢,
bet? (It + Lsy2)(I2 — Isy2) °

Cs
Q = COS Q.
2ot \/(12 + Lsv2) (11 — Lsy2) 0s

If the trajectories are closed (periodic) on one torus, then they are closed
on the rest of the tori as well. If all the trajectories are closed, we can view
the reduced dynamics as a collection of relative periodic orbits organized
in invariant (n — 2)-dimensional tori. By theorem each relative periodic
orbit gives rise to the (r+1)-dimensional quasi-periodic invariant torus in D.
Here r < rank(SO(n)). Since the relative periodic orbits are organized in
(n — 2)-dimensional tori, the invariant manifolds are (r 4+ n — 2)-dimensional
tori foliated by quasi-periodic (r 4 1)-dimensional tori.

Quasi-periodic reconstruction. Assume that the conditions given in
the previous paragraph hold. Then the reduced dynamics is quasi-periodic
on (n—2)-dimensional tori in the Lie algebra so(n). The equations of motion
of the Suslov problem consist of the reduced system on the algebra so(n)
(this system is integrable) coupled with the reconstruction equation § = g€2.
Recall that the frequencies wy,...,w,—o are completely determined by the
inertia tensor and are the same for all invariant tori of the reduced system.

To see what the motions in the full phase space are, we need to perform
the reconstruction, i.e. to solve the equation

g = gt).

The solutions of the reduced system become simpler if we introduce a new
independent variable 7 by d7 = 12dt. The reconstruction equation becomes

dg

o 5.6

5 = 9&(7), (5.6)
where £ is a skew-symmetric matrix with components

16



In particular, £12 = —&1 = 1. Since ;; are quasi-periodic functions of 7,
the matrix £(7) is quasi-periodic (with frequencies wy,...,wp—2).

Reducibility of the reconstruction equation and symmetries. Here
we discuss reducibility of the reconstruction equation and symmetries
of the generalized Suslov problem. Since the reduced flow, given by equations
, is quasi-periodic, the reduced Suslov problem is 7"~ 2)-invariant. The
action is given by

T(n_Q) B (041, ... ,Oén_Q) — (gbl +Qa1,..., d)n—Q + Oén_g).

Theorem 5.1 The reconstruction equation @ s reducible iff the Suslov
problem is SO(n) x T2 -invariant.

Proof Recall that the equations of motion are

aF_ e dg _

E ) dr W, dr 96(7—),

where F' = (Fp,. .., F,_2) are the integrals of the reduced Suslov problem. If
this system is SO(n) x T("~?)-invariant, then the reduced dynamics consists
of relative equilibria F' = const. The reconstructed motions are therefore
quasi-periodic. Since the group SO(n) acts on itself without fixed points,
generic reconstructed motions are represented by the flow on the maximal
tori of SO(n) x T("=2). The dimension of these tori equals rank(SO(n)) +
(n — 2). In particular, there exist coordinates on SO(n) x T2 in which
the SO(n) x T 2)-reconstruction equations are

a9 _ dh _

dr s dr he,

where ¢ is a fized element of so(n). Thus, the SO(n)-reconstruction equation
is reducible.
Suppose now that the equation

dg _

5 = 9&(7)

is reducible. Then we can choose new coordinates h on the group SO(n)
such that the reconstruction equation becomes

@ = h&, & = const.
dr
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The equations of motion thus become

dF do dh
E = O, E = W, E = h§
These equations are SO(n) x T("~?)-invariant. |

Remark. Of course the inertia tensor contains the complete information
about the dynamics of the Suslov problem. In particular, it determines in
principle the SO(n) x T("~?)-invariance/reducibility of the reconstruction
equation. However, there are no adequate methods that allow one to tell
when this reducibility occurs. To work around this difficulty we use below
the effective reducibility approach. It is interesting to notice that the pres-
ence of the symplectic structure in the theory of the unconstrained rigid
body allows one to construct a bigger symmetry group and to establish re-
ducibility of the reconstruction equation. The reduced dynamics consists of
the relative equilibria only. This is why the unconstrained n-dimensional
rigid body is an integrable system. See Mischenko and Fomenko [1978] and,
for example, Bloch et al. [1998] for details and theory of noncommutative
integrability. The absence of a symplectic structure and a suitable notion of
commuting integrals in nonholonomic mechanics prevent us from showing
that the Suslov problem is SO(n) x T(™~?)-invariant.

Effective reducibility and the reconstruction. We consider two cases
when the effective reducibility approach may be used.

Case 1. Here we consider the motions with one dominant component of the
angular velocity. Put ¢; = ebs, s = 1,...,n—2. In this case | s12| < [12],
=1, 2,s=1,...,n—2. Then the reconstruction equation takes the form

dg
2 — g4+ eQ(re)),

where A is a constant skew-symmetric matrix with entries A1 = —Ag =1
and A;; = 0 for all other pairs of indices 7 and j. Assume that the following

diophantine conditions hold for some constants ¢ > 0 and v > n — 3:
) c

As we mentioned before, this is true for a generic inertia tensor. Even
if the reconstruction equation is not reducible, we can apply theorem
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Condition 2 of this theorem follows from ([5.4)). We conclude thus that the
trajectories of the Suslov problem may be approximated by quasi-periodic
curves on the time interval of length ~ exp(1/e).

Case 2. Now consider the case when c¢s; = ebg, s = 2,...,n — 2, i.e. we
have motions with three dominant components, €212, 213, and (o3, of the
angular velocity. Then the reconstruction equation is of the form

dg

dr
where B(t) is a 27 /wy-periodic function and Q(7,¢) is a quasi-periodic func-
tion. We first find a periodic substitution k = ga(t) which transforms the
equation dg/dr = ¢gB(t) into dk/dr = kB. The reconstruction equation
thus becomes

9(B(t) +£Q(,€)),

% = k(B +£Q(r, ), B = const.

Assume that the appropriate diophantine conditions hold. Then, as above,
we find a quasi-periodic substitution h = kb(t) which makes quasi-periodic
terms in the reconstruction equation exponentially small in €. Thus, in the
case of three dominant components of the angular velocity we observe the
same behavior as in the case of one dominant component. Summarizing, we

have:

Theorem 5.2 Consider the n-dimensional Suslov problem with quasi-pe-
riodic reduced flow. In the case of one or three dominant components of
the angular velocity, the dynamics of the n-dimensional Suslov problem may
be approximated by quasi-periodic dynamics on the time interval of length

~ exp(1l/e).
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