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UNIMODULARITY AND PRESERVATION OF VOLUMES IN NONHOLONOMIC
MECHANICS

YURI N. FEDOROV, LUIS C. GARCIA-NARANJO, AND JUAN C. MARRERO

ABSTRACT. The equations of motion of a mechanical system subjected to nonholonomic linear constraints can be
formulated in terms of a linear almost Poisson structure in a vector bundle. We study the existence of invariant
measures for the system in terms of the unimodularity of this structure. In the presence of symmetries, our approach
allows us to give necessary and sufficient conditions for the existence of an invariant volume, that unify and improve
results existing in the literature. We present an algorithm to study the existence of a smooth invariant volume for
nonholonomic mechanical systems with symmetry and we apply it to several concrete mechanical examples.
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1. INTRODUCTION

The existence of an invariant measure for a system of differential equations is a very important
property. From the point of view of dynamical systems, it is a key ingredient for the application
of ergodic theory. It is also a crucial hypothesis in Jacobi’s theorem of the last multiplier that
establishes integrability of the system via quadratures, see e.g. [2]. Moreover, the existence of a
smooth invariant measure imposes certain restrictions on the qualitative nature of the fixed points of
the system; namely, it prohibits the existence of asymptotic equilibria and limit cycles. The methods
developed in this paper address the general question of the existence of an invariant measure for
nonholonomic mechanical systems.

Suppose that a given system of differential equations is described by a vector field X on an
orientable phase-space manifold M that is equipped with a volume form . If f is a positive function
on M, then X preserves the measure fu if and only if f satisfies Liouville’s equation

f+ fdiv,(X) =0, (1.1)

where f = X (f) is the derivative of f along the flow of X. In local coordinates, the above equation
is a linear partial differential equation for f. We remark that the existence of an invariant measure is
a global property of the system. By the Flow-Box Theorem, Liouville equation can always be solved
locally (away from equilibrium points).

Liouville equation for nonholonomic systems with symmetry

Let us summarize the local version of our results. In the case of a nonholonomic mechanical system
with linear constraints, the phase-space manifold M is a vector bundle D* over a configuration
manifold (). The fiber variables p are physically interpreted as momenta.

For simplicity, we restrict our attention to systems without potential forces. We are especially
interested in systems that possess a symmetry group G that acts on @) leaving the constraints and
the kinetic energy function invariant. In section 4| we carry out the details of the reduction of the
equations of motion. It turns out that the reduced phase-space D*/G is a vector bundle over the
shape space @ := /G, and the fiber variables can be split into (p,, p,) Where, roughly speaking, the
po are compatible with the symmetries.

The Hamiltonian H of the system is derived from the kinetic energy and is a positive definite
quadratic form, with our choice of (pq, pa), is of block type H = (5% (¢")paps + 5°°(¢")paps), where
¢" are local coordinates on (). The reduced equations of motion that obey the Lagrange-D’Alembert
principle have the form

gt =,
¢ ol
dt Dy
dp ~,0H 0OH
Lyl o p, 1.2
dt aa(jb aIpJapI7 ( )
o _ _ o OH
where the upper-case indices I, .J, ... run over the joint range of a,b,... and «a, 3, ..., while }A/Ot and

CE are smooth functions of ¢*. Moreover, the functions C¥, are skew-symmetric with respect to the
lower indices, i.e. CF, = —C%,.
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The Lagrangian version of the previous equations was considered in [26] (see also [18]) for the
reduction of a nonholonomic mechanical system. In the particular case when the indices ¢ run over
the same range that the indices «, that is, if dimension assumption holds (see [3]) then the previous
equations were considered in [24].

As we shall see (consequence of Theorems and , if there is a preserved measure ® for the
system ((1.2) then it may be chosen of basic type, i.e.

® = D) gt A dpy, A dp,,

for a certain real smooth function & on @ that needs to be determined. If we enforce the Liouville
equation ([1.1)) (for f = €%, u = ® and X the vector field defined by equations (1.2))), we get

_(OYIOH ~.05 OH oH OH
g o P07 L P09 e O pa 27 )
¢ (362‘ 9pn | 120G Opa Cor opr Car 5‘291) 0

where we have used the skew-symmetry of the coefficients CF, and the equality of mixed partial
derivatives of H. Rearranging terms we get

oY:  ~. 06 OH OH
o L yiZZ Lol )| ol T8,
<aq% + Ocaq% + OJ) apa + al apa

The form of the Hamiltonian H implies that the latter identity can only hold for all values of p,, p,
if the following identities hold separately:
Na | 5100
04° * g
This paper is devoted at giving an intrinsic version of the above conditions and applying them to
several concrete mechanical examples. Notice that only the first condition involves the unknown o
and that none of them involves the Hamiltonian function H. All of the relevant information for the
existence of an invariant measure is contained in the coefficients Y and CF5,. We shall see that these
coefficients determine a linear almost Poisson structure on D*/G. The formulation of nonholonomic
mechanics in terms of a linear almost Poisson structure is well-known and has its origins in [34] (see
also [8 20, 24], 28]). In this paper we show that the above conditions for a preserved measure can
be formulated intrinsically (Theorem in terms of a geometric notion: the unimodularity of the
underlying linear almost Poisson structure. This formulation was announced in [14].

+CL, =0 forall , and Cl,=0 foralla.

Unimodularity and measure preservation in mechanics

The well known theorem of Liouville states that a Hamiltonian system on a symplectic manifold
preserves the symplectic volume, see e.g. [1]. The situation is not so simple for a Hamiltonian system
on a Poisson manifold. For instance, if the Poisson manifold is the dual space g* of a Lie algebra g
equipped with the Lie-Poisson structure, then Kozlov [25] showed that the flow of a Hamiltonian of
kinetic type on g* preserves a smooth measure if and only if the Lie algebra g is unimodular.

More generally, a sufficient condition for the existence of a smooth measure for a Hamiltonian
system on an abstract Poisson manifold M is that the modular class of M vanishes, see e.g. [40].
The modular class is the Poisson cohomology class of the modular vector field of M with respect
to a volume form. This vector field plays an important role in the classification of certain Poisson
structures (see [I1, 19, 27]). On the other hand, the modular class of M is the obstruction to
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the existence of a duality between the canonical homology and the Poisson cohomology of M (see
[6], 12, 141]).

The modular class of a Lie algebroid was introduced in [12] and generalizes the modular character
of a Lie algebra. In Marrero [29] the results of Kozlov [25] are generalized to consider the preservation
of volumes for mechanical Hamiltonian systems on vector bundles equipped with a linear Poisson
structure, which is the dual object of a Lie algebroid. A Hamiltonian is mechanical if it can be
expressed as the sum of the kinetic and potential energies. Just as in the case studied by Kozlov,
the unimodularity of the Lie algebroid is intimately related with necessary and sufficient conditions
for the existence of an invariant measure.

Contributions and outline of the paper

In section [2| we introduce the notion of modular vector field with respect to a volume form and
unimodularity of a general almost Poisson structure. An almost Poisson structure on a manifold M
is unimodular if there exists a volume form on M which is preserved by all the Hamiltonian vector
fields. In section [3| we specialize to the case when the almost Poisson structure is linear in a vector
bundle and we analyze the relationship between preserved measures for Hamiltonian vector fields
and unimodularity. The main theoretical result of the paper is contained in Theorem [3.8] that shows
that a kinetic energy Hamiltonian vector field on a vector bundle possesses an invariant measure if
and only if the underlying almost Poisson structure is unimodular. Recently, Grabowski [17] proved,
independently and using a different approach, a similar result. He introduced the notion of the
modular section of a skew-symmetric algebroid and from this theory he obtained the result.

Section [ focuses on preservation of volumes for nonholonomic systems. After carrying out the
reduction by a symmetry group from the almost Poisson perspective, we state and prove Theorem
and Corollary that allow us to recover several known results in the literature [7, 21} 25| 43] in
a unified framework. Moreover, we are able to express the related necessary and sufficient conditions
for the existence of an invariant measure both in global and local form, and to extend the results to
the case where the dimension assumption (see [3]) does not hold.

In section [5| we give an algorithm to study the existence of an invariant measure for the reduction
of a nonholonomic system with symmetry, that is applied in section [6] to several concrete mechanical
examples. This allows us to obtain the following original results:

We prove non-existence of an invariant measure for the reduced equations of motion of the following
problems:

(i) As considered in [38] [39], the motion of a rigid body with a planar section, that is not planar
or axially symmetric, and rolls without slipping over a fixed sphere (Theorem [6.1]).

(ii) The motion of an inhomogeneous sphere whose center of mass does not coincide with its
geometric center that rolls without slipping on the plane (Chaplygin’s top) and is not axially
symmetric (Theorem |6.2]).

(iii) The rolling without slipping of an inhomogeneous sphere, whose center of mass coincides with
its geometric center, over/inside a circular cylinder (Theorem [6.3)).

(iv) We also show that the measure fails to exist in the limit when the radius of the cylinder in
(iii) goes to zero and the given ball is axially symmetric but not homogeneous (Theorem |6.5)).
This example utilizes our extended theoretical results since the dimension assumption does
not hold.
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During the referee process of this paper, we applied the methods developed here to show that the
reduced equations for a homogeneous ellipsoid rolling on the plane possess an invariant measure if
and only if the ellipsoid is axially symmetric [15].

2. ALMOST POISSON STRUCTURES AND UNIMODULARITY

We begin by introducing the notion of the modular vector field of an almost Poisson structure with
respect to a volume form. This is the first step towards the definition of the concept of unimodularity.

Recall that an almost Poisson structure on a manifold M is an R-bilinear bracket of functions,
{,:}:C®(M) x C*(M) = C*(M),
that satisfies

(i) skew-symmetry: {f,g} = —{g, f},
(ii) Leibniz rule: {fh. g} = f{h,g} +h{f.q}.

for all f,g,h € C°°(M). We speak of an almost Poisson bracket since we do not require the Jacobi
identity

{f, 9, h}+{{h, f}, 9} +{{g,h}, f} =0

to hold. If the above identity holds for all functions, then {-,-} is a usual Poisson structure on M
[36]. Our interest in almost Poisson structures comes from nonholonomic mechanics [34] (see also
8, 20, 24, 28]).

