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Abstract

We develop a method to give an estimate on the number of functionally independent constants
of motion of a nonholonomic system with symmetry which have the so called ‘weakly Noethe-
rian’ property [22]. We show that this number is bounded from above by the corank of the
involutive closure of a certain distribution on the constraint manifold. The effectiveness of the
method is illustrated on several examples.
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1 Introduction

How many (functionally independent) constants of motion does a nonholonomic system with sym-
metry have? In these terms, this question is certainly too vague to be answered. For holonomic
systems with symmetry, a natural answer is provided by the conservation of the energy—momentum
map, which implies a lower bound on the number of constants of motion. In the nonholonomic case,
instead, the situation is not as clear even in the simplest case of systems with linear constraints,
natural Lagrangians (= kinetic minus potential energies) and lifted actions, which is the case that
we consider in this paper. There are two opposite reasons for this:

e On the one hand, only certain components of the momentum map are constants of motion,
and their number may be difficult to assess. In fact, a component of the momentum map is
conserved if and only if its infinitesimal generator is a section of a certain distribution, the
so—called reaction—annihilator distribution R°, see [23].

e On the other hand, the class of constants of motion of nonholonomic systems with symmetry
may be larger than just the components of the momentum map. In particular, this class
may include functions linear in the momenta known as “gauge momenta”. These are, roughly
speaking, constants of motion generated by certain vector fields which are tangent to the
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group orbits but are not infinitesimal generators of the group action, see [5, 33, 22]. There
are different ways of characterizing the vector fields which produce conserved gauge momenta
[28, 16, 39, 22], but here too, no general way of assessing their number is known.
In this situation, it is very difficult to answer in full generality the question raised above. Therefore,
in this paper we try to provide a first, very partial answer to it, by producing a bound from above
on the number of all functionally independent constants of motion with a certain property—the
so—called weak Noetherian property identified in [22].

In order to appreciate the origin of this class of constants of motion recall that, in Hamiltonian
mechanics, one of the fundamental properties of the link symmetries—conservation laws is the fact
that the momentum map of a Hamiltonian action depends only on the group action. Therefore, the
conservation of the momentum map provides conserved quantities for all systems with invariant
Hamiltonian. This property is sometimes called the “Noetherian” property (or condition) of the
momentum map [35].

In nonholonomic mechanics, however, which components of the momentum map are conserved
quantities depends on the Hamiltonian (and on the constraint manifold), and the Noetherian
property is broken. In fact, it is not even completely clear what a ‘Noetherian constant of motion’
should be in the nonholonomic context (see the Remark at the end of Section 3.A). Among functions
linear in the momenta, some conserved components of the momentum map (particularly those with
‘horizontal’ infinitesimal generators, if they exist) do have the Noetherian property, but in general
gauge momenta do not. However, certain gauge momenta—particularly those with horizontal
generators—have a weaker property: they are conserved quantities of all nonholonomic systems
with fixed constraint manifold and fixed kinetic energy, but any invariant potential energy [22].
This is the “weak Noetherian” property.

In [22], this property was defined only for constants of motion which are linear in the momenta,
which is the case of the momentum maps of lifted actions and is most commonly met in examples.
In this article, we consider instead all weakly Noetherian constants of motion (even the nonlinear
ones, if they exist) with the aim of establishing a technique which can give some information on
the number of them which are functionally independent. The reason why our method does not
apply to the linear weakly Noetherian constants of motion alone will become clear later.

Specifically, we will show that, under a certain smoothness hypothesis, the number of function-
ally independent smooth local weakly Noetherian constants of motion of a nonholonomic system
whose Hamiltonian is invariant under a lifted action is given by the corank of the involutive closure
A of a certain distribution A on the constraint manifold. We will give a complete description of
A in the case of free and proper actions, and we will recall a standard technique to compute the
corank of A® if A is real analytic. In order to show the feasibility of the procedure, we will apply
it to a few sample cases in which this corank can be determined analytically (a vertical disk with
various symmetry groups) and to a more complex case where the analysis has to be carried over
using symbolic manipulation software (a heavy ball which rolls on a surface of revolution).

The number of local weakly Noetherian constants of motion gives of course only an upper bound
on the number of globally defined constants of motion, which are those significant for the dynamics.
Nevertheless, knowing this bound can give some informations on the system, but also, can confirm
whether all constants of motion with this property have been determined. We will analyze this
situation on the examples.

Our study uses in an essential way the Hamiltonian formulation of nonholonomic mechanics,
which is shortly reviewed in Section 2. In Section 3 we introduce the notion of weakly Noetherian
constants of motion and we shortly review the case of gauge momenta. After this background
material, in Section 4 we relate the existence of local weakly Noetherian constants of motion to the
corank of the distribution A®°, and in Section 5 we give explicit expressions for the distribution
A in the case of a free and proper lifted action. Sections 6 and 7 are devoted to the examples.
A section of conclusions and perspectives follows; in particular, we outline there the use of our
method in a different context—that of non symplectic symmetry groups of Hamiltonian systems.
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2 Nonholomic systems

A. Lagrangian formulation. As already mentioned, we shall consider only the case of systems
subject to linear noholonomic constraints. For general references, see [34, 12, 14, 7, 9] and references
therein.

As a starting point, consider a holonomic mechanical system with n—dimensional configuration
manifold @ and kinetic energy T'(vq) = %aq(vq,vq), where a is a Riemannian metric on TQ,
subject to forces described by a potential energy which is the lift of a function V' on ). Then, the
Lagrangian of the holonomic system is L =T — V omg, where mg : T'QQ — @ is the tangent bundle
projection.

For greater clarity, we resort to a coordinate description whenever appropriate. In doing so, we
denote by (g,q¢) € R™ x R™ (local) bundle coordinates on T'Q and by a dot the inner product in

R™ and we use the symbol % to stress that the right—hand—side of an equality is an expression
for a local representative of the left—-hand—side. Thus, the kinetic energy is locally written

. ocC 1 . .
T(q,q) < 4 A(q)q

for a symmetric and positive definite n x n matrix A(q).

A linear nonholonomic constraint is given by a non-integrable distribution D on @, that we
assume to have constant rank r, 2 < r < n. The distribution D is called the constraint distribution
and can be locally defined as the kernel of k& := n — r linearly independent differential 1-forms
T,...,TE on @, so that its fibers are

Dy = ker {71(q),...,7(q)}- (1)

In bundle coordinates (g, ¢) in TQ, the fibers of D can be written as
D, < {geR" : S(g)i = 0}

for a k x n matrix S(g) with rank &, which depends smoothly on ¢. The constraint distribution
can also be thought of as a submanifold D of T'Q of dimension 2n — k, which in bundle coordinates
is given by

loc . n .
D= {(q,q) eR*™ : g€ Q, €Dy}

and will be called the (Lagrangian) constraint manifold.

D’Alembert’s principle assumes that the reaction force exerted by the nonholonomic constraint
annihilates the fibers of (an appropriate jet extension of) the distribution D and leads to a dy-
namical system on the submanifold D, which is described by Lagrange equations with multipliers.
Eliminating the multipliers gives the reaction force as a function of the kinematical state v, € D
and leads to a vector field on the constraint manifold D