As a consequence of Leibniz’ rule, for any function f € C°°(M) we can associate a vector field X
on M, the Hamiltonian vector ﬁelaﬂ of f, whose action on g € C*(M) is defined by X¢(g) :={g, f}.
Note that by skew-symmetry we have X(g) = —X,(f).

Let (z') be a local system of coordinates on M, and denote by m;;(z) := {a*,27}. The local
expression for Xy is

af 0
Xy(@) = mij(@) 5 5 (@) 5=,
and the integral curves of X satisty Hamilton’s equations
dxt of
5 = M) 55 (@),

Now suppose that M is an orientable manifold and that ® is a volume form on M. The following
proposition is key to the developments in this paper.

Proposition 2.1. The map Mg : C°(M) — C°(M) given by
Mo (f) = dive(Xy)

defines a vector field on M, where dive(Xy) denotes the divergence of the vector field X with respect
to the volume form .

INote that Xy is not a Hamiltonian vector field in the usual sense since we work with an almost Poisson bracket. It would be more
accurate to talk about an almost Hamiltonian vector field. We eliminate the “almost” in our terminology for brevity.
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Proof. We need to show that Mg is a derivation, i.e. that
Mo (fg) = [Ma(g) + g9Ma(f). (2.1)

We shall see that this is a consequence of the skew-symmetry of the bracket. The reader can check
that the above identity holds with a simple calculation in local coordinates. Here we present an
intrinsic proof. Denote by £ xa the Lie derivative of the form « along the vector field X. Using the
properties of the Lie derivative we have:

Mo(fg)® = £x,,P = £5x, P+ Lyx,P
= (fMa(9) + g9Ma(f)) @ +df Nix, P +dg Nix,P.
Using that df A ® = 0, one obtains
0=ix, (df N®) = X,(f)® —df Nix, P,

(2.2)

which implies

df Nix,® = X (f)®.
Similarly, dg Aix,® = X;(g)®. Substituting the latter expressions into (2.2) and using the skew-
symmetry of the bracket yields ({2.1)). ([l

If dim M = m and the system of coordinates (z') is such that ® = dz! A -+ A dz™, then the local
expression for Mg is

671'1‘]‘ 0
= o W
Definition 2.2. The vector field Mg defined above is called the modular vector field of the almost
Poisson structure on M with respect to the volume form .

Moy () (2.3)

Remark 2.3. The notion of modular vector field for a Poisson manifold has been extensively used
[11], 19 27]. Moreover, Weinstein shows in [40] that it defines a Poisson cohomology class of order 1
which is independent of the choice of volume form. The Poisson manifold is said to be unimodular if
this cohomology class is zero, or, equivalently, if the modular vector field is Hamiltonian. o

It is natural to ask how the modular vector field is affected when we consider a different volume
form ® = e?® on M. Here o is any smooth function on M. A straightforward calculation gives

Mar = Merg = Mo — X, (2.4)

The above calculation, together with the comments in Remark [2.3] suggest that we make the
following definition:

Definition 2.4. The orientable almost Poisson manifold M is said to be unimodular if there exists
a volume form ® on M and a real function o € C*°(M) such that Mg = X, .

The following Theorem is an immediate consequence of the definition.

Theorem 2.5. If the orientable almost Poisson manifold M is unimodular there exists a volume
form on M that is invariant by the flow of all Hamiltonian vector fields.

Proof. If Mg = X,, then divese(Xy) = 0 for any function f € C*(M). O
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3. LINEAR ALMOST POISSON STRUCTURES, KINETIC ENERGY HAMILTONIANS AND
UNIMODULARITY

Theorem shows that unimodularity is a sufficient condition for the existence of an invariant
measure for Hamiltonian vector fields. In this section we investigate the degree to which this condition
is also necessary in the special case when we deal with linear almost Poisson structures on vector
bundles. We will prove in Theorem that if the Hamiltonian vector field associated to a kinetic
energy Hamiltonian preserves a smooth measure then the corresponding almost Poisson structure is
unimodular. This is the main theoretical result of the the paper and will be applied in section [f
to analyze the existence of an invariant measure of several nonholonomic mechanical systems with
symmetry.

3.1. Linear almost Poisson structures and unimodularity. Let 7 : £ — () be a real vector
bundle of rank n on a manifold @) of dimension m. We shall denote by E, the fiber over the point
q € @ and by I'(7) the space of sections of 7: E' — Q.

A real function ¢ : E' — R is said to be linear if its fiberwise restriction @[y : E, — R is linear
for all ¢ € Q). On the other hand, a real function ¢ : E — R is said to be basic if it can be written
as ¢ = o o for a certain o € C*(Q).

It is well known that there exists a one-to-one correspondence between the space of sections I'(7*)
of the dual bundle 7* : E* — @) and the space of linear functions on E. Such a correspondence is
the following: to the section X € I'(7*), we associate the linear function X, : £ — R defined by

Xo(a) = X(1()) (), for a€ L.

For every point ¢ € Q we can choose local coordinates (¢°) on a chart U and a local basis {er} of
['(7*) on U. We denote by p; the local linear functions:

pr = (61)5-

Then (¢, ps) is a system of local bundle coordinates on 7=}(U) C E, where ¢' and p; are basic and
linear functions, respectively.

Definition 3.1. [20] An almost Poisson structure on a real vector bundle T : E — @ is said to be
linear if the almost Poisson bracket of linear functions is linear.

The following proposition explains how basic and linear functions behave under the action of linear
almost Poisson brackets. Its proof is given in [26].

Proposition 3.2. [260] Let {-,-} be a linear almost Poisson bracket on E.

(i) If X is a section of T : E* — @ and o is a smooth function on Q, then the bracket {ocoT, X,}
is a basic function on E (the bracket of a linear function and a basic function is a basic
function).

(i) If 0,0’ are smooth functions on @ then {o o 7,0’ o1} =0 (the bracket of basic functions is
zero).

The content of the above proposition can be stated in terms of the local bundle coordinates (¢', pr)
as

{pr,ps} = —CEpx,  {d piy=r  {d,¢}=0, (3.1)
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for certain smooth functions C'F;, pt on Q. These functions are called the local structure functions
of the linear almost Poisson structure. In view of this, we obtain the following expression for the
Hamiltonian vector field Xy of a smooth function H : £ — R:

OH\ 0 - OH OH\ 0
Xy=(p== )= - (pi== +CK —)— 3.2
H (pl ap[) an (pl an ]JpK apJ ap[ ( )
and the corresponding Hamilton’s equations
dq’ OH dp; OH x OH
bk S e —— = ph==+Clprk—| . 3.3
dt pIap]? dt (pl aql + IJpKapJ ( )

It is hard to underestimate the importance of the above universal form of equations in mechanics.
The equations of motion of a great number of mechanical systems can be formulated as above.

Let 0 € C(Q). For further reference we note that the Hamiltonian vector field of the basic
function o o 7 : E — R is the vertical vector field
;00 0

XO'OT = Pra-:4_ -
Pr dq" Opr

(3.4)

Basic-unimodularity

Suppose that the manifold @) and the vector bundle 7 : £ — @ are orientable (then the same is
true about the dual bundle 7* : E* — R). Denote by v a volume form on @, and by Q € I'(A"7*)
a volume form on the fibers of E* (that is,  is an everywhere non-vanishing section of the vector
bundle A"7* : A"E* — @, where n is the rank of E). As indicated in the Appendix, we can consider
a basic volume form ® = v AQ on E (actually any basic volume form on E can be obtained through
this construction).

Local expressions for the modular vector field Mg are obtained as follows. Recall that we had
selected a chart U with local coordinates (¢*), and that {e;} was a local basis of I'(7*) on U. Suppose
moreover that locally we have

v=dg¢" N--- Ndg™, Q=eg N - Ney.
Then (see Appendix),
P=vAQ=d¢" AN---ANdg™ Ndpi A -+ A dp,.
Under these assumptions, the local expression ([2.3) for the modular vector field Mg becomes
op’ 9,
Moo= =2+C/ ) —. 3.5
AQ (aql + IJ) ap[ ( )

As a consequence we have

Proposition 3.3. The modular vector field of a linear almost Poisson structure on a vector bundle
7 E — Q with respect to a basic volume form is T-vertical.

The following definition specializes our interest in the relationship between basic volumes and
unimodularity.

Definition 3.4. Consider a vector bundle 7 : E — @) equipped with a linear almost Poisson structure.
The structure is said to be basic-unimodular if there exists a basic volume form ® on E, and a basic

function o o € C®(E) (with o € C*(Q)) such that M¢ = X,or.
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Remark 3.5. Suppose that a linear almost Poisson structure on a vector bundle 7 : F — @ is
basic-unimodular and that @’ is an arbitrary basic volume form on E. Then, from (2.4), it follows
that there exists o/ € C*°(Q) such that Mg = Xyro. o

The following theorem shows that unimodularity, basic-unimodularity, and the fact that all Hamil-
tonian vector fields preserve a basic volume are equivalent notions for linear almost Poisson structures
on vector bundles.

Theorem 3.6. Let 7 : E — Q) be a vector bundle equipped with a linear almost Poisson structure.
Suppose that both Q) and E are orientable. Then the following statements are equivalent:

(i) The almost Poisson structure is unimodular.
(ii) The almost Poisson structure is basic-unimodular.
(iii) There exists a basic volume form that is invariant under the flow of all the Hamiltonian vector

fields.

Proof. The implications (iii) == (ii) and (ii) = (i) are trivial. Moreover, (ii) == (iii) is a direct
consequence of Theorem Therefore, it only remains to prove the implication (i) = (ii).

Suppose that the linear almost Poisson structure on E is unimodular. Again, by Theorem (2.5
there exists a volume form ® on E that is preserved by all Hamiltonian vector fields. Such form can
be written as

b =e"vAQ,

where v is a volume form on @, Q € I'(A"7*) is a volume form on the fibers of 7* : E* — @, and &
is a smooth function on . We shall prove that ¢ can be chosen to be basic. First note that for any
Hamiltonian function f € C*°(E) we have

0= (diveX;)® = £Lx,P = (X;(5) + Myna(f)) .

Hence, X5(f) = Mynrq(f) for any function f € C*°(F) which implies

X& = MV/\Q- (36)
It follows from Proposition that the vector field X; is 7-vertical. Now let 0 : Q — E be the
zero section of the vector bundle 7 : £ — (). Consider the function ¢ := 6 00 € C*°(Q). Using
the verticality of X5 together with the local expression for the Hamiltonian vector fields (3.2]) one
obtains Xz 0 0 = X0, 0 0. Therefore, evaluation of (3.6)) along the zero section yields

XUOT o0 = j\'/[1//\9 o 0.
Since both X,., and M, .q are vertical lifts of vector fields in @), the above identity implies X,., =
Myrq. In other words, the almost Poisson structure is basic-unimodular.
O

The above theorem, together with the local expressions (3.4]) and (3.5)), give us the following local

characterization of unimodularity.

Corollary 3.7. A linear almost Poisson structure on an orientable vector bundle T : E — @ is
unimodular if and only if there exists a smooth function o : Q — R such that for any system of
bundle coordinates (¢*, p;) we have

;0o Opt

pfaqura_qi*Cf]J:O’ forall I=1,....n (3.7)
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3.2. Kinetic energy Hamiltonians and unimodularity. Now suppose that the vector bundle
7: E — @ is also endowed with a bundle metric §: E' xg £ — R. For each ¢ € (), we have a scalar
product §(q) : E, x E, — R. In applications to nonholonomic mechanics this metric comes from the
kinetic energy of the problem.

The bundle metric G defines a Hamiltonian function H on E. Namely, the kinetic energy associated
to G that is given by H(a) = £G(q)(, @) for a € E,. In terms of our local bundle coordinates (¢¢, pr)

— 2
we have
H(q',pr) = 55" (@' )pspic, (3.8)

where the g-dependent coefficients G/ (¢) are obtained from the local basis {e!} of I'(7) as /X (q) :=
S(q)(e’(q),e™(q)). Note that the condition that § is a bundle metric implies that the matrix G/ (q)
is symmetric and positive definite for all ¢ € ). In particular, it is non-degenerate.

We are now ready to state and prove the main theoretical result of the paper that relates the
existence of an invariant measure for the Hamiltonian vector field of H defined as above, and the
unimodularity of the underlying linear almost Poisson structure.

Theorem 3.8. Let 7 : E — Q) be a vector bundle equipped with a linear almost Poisson structure.
Suppose that both the vector bundle and () are orientable. Let G be a bundle metric on E and let
H : E — R be the kinetic energy Hamiltonian associated to G. Then the following conditions are
equivalent:

(i) The almost Poisson structure is unimodular.

(ii) There exists a volume form ® on E that is invariant under the flow of the Hamiltonian vector
field Xy

Proof. That (i) = (ii) follows from Theorem 2.5} To show the converse fix a volume form v in
@ and a volume form Q € T'(A"7*) on the fibers of E*. The volume form & can be written as
® = e7v A for a certain function & € C*(E). Choose local coordinates (¢') on @ and a local basis
{es} of T'(7*) satisfying

v=dg' AN Ndg™, Q=ey N Nep.
Denote by (¢, pr) the corresponding system of fiber coordinates on E. We then get
O =e%dg' Ao Adg™ Ndpy A - Adp,,.

Considering the above expression for @, together with the local expression ({3.2)) for the Hamiltonian
vector field Xy, then the condition dive(Xy) = 0 yields

OH ([ .06  Opt Jdo ( ,0H
_(pz[ + p[ J)_ (l

opr \""og" ot ") opr \"! g’

OH

Differentiating this expression with respect to pr gives

OH (.06 0p; g\, O0H(,
OprOp1 plaqi aqi 7 Opr plapLaqi

% <i8H « aH)+a_5(i PH | . OH
~ Opr0Opr opr \" opLog

(3.9)

0*’H
plﬁ_qi + C[JpKap + C’f,pK—) .

7 @ apL aPJ

J
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We now use our hypothesis that the Hamiltonian H is of the form (3.8). Omitting the dependence
on ¢' we have

Opiinr oo 7P ag T2 og M

Next we evaluate (3.9)) along the zero section 0 : () — E and use the above relations to obtain

. [ 0o op,
(1 (g =0) g 1) -

OH 10877

)

0o 0
Consider the smooth function ¢ on ) defined as ¢ = d 0 0. Then a—g. o0 = a—a.. Therefore, using
q" q"
the non-degeneracy of G*/, we obtain
.00 Opt
plaqi+a—(;+0}{]:0 forall I =1,...,n,

which is the local characterization for unimodularity given in (3.7)). U

4. INVARIANT MEASURES FOR NONHOLONOMIC MECHANICAL SYSTEMS WITH SYMMETRY

In this section we will layout the almost Poisson reduction of nonholonomic mechanical systems
with symmetry. We are particularly careful in the development of the associated geometry, to
formulate in Theorem the necessary and sufficient conditions for the unimodularity of the re-
duced almost Poisson structure. This is the key step for our study of preservation of volumes for
nonholonomic mechanical systems. Our result allows us to recover the existing results in the area
[7, 21}, 25, [43] in a unified framework, and to further extend them to the case where the dimension
assumption does not hold.

4.1. Reduction of nonholonomic mechanical systems with symmetry. We begin by intro-
ducing our geometric definition of a symmetric nonholonomic system.

Definition 4.1. Let p : Q — @ = Q/G be a principal G-bundle. A symmetric nonholonomic
system is a couple (G, D), where G is a G-invariant Riemannian metric on Q and D is a G-invariant
constraint distribution on Q).

Notice that the theory for a general nonholonomic system without symmetries is recovered by
supposing that the symmetry group is trivial G = {e}. We will describe the dynamics of the system
for a general symmetry group G in terms of linear almost Poisson structures. As mentioned before,
this formulation goes back to [34] (see also [8], 20, 24 28]).

The generalized nonholonomic connection

For our purposes it will be convenient to have a clearer understanding of the structure of the
constraint space D and its relation with the infinitesimal symmetries defined by the group action.
Denote by Vp the vertical subbundle of p. That is,

Vp(q) := T,0rbe(q),
where Orbg(g) denotes the orbit of G through ¢ € Q). We will assume that the intersection
VPp:=Vpn D
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has constant rank along (. In addition to this hypothesis, a number of important works (e.g. [3],
[43]) assume that the dimension assumption holds, namely that

Vp+ D =TQ. (4.1)

In our approach we will not assume that the latter condition holds in general.

Let H := (VPp)+ N D be the orthogonal complement of VPp in D. Under our assumptions, H is
a G-invariant subbbundle of D that allows us to decompose

D =VPp o K. (4.2)

We define a principal connection, the generalized nonholonomic connection, whose horizontal dis-
tribution is given by

H=HD(VpdH)™*.
In fact, since TQ = (Vp ® H) @ (Vp & H)*, it follows that
TQ =Vp® H,
and, using the G-invariance of the bundle metric G, one also checks that the horizontal distribution

£ is G-invariant.

If the dimension assumption (4.1)) holds, then the horizontal distribution ) = H, and the principal
connection defined above coincides with the the nonholonomic connection introduced in [3].

By G-invariance of the vector bundles Vp and 3, the decomposition (4.2)) drops to the quotient
D:=D/G=V"p/G & H/G. (4.3)

The space VPp/G is a vector subbundle (over @) of D that we denote by myp,6 1 VPp/G — @
The space of sections I'(Typ, ;) is naturally identified with the G-invariant vector fields Z on @ that

lie on the intersection VPp = D N Vp. As a consequence, for any Z € I'(ryp, /), the projection 7
onto () via p vanishes. This fact will be used in the proof of Theorem below.

Now consider the distribution 3 on @ whose characteristic space at the point ¢ € @ is
H(G) = (Typ)(H(q)), with ¢ e Q and p(q) = q.

The above definition of H makes sense since H is G-invariant. Notice that if the dimension assump-
tion (4.1)) holds, then H(q) = T;Q.

On the other hand, the linear map (Typ)s(q) : H(q) — 9/-\6((}) is an isomorphism of real vector
spaces. In fact, the horizontal lift f : H(q) — H(q) associated to the generalized nonholonomic
connection is just the inverse morphism of (7;p)s(q). Thus, the horizontal lift of a vector field Y on
@ that lies on H is a G-invariant vector Aﬁeld Y*H on @ which belongs to the distribution 3. That
is, Y7 € I'(19¢/), where 73/ : H/G — @ is the vector bundle projection.

Therefore, the vector bundles H/G — @ = @/G and H — @ = (/G are isomorphic and the

tangent map to p, T'p, induces a vector bundle isomorphism between them.
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Construction of the reduced almost Poisson bracket

It is well-known that the space of orbits T*Q)/G of the cotangent lifted action of G to T*Q is a
vector bundle over Q that admits a linear Poisson structure {-, ‘}r+q/a, see e.g. [31]. We shall denote
the natural bundle projection by 7* : T*Q /G — @

Note that the space of sections of the dual bundle 7 : TQ/G — @ may be identified with the space

of G-invariant vector fields on Q. Let X and Y be any such vector fields and [,k € C"X’(@). Then
the bracket {-,-}7r-g/¢ is characterized by the relations

{Xo,Ye}reqgic = — ([X,Y]), , {fo%*’Xé}T*Q/G = X(f)or*, {fo%*a/k\o%*}T*Q/G =0, (4.4)

where X denotes the projection of the G-invariant vector field X onto (:2\ via p. In the case where
the Lie group G is trivial, the above formulas characterize the canonical Poisson structure in 77Q).

Now denote by ¢* : T*(Q) — D* and P* : D* — T*() the dual morphisms of the canonical inclusion
t : D — TQ@, and the G-orthogonal projector P : T'Q) — D. Since D and G are G-invariant,
the cotangent lifted action to T*(Q induces a G-action on D* and the morphisms (* and P* are

G-equivariant. Thus, they induce the corresponding epimorphism and monomorphism of vector
bundles

08 :T*Q/G—>ﬁ*, and P+ :ﬁ*—>T*Q/G
where D* := D*/G.
The vector bundle 75, : D" — Q) possesses a linear almost Poisson structure. For functions
P, € C°°(D*) it is given by

~

{(75712}15* e {@O?,’{ZJ\O?}T*Q/GOﬁ*. (45)

The bracket {-,-}5. is the reduced linear almost Poisson structure that describes the reduced non-
holonomic dynamics.

We remark that the space of sections of the dual vector bundle 75 : D — @ is naturally identified
with the set of G-invariant vector fields on @ that are sections of D. Moreover, from (4.4)) and (4.5)),
we deduce that the reduced bracket {-,-}5. is characterized by the relations

{(X0.Vi}p. == (PIXY]),, {forp.Xe}p.=X(f)ors.. {forp.korp}p =0, (4.6)

where XY € I'(75), and ]/C\,/k\ € C‘X’(@\) while, as before, X denotes the projection of X onto @ via
p. The main difference between the above formulae and (4.4)) is the appearance of the projector P
in the first term.

4.2. Unimodularity of the reduced linear almost Poisson structure. The constructions in
the previous section will be useful to study the unimodularity of the reduced almost Poisson structure
{-,-}p-- Recall from (4.2)) that the reduced space D = D/G can be decomposed as

D ="Vp/GaH/G.

Our study of the unimodularity of the almost Poisson structure {-,-}z. will be performed by
separately considering linear functions induced by sections of the spaces involved in the above de-
composition.
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Assume that both the manifold @ and the vector bundle D* are orientable. Then we can choose
a basic volume form ® on D*.

Denote by Mg the modular vector field of D* with respect to the basic volume form ®. We define
the family R of 1-forms We on @ that satisfy
Ba(Y) 0 . = Mal((Y1)o), (4.7)

where Y is any section of H and (?H )¢ denotes the linear function on D* induced by the section
Y# € I(r5). Note that by Proposition the vector field Mg is 7p.-vertical. This implies that
Mo ((YH),) is a basic function with respect to 75. and the relation (4.7)) is consistent.

If the dimension assumption holds, then H = T@ and Wg is uniquely defined. In other cases, R is
the space of sections of an affine subbundle of T'Q) with rank

dim @ — rank(D + Vp).

We are now ready to give necessary and sufficient conditions for the unimodularity of D in terms of
the family R of 1-forms Wg.

Theorem 4.2. Let ® be any basic volume form on D*. The linear almost Poisson structure {, -}
on D* is unimodular if and only if the following conditions hold:

(i) For every section Z of VPp/G we have
dive(Xz,) =0,

where X z, is the Hamiltonian vector field on D* associated with the linear function Z, : D* —
R induced by the section Z. R
(ii) There exists a 1-form Wy on Q belonging to the family R defined by (4.7)) such that

We = —do,
for a certain smooth function ¢ on Q.

Proof. Suppose that the almost Poisson structure is unimodular. From Remark and Theorem

-~

m, it follows that there exists o € C*°(Q) such that
Mo = XGors, -

D
Let Z as in item (i) of the statement of the theorem. Then Z is a G-invariant vector field on @) that
lies on the intersection VPp = Vp N D. Using the definition of the bracket on D* given in (4.6) we
find

Xgorp. (Ze) ={Z4,0 0 Tp. } 5. = —Z(0) 0 Tp.,
where Z is the projection (via p) of the vector field Z. Thus, since Z is p-vertical, we have
Xsors. (Ze) = 0. Therefore, as a consequence of (4.8)) we obtain that the condition (i) in the theorem

is necessary for unimodularity.
Similarly, if Y is a vector field on @ that belongs to the distribution ) then, since the 1-forms in
R satisty (4.7), from (4.8) we obtain

Ba(Y) 015, = Ma((Y)y) = Xsors, (YT)) = {(YT),G 075} 5. = —Y(5) 0 75.
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where we have used again the definition of the bracket on D* given in (4.6). The last equality
implies that We(Y) = =Y (6) = —do(Y'). This shows that item (ii) in the theorem is also a necessary
condition for unimodularity. The sufficiency of these conditions is a consequence of the decomposition

E3). 0

Local expressions for unimodularity

We are interested in obtaining a local version of the above theorem to apply it to concrete examples.
We will use the following notation: (¢‘) are local coordinates on @, whereas (pa,p.) are linear
coordinates on the fibers of D* induced by the sections {s;} = {Za, YH } that are a G- invariant basis

of D adapted to the decomposition D = VPp@H. So, {s;} = {Z,, YaH} induces a basis of D adapted
to the decomposition (4.3)):

D=VPp/G & H/G.

~ ;0
_ L
Here, Y, =Y, 97
indices a, b, . .. and the Greek lower-case indices o, 3, .... We also remark that the upper-case indices
I,J,... run over the joint range of a,b,... and o, (3, . ...

is a local basis of sections of JTC Note the difference between the Latin lower-case

Consider the basic volume form ® = v A A on D* and assume that with our choice of coordinates

we have
v=Ndi', A=Az \VI.
Then

© = A\ di' \dp. /\ dpa . (4.9)

On the other hand, using (3.2) and the fact that (Zo); = pa, (YZ)e = pa, p', = 0 and pl, = Y, we

(03
get the following expressions for their Hamiltonian vector fields

0
Xpo = (Chpr) 5 oo + (Clypr) — (4.10)

o

= 8 0 0
Xpa - Y ( aapf) 8p ( aﬁp]) 8pﬁ (411>

Note that, using 1) we deduce that the local functions C'¥; on @ are determined by the equations
Ps1, s5] = CE sy, where [+, -] is the standard Lie bracket of vector fields on Q.

Thus, from (4.9) and (4.10), we immediately get the following local version of item (i) in Theorem
4.2t

cl =0t +02 =0 for all a. (4.12)
Similarly, from (4.7)), (4.9) and (4.11)), it follows that
S 8YL
e (Ys) = +C5, + C (4.13)

g’
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Therefore, we conclude that condition (iz) in Theorem is equivalent to the following equations
for the unknown o € C*>(Q):

)
-Y,(0) = aqj;‘ +CP + Cgﬁ for all a. (4.14)

4.3. Invariant measures for the reduced nonholonomic system. We now state our results
looking ahead at measure preservation for nonholonomic systems.

Corollary 4.3. The reduced nonholonomic dynamics preserve a ’UAolume form if and only if conditiozz\s
(i) and (i) in Theorem hold for a basic volume form ® on D* and a real C*-function o on Q).

Furthermore, if these conditions hold then the dynamics preserves the basic volume form @' on D*
given by &' = exp(c o 75.) .

Proof. The first part follows from Theorems and On the other hand, if conditions (i) and

(ii) in Theorem hold then the modular vector field Mg in D* is just the Hamiltonian vector field
of the basic function o o 75.. Thus, using (2.4)), we deduce that Mg = 0, which proves the second
part. [

We will now specialize our discussion to different reduction scenarios. This will allow us to express
conditions (i) and (i7) in Theorem 4.2 in simpler terms that are useful in applications. In doing this
we shall recover several results existing in the literature in a unified manner [7, 21, 25] [43].

Invariant measures under the dimension assumption
Suppose that the dimension assumption (4.1)) holds, that is,

Vp+ D =T0Q.

Then the horizontal space ) of the nonholonomic connection equals H, and the distribution H = T@ .
As a direct consequence of Corollary [4.3] we recover the characterization of systems with an invariant
measure given in [43] in a local form. Here, we present the intrinsic version:

Corollary 4.4. [43] The reduced nonholonomic dynamics preserves a volume form if and only if
there exists a basic volume form ® on D* such that the following conditions hold:

(i) For every section Z of VPp/G we have
diV@(XZe) =0.
(ii) The 1-form We on @ defined by (4.7) is exact.

Furthermore, if (i) and (ii) hold, and e = —do&, then the dynamics preserves the volume form

' = exp(0 o 75.) P.

The local version of condition (i) in the above corollary is again given by (4.12)). However, the
local version of condition (ii) given in (4.14)) greatly simplifies in this case. Since H = T'Q, the local
vector fields Y,, can be chosen as

0

}/}a = )
4«
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where (¢%) are local coordinates for Q. Equation (4.13)) implies that e is locally given by
Do = <Cga + ngﬁ) dqe. (4.15)

Invariant measures for G-Chaplygin systems
Now, suppose that the nonholonomic system is a Chaplygin system, see e.g. [22], that is,
TQ =Vp® D.
In this case the distribution VPp = 0 and the condition (i) in Theorem is empty. On the other
hand, condition (ii) yields the following result that was proved in [7].
Corollary 4.5. [7] For a G-Chaplygin system the reduced nonholonomic dynamics preserves a vol-
ume form if and only if the 1-form Wg on Q is exact. Furthermore, if Oy = —do, with o € C“(Q),

then the dynamics preserves the volume form

' = exp(0 o 75.) P.
In this case, the local expression (4.15)) for We further simplifies to give
Do = Cl5dg"”. (4.16)

Invariant measures for LL systems

Now suppose that the nonholonomic system is LL. This means that the configuration manifold
coincides with the symmetry Lie group, i.e. () = G. In this case, both the metric § and the constraint
distribution D are left-invariant. Hence they are respectively determined at the Lie algebra g by a
symmetric, positive definite, inertia tensor I : g — g*, and a subspace 0 C g that is not a Lie
subalgebra. For all h € G we have

S(h)(un, vn) = (X((Thlp-1)(un)), Thln-1(va) ), D(h) = (Teln)(9),
where uy, v, € T),G, ¢ is the identity element in G, (-, -) denotes the duality pairing, and the mapping
lp : G — G is left multiplication by h.
For an LL system the condition (ii) in Theorem is empty. On the other hand, the local
expression of condition (i) simplifies to:
Ch =0, for all a.

Moreover, in this case the vector fields Z, can be taken as left extensions of a basis {e,} of 0 (i.e.
Zy(h) = T ly(e,) for h € G). Then if we denote by P : g — 0 the orthogonal projector corresponding
to the metric defined in g by the inertia matrix I, the following result follows

Corollary 4.6. The reduced nonholonomic dynamics preserves a volume form if and only if

n

Z(eb, Plea, ev]g) =0, for all a, (4.17)

b=1

where {e,} is a basis of O and {e*} is the dual basis of 0*. In addition, if holds then the

nonholonomic dynamics preserves the euclidean volume on O*.

The conclusion about the euclidean volume is established by noticing that any volume of basic
type on 0* is a constant multiple of it.
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Remark 4.7. If the co-dimension of 0 in g equals to 1, then the condition (4.17) can be given in
simpler terms. Let 3 € g* span the annihilator 8° of 9, and let n := I"'3 € g. Then, it is easy to
prove that condition (4.17)) is equivalent to the requirement that

1
(B,m)

for a certain p € R, where ad™ : g x g* — g* is the coadjoint representation of g, and M, € g* is the
modular character of g (we recall that M (§) = trace(adg), for £ € g). This result had been proven
by Jovanovic [21] (see also [25]). o

ad; B+ My = up,

5. ALGORITHM TO INVESTIGATE THE EXISTENCE OF INVARIANT MEASURES

In this section we give an algorithm to determine if a nonholonomic system with symmetry pos-
sesses an invariant measure. The algorithm is written so that the conditions in Theorem 4.2 can be
applied in practice in a systematic way. We restrict our attention to a more specific kind of systems
that satisfy the following conditions:

C1. The first de Rham cohomology group of the shape space @ = @Q/G is trivial.
C2. There exists an open dense set U C ) with a global chart that defines coordinates (¢°).

For the examples that we treat in the next section, the space @ is R?, S? or SO(3), that satisfy
both conditions C1 and C2. We recall that in our developments we are always assuming that the
intersection VPp := D N Vp has constant rank.

The steps are described above under the assumption that (G, D) is a symmetric nonholonomic
system on (). Most of the steps only involve computations that can be systematically performed
with a symbolic algebra program.

Step 1. Find a basis {Z,, Y,} of G-invariant vector fields of D in such a way that {Z,} is a basis of
I'(typ,) and {Y,} is a basis of I'(7s().

The vector fields Z, and Y, need not be defined globally. It is sufficient that they are
defined on the dense open set p~!(U) C Q. In the examples treated below, the vector fields
{Z,,Y,} were found by inspection. If the dimension of VPp is zero, skip steps 2 and 3 and
go to step 4. On the other hand, if the dimension of I is zero, the algorithm terminates in
step 3.

Step 2. Compute the structure coefficients C7; defined by

[‘P ([Z(M Zb]) - C;led + CGO,[bYa7 iP ([Zm Ya]) - CgaZb + CfaYBJ

where P is the G-orthogonal projection onto D and [-, -] is the standard commutator of vector
fields. Notice that by G-invariance of the basis {Z,,Y,} and the metric G, the structure
coefficients CX; are functions of ¢".

Step 3. A necessary condition for the existence of an invariant measure (coming from item (i) in

Theorem 4.2 and expressed locally in (4.12))) is that
Cct+Ce =0, foralla.

If the dimension of H is zero, this condition is also sufficient.
Step 4. Compute the coefficients C’O{B defined by

P (Yo, Y5]) = CopZa + CopY5,
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Step 6
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As in step 2, here one needs to compute the standard commutator of vector fields and their
G-orthogonal projection onto D. As before, one should interpret the coefficients CX, as
functions of §°. R R

Consider the projections Y, (via p) on U of the vector fields Y,, and write them as

~ o~ 0
Yo=Y, —.
0qt
Now, denote by R the family of 1-forms & on U that satisfy
. %
SY,)==-2+C* +C"., Vo
( ) 3qL aa af
A necessary condition for the existence of an invariant measure is that there exists a 1-form
& in the family R that satisfies 0 = —do for a certain o5 € C*°(U). In practice, one checks

if there is a 1-form & within R that satisfies the weaker condition di = 0.
Let (¢%, pa, pa) be a system of local coordinates on D* induced by the basis {Z,,Y,}. Then

the volume form )
P = exp(0p) /\ dq* /\ dpq /\ dpa

is preserved by the system on the open set (7’5*)*1((/]\ ) C D*. One should finally verify that
the above volume form admits an invariant extension to D*.

Remark 5.1. If the dimension assumption holds, then such an invariant extension always
exists. To see this fix a basic volume form ¥ on D*, and suppose that

U, @ = 0o Tp.) Adqudpa Ndpo,  with (5 e C=(D). (5.1)

In such a case, there is a smooth extension E € C’OO(@) of the real function o5 — Zﬁ and
U =exp(€o Th. )W

is an invariant volume form. R
In fact, if Wy is the (global) 1-form on @ given by (4.7) then a direct computation using

(5.1)) proves that
(©u)lg =W +d¢g = —d(og — (p)- (5.2)
In particular, Wy is closed in U and, since U is dense, we obtain that Wy is closed (in @)

This, using C1, implies that Wy is exact, that shows that condition (ii) of Theorem is
satisfied. o

6. EXAMPLES

6.1. Body with planar section rolling over a fixed sphere. Following [4, [38] 39 42], consider
the motion of a rigid body that possesses a planar faceﬂ that rolls without slipping over a fixed sphere
of radius R. We consider a body frame {E1, Fs, F3}, whose origin is located at the center of mass C'
of the body, and such that the F3-axis is normal to the planar face of the body. The spatial frame
{e1, €2, e3} has its origin at the center O of the sphere. The distance between the center of mass C'

2

an everyday life example of such type of rigid body is a shoe (without heel).
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and the planar face will be denoted by ¢. We assume that our choice of body frame is such that Ej3
is the outward normal vector to the sphere at the contact point P (see Figure .

The two frames are related by an attitude matrix g € SO(3). Let z € R? be the spatial coordinates
of the vector O? The body coordinates of O? are X = g 'x. At any configuration, the condition
that the planar face of the body is tangent to the sphere is expressed by

FIGURE 6.1. Body with planar section rolling over sphere

The constraint that the planar face rolls without slipping is equivalent to the requirement that the
contact point P is at rest. This is expressed by the relations

X, =—RQy,  X,= R, (6.2)

where the time derivative of the coordinates X7, X, is computed in the body frame and the vector
Q = (Q,0,93) € R3 is the angular velocity of the body expressed in the body frame. We think of
Q as an element in the Lie algebra so(3) corresponding to the skew-symmetric matrix g~'¢ with the
usual identification of so(3) with R? via the hat map (see e.g. [30]).

In view of our discussion, we can take @ = SO(3) x R? with coordinates (X1, X5) for R? as the
configuration space. Indeed, if we know the attitude matrix g, and the value of the coordinates
(X1, X3), then, in view of (6.1]), we can specify the configuration of the body. The point of contact

P is easily determined since the vector (ﬁ% has space coordinates Rg( ? )

Let &1, 5,85 be the left invariant moving frame of SO(3) obtained by left translation of the
canonical basis at the group identity. We have the commutation relationships:

EL &=t (&&=t [Ba=&

The entries 21, (25, €23 of the angular velocity in the body frame €2 are quasi-velocities with respect
to this moving frame.
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The no-slip constraints (6.2)) define the constraint distribution D C T'Q that is generated by the
vector fields

0 1 0 1
D:Span{a_)(l_}_{g’ﬁ_)(g—'—ﬁg’g}' (6.3)

The kinetic energy of the body is given by
1
2

where the derivative & is computed on the space frame, (-,-) is the euclidean scalar product in R3,
m is the mass of the body, and the 3 x 3 symmetric, positive definite matrix I with entries [;; is the
inertia tensor of the body. Notice that in view of our choice of body axes, I need not be diagonal.
However, by an appropriate rotation of the axes Fy, Fy, we can assume that I15 = 0.

Using that g € SO(3) we have

K = S(19,9) + 4,

%[> = [lg~"[]%,
and hence, since
g i =X+ Qx X,
we can write

1 . .
x:Ewaayﬁgmxxw+m<x9xx>+%mmﬁ (6.4)

— e =
Denote by {e!, €2, ¢} the dual basis to {&1, &, &5}, A straightforward calculation using (6.1)
shows that the kinetic energy K defines the following metric G in @),

2 T 2 SRS
S=Un+mX;+(R+0)7))e @e + In+m(X]+(R+{)))e" ®e

& S & 4
+ (Is3 + m(X7 + X32))e* @ € — 2mX  Xpe' ®@ €2 +2(L13 — mX (R+())e! ® &
V- — - (6.5)
+2(Iz3 — mXo(R+0))e* @ € +2m(R + () e* @ dX, — 2mXye® ® dX,

— —
+2mX,e® @ dXy — 2m(R+ 0)e' @ dXy +m(dX, ® dX, + dX, ® dXy).

The group G = SO(3) acts on @ by left multiplication on the SO(3) factor and leaves the metric
G and the constraint distribution invariant. The space V”p has dimension 1 and is generated by &s.
The shape space @ = Q/G = R? that has a global chart and its first de Rham cohomology group is
zero. Hence, we are in the framework to apply the algorithm described in section

The vector fields

1 Ios — méX 0
7, =& Y, — —— & 23 2 )g o
Lo ! 2+(R@B+mM?+X@) 3+aXJ

1 —Ii3+mlX; 0
Y, = — &5 &4
2 R1+<R@ﬁmmW+X%)3+8&’

satisfy the properties of step 1 of the algorithm. To avoid confusion with the use of subindices, in
the treatment of this example, we denote the vector fields 7y, Y7, Y5 respectively by vy, vg, vs.

To perform step 2, we compute the commutators:
1

o, ] = 21, Vi) = 567 [vl,vg]z[zl,yg]:%a
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Next, we need to calculate the G-orthogonal projection of these vectors onto D and express them in
terms of the basis {v;, vy, v3}. This is done by solving the linear system of equations T'y; = by,
where

9(1}171)1) 0 0 9(”17[,017 UJ])
T = 0 9(U27U2> 9(U17U2> ) bJ = 9<U27 [Ul ) UJ]) ; J = 273
0 G(v2,v1) G(va,v9) G(vs, [v1, vJ])

The entries y% of y; are the structure constants C’f ;. After solving the systems of equations corre-
sponding to J = 2,3, with the aid of MAPLE™, we obtain:
m
0122 + Cfg = B3 1 (—[23([11 + m£2)X1 + [13([22 + m€2)X2 + mé([ll — IQg)XlXQ) .
’ ? R3det(T)
According to step 3 of the algorithm, a necessary condition for the existence of an invariant measure

is that the above expression equals zero. Since such equality must hold for all values of X; and X,
we obtain the necessary conditions for the existence of an invariant measure:

(I11 +ml*) Iy = 0, (Iy + ml*) 13 = 0, (I11 — 1)l = 0.

The first two conditions imply that I13 = Is3 = 0 (i.e., the inertia tensor is diagonal), since I11, Iy >
0. The third condition is satisfied if either £ = 0 or I{; = 9.

The above conditions are also sufficient for the existence of an invariant volume. Indeed, the
measure for the first case was found in [42] and for the second case already in [38] (see also [5]),
where the equations of motion were also explicitly integrated.

Therefore we have:

Theorem 6.1. The reduced equations for a rigid body with a planar face that rolls without slipping
on a fixed sphere possess an invariant measure if and only if at least one of the following conditions

hold:

(i) the center of mass is in the base plane (€ =0), which actually implies that the body is flat,
(ii) the body is azially symmetric (111 = lsg, I13 = Is3 =10).

The preserved measures have the form
(I Iog + mIp X2 + mInX3) - (Isg +m(X2 4+ X2)Y2dX, AdXy AdQy A dQy A dQs,
and, respectively,
(I +m(X2 + X2 +ml?) - (I (Iss + m(X? + X2)) + ml?L55)Y2 dX, AdXy AdQy A dQs A dQs.

6.2. The Chaplygin top. Consider the motion of an inhomogeneous ball that rolls without slipping
on the plane. If the center of mass of the sphere coincides with the geometric center, we recover
the well known problem of the Chaplygin sphere, that possesses an invariant measure [9]. Here, we
consider the general case that is sometimes referred to as the Chaplygin top [35]. In the case of an
axisymmetric ball, this problem was originally studied in detail in [32] and [10].

Let R be the radius of the sphere. The space frame {e;, e, e3} is chosen so that the rolling takes
place on the plane z = —R. We consider a body frame {F;, Fy, F53}, whose origin is located at
the center of mass of the sphere M, and such that the geometric center C' of the sphere lies on the
FEs-axis. Let 0 < ¢ < R be the distance between the geometric center of the sphere and the center of
mass. The body coordinates of the center C' of the sphere are (0,0, —¢). See Figure below.
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z=—R

FIGURE 6.2. Chaplygin Top

The configuration space of the system is @ = SO(3) x R% A matrix g € SO(3) specifies the
orientation of the ball by relating the body and the space frame. We will use Euler angles as local
coordinates for SO(3). We use the z-convention, see e.g. [30] and write a matrix g € SO(3) as

cos ) cosp — cosfsinpsiny —siny cosp — cosfsinpcosy  sinfsin
g=| cosysing+ cosfcospsiny —sinysing + cosfcospcosy —sinfcosp |,
sin 6 sin ) sin @ cos 1 cos

where the Euler angles 0 < ¢,% < 27,0 < # < 7. According to this convention, we obtain the
following expressions for the angular velocity in space coordinates w, and in body coordinates €2:

écosgp—i—vz/.}singasin@ QQOS@Z)—i—(psin@/}sin@
w= [ fsinp —1pcospsind |, Q=1 —Osiny+pcosypsing | . (6.6)
©+ 1 cos pcost +

Let (z,y,0) be the spatial coordinates of the geometric center C' of the sphere. The constraints of
rolling without slipping are

i = Ruwy = R(sin ¢ — 1) cos psin ), j = —Ruw; = —R(f cos p + 1 sin psin 6). (6.7)
The kinetic energy of the sphere is given by

1
X = (192, 9) + |l (6.8)

where u are the space coordinates of the center of mass. Here, I is the inertia tensor of the sphere
with respect to the center of mass with entries [;; ¢, 7 = 1,2, 3. Since we have already made a choice
of the body frame, we cannot assume that I is diagonal. However, by an appropriate rotation of the
body frame around the Fs-axis, we can assume that I35 = 0.

The expression for u in our coordinates is given by

x 0 x + ¢sinfsin @
u=\| vy | +g| 0 | = y—"{sinfcosp |. (6.9)
0 l lcosd

Therefore ]
T + 00 cos Osin p + (P sin 6 cos ¢
u= [ §—t0cosbcosp+ lpsinhsing
—(fsin
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The local expression for the kinetic energy metric G of the problem is obtained by substituting the
expressions for 1 and €2 onto .

Symmetries

There is a freedom in the choice of origin and orientation of the space axes {e;,es}. This corre-
sponds to a symmetry of the system defined by a left action of the Euclidean group SE(2) on Q.
Let

costy —sind v
h = sin?d  cos?d w
0 0 1

denote a generic element on SE(2). The action of A on a point ¢ € @ with local coordinates
(0,0,%,2,y) is given by

h-qg=(p+19,0,10,xcosd —ysind 4+ v, xsind + ycos ¥ + w).
One can check that both the constraints and the kinetic energy are invariant under the lift of the

action to T'Q). The action of SE(2) on ) is free and proper and the shape space @ =Q/G=25%In
our local coordinates the orbit projection p : Q — S? is given by

p(p,¥,0,2,y) = (0,v),
where (6,1)) are spherical coordinates on the unit sphere 7% + 72 + 5 = 1, defined by
v1 = sin fsin ¢, Yo = sin 6 cos v, Y3 = cos 6.

The vector v = (71,72,73) = ¢ ez is the the usual Poisson vector whose entries are the body
coordinates of the unit vector that is normal to the plane of rolling, and evolves according to the
kinematic equation

vy =~ x Q.

The vertical subbundle Vp is spanned by

\7})—span{a 0 8}.

dp’ o’ Dy
On the other hand, the constraint distribution D is spanned by the SFE(2)- invariant vector fields
Zl = 2 )
Oy
Xy = % + Rsincp% — RCOSQD%,
Xy = @ — Rcosgpsiné’% — Rsingpsin&a—y.

It is then clear that the intersection V”p = D N Vp has constant dimension 1 and is spanned by
Z1. Moreover, since S? is simply connected, its first de Rham cohomology group is zero. Also, the
angles (0,v) form a coordinate chart on an open dense set of S?, so all of the conditions to apply
the algorithm in Section [5] hold.

The following vector fields, together with Z; satisfy the requirements of step 1 of the algorithm:
9 (Zl7 on)

Y, =X, —
9(Zlvzl>

Zl 0521,2
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As in our previous example, to avoid confusion with the use of subindices, we denote the vector fields
Z1, Y1, Ys respectively by vy, vg, vs.
We compute the standard commutators:

[v1,v2] = Rcos @% + Rsin gp% + A\ivg,

[v1,v3] = Rsin psin 92 — Rcos psin 92 + Aoy,
ox dy

where Ay, Ay are certain functions of (0, ). We should now compute the projection of the above vector
fields onto D and express them as a linear combination of v1, v, v3 to determine the coefficients Cf 7

with J = 2,3. In fact, looking ahead at step 3 of the algorithm, we are interested in computing Ci], J
for J = 2,3. A simple linear algebra argument shows that 01272 coincides with the component of X;
when the orthogonal projection of

R cos @% + Rsin gp%
onto D is expressed in terms of the basis 77, X1, X5. A similar idea can be used to compute Ci3.
Using these observations and with the aid of MAPLE™ we obtain:
mlRsin® 0
det(T)
where T is the (positive definite) matrix

5(Z1,21) S(Z1,X1) S(Z1,Xo)
T=| 9(Z1,X1) §(Xi,X1) S(X1,X5) |,
5(Z1, Xa) (X1, Xa) G(Xz, Xo)

and the coefficient functions aq, as, by, by are given by:

3mlR (R
a1(9) = —113 (mT + (IQQ + m(R2 + 62)) COS(@) + m

Cio+ Cig = (a1(0) cos ) + az(0) cos(2¢) + by (9) sinty + by(6) sin(2¢))) (6.10)

cos(29)> ,

CLQ(Q) = 113[23 sin 6,

3mlR (R
bi(0) = Iny (mT + (L +m(R? + ) cos(0) + =

cos(29)> :

by(0) = (I — In1)(I33 + mR* + mlRcos 0) — I35 + ) .

The necessary condition for the existence of an invariant measure, coming from step 3 of the
algorithm, is that the expression vanishes identically for all (0,4) in the chart, that is, for
all 0 < 0 < m, 0 < < 27. By linear independence of cos ), cos(21)), sin ), sin(21)), it follows that
this can only happen if either / = 0 or all of the coefficient functions aq, as, by, by vanish. A quick
examination of the above expressions, shows that the latter case can only hold if Io3 = I13 = 0 and
Iy = Ia.

That these conditions are also sufficient is proven in [42] (see also [5]). There it is shown that the
reduced equations of motion can be presented in the vectorial form

K=KxQ+mRyxQ)x(Qxp), F=vxQ, (6.11)
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and possess the invariant measure:

dvy N dK
VI$iiIss + mip, Ip)
In the above formulae p is the vector that connects the contact point with the center of mass of the

sphere written in body coordinates, and K is the angular momentum of the ball with respect to the
contact point, also written with respect to the body frame. Explicitly we have:

= (I + ml|p|[*)v/ I 1ss + m(p, Ip) dy N dS2.

0
p=Ry+| 0], K=IQ+mpx (2 xp).
14

Therefore we have:

Theorem 6.2. The reduced equations for the Chaplygin top possess an invariant measure if and only
iof at least one of the following two conditions hold:

(i) The center of mass of the sphere coincides with the geometric center (¢ =0).
(i1) The ball is axially symmetric (I3 = sy, I13 = I3 =0).

We stress that the above conditions were known to be sufficient but we have just shown that they
are also necessary.

6.3. Dynamically balanced sphere rolling on the exterior/interior of a circular cylinder.
We consider the motion of an inhomogeneous sphere, whose center of mass coincides with its geomet-
ric center C, that rolls without slipping on the surface of an infinitely long vertical circular cylinder
of radius |r|. If the ball is homogeneous the problem, for general shapes of cylinders, was considered
in [33], and is integrable as was shown in [5]. We also mention that the problem of a homogeneous
ball rolling on circular cylinder in the presence of gravity was considered by Routh.

The space frame is chosen so that the z-axis coincides with the axis of the cylinder. Let 9 be
the polar angle of the center of the sphere C' on the xy plane. Then, the space coordinates of C
are ((R+ r)cosd, (R + r)sind, z) where R is the radius of the ball. There are two regions of the
parameter r that are physically meaningful. If » < —R this corresponds to a sphere rolling on the
interior of a circular cylinder of larger radius. If » > 0, the sphere rolls on the exterior of a circular
cylinder of positive radius. Figure below illustrates the case r > 0.

The configuration of the ball is completely determined by the position of its center C' and by a
rotation matrix g € SO(3) that relates the space frame with a fixed body frame, whose origin lies
on the center of the sphere C' and that we assume to be aligned with the principal axes of inertia of
the sphere. Hence the configuration space for the problem is Q = SO(3) x R x S*. Our coordinates
for R x S* are (z,9).

The constraint of rolling without slipping is obtained by requiring that the contact point of the
ball with the cylinder is at rest. This gives

0 = (i) ws, Z = R(w;sind — wy cos V), (6.12)
r
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FIGURE 6.3. Dynamically balanced ball rolling on the exterior of a cylinder (r > 0).

where w = (wy, ws, w3) is the angular velocity of the sphere written in space coordinates. In terms of
the Euler angle convention introduced in the previous examples, we have

0= (%) (gb + cos 91/1) : =R (— sin(p — 9)6 + sin 6 cos(p — 19)1/1) :

Since the center of mass of the sphere coincides with the geometric center, the kinetic energy is
the sum of the rotational and translational kinetic energies:
1
2
Here, €2 denotes the angular velocity written in the body frame and I is the inertia tensor that is a
diagonal 3 x 3 positive definite matrix I = diag(1ly, I5, I3) by our choice of body frame.

K= (192,9)+ 2 ((R+r)29%+22). (6.13)

Symmetries

Since both the orientation and the height of the space frame is arbitrary, we expect to have a G =
R x S symmetry. The group action on a point (g, z,9) in the configuration space Q = SO(3) x R x S*
is defined as:

(", 9) : (g9,2,9) = (Rog,z+ 2,0+ )

where
cos? —sind 0
Ry = | sin¥ cos?¥ 0 |. (6.14)
0 0 1

This is a left action that with our choice of Euler angles is locally given by
(2, 0) (0, 0,0, 2,9) = (0 + 00,9, 2+ 2", 0 + 7).
One can check that both the kinetic energy and the constraints are invariant under the lift of this
action to T'Q).
The action of G = R x S! on Q is free and proper and the shape space Q = Q/G = SO(3). In
our local coordinates the orbit projection p : @ — SO(3) is given by

p(@7¢7 07 Z? 19) = (5’ ¢7 8)7 (6'15)
where £ = ¢ — ¥, and (£,v,0) are Euler angles for SO(3) chosen with respect to the z-convention.



28 Y. N. FEDOROV, L. C. GARCIA-NARANJO, AND J. C. MARRERO

The vertical subbundle Vp is spanned by
Vp = span 9 + 99
P= a9, T a0 02 [

On the other hand, the 3-dimensional constraint distribution D is spanned by the G- invariant vector
fields

cosfsin(p —3J) 0 0 sin(p—1) 0
Y, = — — — =4 = /7 -
! o oy T U5t g e
0 cosficos(p—1) O _ 0 cos(p—1) 0
Ya= R& sin 6 % sin(y 19)% * sin 6 %7 (6.16)

PR (L A
57 9y R+r) 09

It is then clear that Vp N D = {0} everywhere on ). Therefore we have TQ) = D @ Vp, the
dimension assumption is satisfied and we are dealing with a Chaplygin system. The vector fields
Y1, Ys, Ys defined above verify the requirements of step 1 in the algorithm. Moreover, the condition
in step 3 is vacuously satisfied. We thus concentrate in examining the condition in step 5.

The projections Y, = Tp(Y,) are given by

s cosfsing 0 0 sin€ 0

N=mm000 o T T smoaw

~ __cos@coség_ ingg_i_cosﬁi

27 7 5ne oc M98 T sing oy

= r 0

Y= <R+r) ¢
Following step 5, we consider the one-form & that satisfies
O 2 _cosfsing 2 i sin & __cosBcos§
w(m) - aé& ( sin @ ) + ae(cos(f)) + a¢ <Sln9> +f1<5797¢) - sin 6 +f1(£797’l/})7
~ oy 0 [ cosBcosg 9., . 0 [cosé _ cosfsing
0(7a) = g (-0 ) o D) + 5 (25) + e 00 = 4 6,00,
JPEN 0 r
W(}/é) - a_é- (R_'_r) +f3(£797,¢) - f3(€707¢)7

where f,(&,0,1¢) = C’fﬁ for « = 1,2,3. The one-form @& is uniquely determined by the above condi-
tions (this is always the case when the dimension assumption holds). Using the explicit expressions
for Y,, we find

T sin @

A (R”> fade + (—COSQ + frcosé — fgsinf) 6 +

+ (sin@sin§f1 +sinfcoséfy + (?) cos@fg) di .
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According to the algorithm, since (&, 0, ) are coordinates in a chart that is open and dense in SO(3),
and the first de Rham cohomology group of SO(3) is trivial, a preserved measure exists if and only
if 0 is closed.

With the aid of a symbolic algebra software one can compute explicit expressions for f,(&,0, ).
These expressions are too long to be included in the present paper but we can provide the MAPLE™
file upon request. Below we discuss our findings.

If the sphere is homogeneous (I; = I, = I3) one gets fi = fo = f3 = 0 which implies W =
—dIn(sin(f)) and there exists an invariant measure. This result is well known (see e.g. [5]). We will

give an explicit formula for the preserved volume and the reduced equations of motion at the end of
section

In the general case, the condition that & is closed implies that the functions

Gi(6.0.0) = () G L (foosé — fusing),
G2(&,60,v) := <¥) g—{;’ — % (sin@sin§f1 +sinfcos&fy + (R:—r) C080f3) ,

vanish identically in the chart 0 < £ <27, 0 < 8 <7, 0 < ¢ < 2m. However we found that

™ T T \/_m ’
& (5’ 2’ §> = (=5 (R}—Er) (4((11 + 12)m35)+];)1[2 * (mR2)2)> |

Hence, a necessary condition for the existence of an invariant measure is that Iy = I,. Under this
assumption one finds:

a, (71' s 7T> (1)) <(\/§mR2(mR2 + R:-'r(‘ll +mR?)) > ’

2743 mR2(I, + I3) + 21, I3)(I; + mR?)
that can only vanish if I; = I3. Therefore, we have shown

Theorem 6.3. The reduced equations for a dynamically balanced sphere that rolls without slipping
on the exterior/interior of an infinite circular cylinder possess an invariant measure if and only if
the ball is homogeneous (I; = Iy = I3).

It is interesting to notice that in the limit when the radius r of the cylinder is infinitely larger
than the radius of the sphere one recovers the classical Chaplygin sphere problem that possesses an
invariant measure for arbitrary distributions of mass. The other limit case, when the radius of the
cylinder r — 0 will be considered in the following section.

To our knowledge, this is the first mechanical example of a Chaplygin system that has been formally
proved not to possess an invariant measure. A mathematical example had been given in [7].

6.4. Dynamically balanced ball rolling on a vertical wire. Consider the motion of an inhomo-
geneous sphere, whose center of mass coincides with its geometric center, that rolls without slipping
on an infinitely long vertical wire. This corresponds to setting » = 0 in the previous section. We
follow the same notation and definitions for z and .

Putting r = 0, the constraints of rolling without slipping (6.12)) become
0 = ws, Z = R(w sind — wy cos ). (6.17)
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Note that D is still generated by the invariant vector fields Y1, Y5, Y3 defined in (6.16)). However, the
problem cannot be treated in the framework of the last section since the vector field Y3 becomes
0 0
)= —+ —,
Y00 T o
that lies on the vertical subbundle Vp. Therefore, in this case, the intersection VP”p has constant
rank 1 and we are no longer dealing with a Chaplygin system. Moreover, notice that

dim(D + Vp) = 4 < 5 = dim(TQ),

at all points ¢ € (). Hence the dimension assumption is not satisfied.

We follow the steps of the algorithm to analyze the existence of an invariant measure for the
reduced equations. The first thing that we need to do, coming from step 1, is to redefine the vector
fields Y7, Y5 in so that they are G-orthogonal to Z;. For the sake of clearness we change the
notation of the vector fields in to

~cosBsin(p —4J) 0 0 sin(p—1) 0

Xy = — )= N ) 7
! sin Do +cos(yp )89 + sinf Oy’
0 cosBcos(p—1) 0 , d cos(p—1) 0
Y=y, o P R Y
and define:
S(Xole)
Ya::Xoa_ _Z, :1,2
5z z)

Once again, to avoid confusion with the use of subindices, during the treatment of this example we
denote the vector fields 71, Y7, Y5 respectively by vy, vg, v3.

For simplicity we only consider the case in which the ball is axially symmetric. We assume that
the inertia tensor is I = diag(Iy, I, I3). In this case the local expression for the metric tensor G is

G = (I;sin® 6 + I3 cos? 0) dp? + I, d6* + I dyp* + I3 cos O dp ® dip + mR? dv? + mdz?,
and we get

_(13 —+ mRQ) COSHSin<§0 — 19) ) 0 0 Sin(<p . 19) 0
=h= — — 9
= (sin@(h sin? § + I3 cos? § + mR?) + cos(yp ) +

Oy 00 + sinf Oy
N (I, — I3) cosfsinfsin(p — )\ 0O
I, sin? 0 + I5cos? 0 + mR?
0 —(I3 + mR?) cos 0 cos(p — ) 0 , 0 cos(p—1) 0
v, - R g _ _pn L oY) 9
s ? * (sin O(I; sin® 0 + I3 cos? § + mR?2) sin(e = V)55 + *

0z 00 sinf oY
N ((Il — I3) cos @ sin 6 cos(p — 19)) 0

I, sin? 6 + I5cos? 6 + mR?
It is readily seen that the commutators
[v1,vg] =0, J=1,2,3.

Therefore, the coefficients C’f ; = O0for all J, K, and the condition in step 3 of the algorithm is verified.
We now concentrate in the the study of the condition given in step 5. Recall that the principal bundle
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projection p : Q — SO(3) is given by (6.15). The projected vector fields v; = Tp(vy), J = 2,3, are
then

N cosfsiné 0 n §8 +sin§ 0 N cosfcosé 0 . .0 +Cos§ 0
Ug=—————"— +cosé— — U3=—————— —siné— —.
2 sinf ¢ 96 " sinf oy’ s sinf  O¢ 96 ' sinf oY

Following step 5 of the algorithm we consider the family 9R of one-forms @ that satisfy

+f1(£70)7 @6}\3) = +f2(£70)7

PN cosf cos&

cosfsin &
W(vy) = — _—

sin sin
where

f1(5,9):C§,3, fz(f‘,@):C’g,z.
The independence of fi, fs on 1) is obvious since all objects involved in the calculation are independent
of ¥ (see Remark below). The above relationships imply that the family R can be described as:

w=a(£0)dd +b(&,0)dy + AdE + cosBdy), (6.18)
where A = A(&, 0,1) is arbitrary, and
cos

al&,0) = —

Step 5 of the algorithm states that a necessary condition for the existence of an invariant measure is
that there exists a member of this family that is exact.

+ frcosé — fosiné, b(&,0) := fisinfsin + fosinfcos.

sin 6

With the aid of a symbolic algebra software (we can provide the MAPLE™ file upon request),
one gets:

e~ 2R =

where D is the determinant of the symmetric positive definite matrix

9(?)171}1) 0 0
0 G(v2,v2) G(v2,vs3)
0 9(U2>U3) 9(U37U3)

mR2(11 + mRZ)(Il - 13)
D

cosfsinf cos ¢, f2(&,0) = cosfsinfsin €,

The homogeneous case
In this case we have I; = I3 and hence f; = fo = 0. By taking A = 0 we get

cos

df = —d(In(sin6))

W=—=

sin ¢

which is exact. We shall prove that in this case there exists an invariant measure for the problem
below by explicitly computing the reduced equations of motion and giving a formula for the measure.

The inhomogeneous case

We now show that if [; # I3 then the one-form (6.18) is not closed for any smooth function .
This implies that no member of fR is exact and, by step 5 of the algorithm, that there is no preserved
measure. The condition dw = 0 yields the relations

O\ Oa \ 1 ((% 8)\> ob ox O

@:6_5’ ~ sinf

%—l— 20 8—54—00898—5:%.
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Combining the first two relations we get an explicit formula for A that is independent of ). Substi-
tution into the third relation gives the following necessary condition for the existence of an invariant
measure

%vLCOSH 0% —|—COSH@ =0
o0& sinf \ 900 o)

However, using MAPLE™ we find

RETAC T T

?

o cos ( % a%) V2 < (11 — I5)*(mR2)? )

4 11(13+mR2)((mR2)2+11[3+mR2(11+I3)

(6= 0=n/4)

that can only vanish if I; = I3. Therefore, we have shown that there is no preserved measure if
I # Is.

Remark 6.4. The assumption that the ball is axially symmetric simplifies the analysis significantly
since all the quantities that appear are independent of the angle ¢). This is a consequence of an
additional symmetry of the problem that corresponds to rotations of the sphere about its axis of
symmetry. The abelian Lie group G = Rx S' x S* acts on the configuration space Q = SO(3) xR x S
by the rule

(00" (g,2,0) = (Rog Ry, 2+ 2,0 + )

where the matrices Ry , Ry are defined as in (6.14). This action is free and proper, and leaves
the constraints and the kinetic energy invariant. Nevertheless, the methods described in this paper
and in [43] cannot be used to analyze the existence of an invariant measure of the resulting reduced
equations. The reason for this is that the rank of the intersection VP’p = Vp N D is not constant
throughout (). If the axis of symmetry of the sphere is perpendicular to the vertical wire, then the
rank of VPp is 2. In any other configuration this rank is 1. Therefore, we are forced to work with
the action of the smaller symmetry group G = R x S* (for which the dimension assumption is not
satisfied). o

The reduced equations and the expression for the invariant measure for a homogeneous
sphere that rolls without slipping on a vertical cylinder and wire

The expression for the invariant measure for a homogeneous ball that rolls without slipping on a
vertical cylinder or wire can be readily obtained as we now show. We treat both problems simul-
taneously by considering r < —R or r > 0 where, as before, |r| denotes the radius of the cylinder
(the case of the wire corresponds to the case r = 0). We begin by introducing the modified Poisson
vectors

o = cos Vg ey +sindg ey, B := —sindg e; + cosg ey, ~ =g les.

They form an orthonormal basis of R* and can be considered as the columns of an element in SO(3).
The constraints (6.12]) can be written in terms of these vectors as

J = (%) Q) i— —RQ,B). (6.19)
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Using the constraints one can obtain the following kinematical evolution equations for the Poisson
vectors

R
o= (R—M) (v, )8 +axQ,

B=- (R%r) (v, e+ Bx D, (6.20)

¥ =" x.

Recall that the Lagrangian of the system (6.13) is given by
1 .
X = 5(19, Q) + % ((R +7)29? + ,732) :
and, in view of the constraints (6.19)), we obtain the following equations of motion

. R
I = IQAxD—)\| —— Ao R 6.21
X 1(R+T>’Y+ 2 RG (6.21)

m(R + T)21§ = )\1,

mzZ = Ao,

where Aj, Ao € R are Lagrange multipliers. By differentiating the constraints (6.19), we obtain the
following expressions for the Lagrange multipliers:

A = m(R+7)%0 = mR(R +r)(~, ),
mR?

7 (e @) —mR(B, Q).

)\szé:

Substitution into (6.21]) yields

mR3

(I + mR*T5)Q = IQ x Q + mR*(a, Q) + S

(v, ) (e, )8, (6.22)

where I3 denotes the 3 x 3 identity matrix and we have used the orthonormality of e, 3,7. We can
solve for € in the above equation by obtaining an expression for (a, Q) in terms of 2 and a, 3.
Taking inner product on both sides of (6.22)) with (I + mR?I3) '« and isolating (c, 2) gives

R+r
1 —mR2((I + mR?I;) o, o)

. <1m X Q+ By OV e, )8, (I + mR213)—1a>
(o, ) = :

Once the above expression is substituted into (6.22) and the system is complemented with equations
(6.20)), we obtain a closed system for Q. a, 3, that should be thought as variables in the reduced
space that is obtained by eliminating ¢ and z by the symmetry.
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If the ball is homogeneous with inertia matrix I = I - I3 then T2 x © = 0 and also (a, Q) = 0 by
orthonormality of a and 3. The equations simplify to

. mR3
= RrnTsmm) VY (@B
&= (v, DB +ax Q, (6.23)
B=—-(v.Qa+pxQ,
¥ =" x .
A direct calculation that uses (v,3) = (v,a) = 0, shows that, for any value of r the measure

da A\ dB A dy A dS2 is preserved by the flow of (6.23)). Therefore we have

Theorem 6.5. The reduced equations for a dynamically balanced, azially symmetric sphere that rolls
without slipping on an infinite vertical wire possess an invariant measure if and only if the ball is
homogeneous.

7. CONCLUSIONS AND FUTURE WORK

We have presented a geometric setup that allows us to obtain necessary and sufficient conditions
for the existence of an invariant measure for certain types of nonholonomic mechanical systems with
symmetry. Our methods have been successfully applied to prove the non-existence of an invariant
measure for concrete problems.

Moreover, our geometric framework provides a setup that might be useful to determine conditions
that guarantee the existence of an invariant measure for systems with a particular kind of nonholo-
nomic constraints (such as LR systems [13, [37]). A class of systems that we plan to study involves
nonholonomic systems for which the reduced configuration manifold is a homogeneous space. Some
interesting results concerning the existence of a preserved measure for these systems have been given
in [13] 23].

This paper has only considered nonholonomic systems with homogeneous constraints. Our results
show that in the absence of a potential, a preserved measure for this kind of systems is necessarily
basic (Theorems and . Interestingly, if the nonholonomic constraints are affine, there can
exist invariant measures that are not basic, i.e., the density depends on the velocities [16].

Finally, it would be interesting to exploit the generalized nonholonomic connection, introduced in
Section [£.0] in order to study the geometry of symmetric nonholonomic systems which don’t satisfy,
in general, the dimension assumption.

APPENDIX. VOLUME FORMS ON VECTOR BUNDLES

Let 7 : E — @ be an orientable vector bundle, over an orientable manifold (). If « is a section of
7: F — @, we can define its vertical lift o¥, which is the vector field on E given by

a¥(v) == (v, +talq)), for v, € E,.
dt jt=0
If {¢"} is a local basis of sections of F and v = age” then
0
a (A1)

VZO{—,
7 opg
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where pg are the coordinates on the fibers of E obtained using the basis {e”}.

Lemma A.1. [29] Let v be a volume form on Q and S be a volume form on the fibers of E*. Then,
there exists a unique volume form v A2 on E such that

vA Q(Zl, ce Zm,a‘l’, e a)=v(Zy, . Zy)Qan, . Q) (A.2)

for aq,...,ap € T(1) and Zi, ..., Zy vector fields on E which are T-projectable on the vector fields
sy Zom on Q.

Locally, if (¢*) are local coordinates on an open subset U C @ and {e,} is a basis of sections of E*
such that
v=dg' N ANdg™, Q=e A---Ney,,
then
VAQ =dg"' A ANdg™ Ndpy A -+ Adp,,. (A.3)

A volume form ® on F is said to be of basic type if
Ly® =0, VaeTI(r). (A.4)

Using (A.3)), it is easy to prove that the volume form v A € is of basic type. In fact, we have the
following result

Proposition A.2. A volume form ® on E is of basic type if and only if there exists a volume form
v on Q and a volume form €2 on the fibers of E* such that

b =vAQ.

Proof. Suppose that ® is a volume form on F of basic type.

Let v be an arbitrary volume form on () and €2y a volume form on the fibers of £*. Then we can
assume, without the loss of generality, that

O =Yy Ay, with e C®(E).
Now, using (A.4)), it follows that
do(v¥) =0, ¥y eI(r),
which implies that ¢ is a basic function with respect to the vector bundle projection 7 : E — ). In
other words, there exists o € C*°(Q) such that ¢ = oo 7.

Thus, if we take
v==evy, 2=,
we have that ® = v A €. U
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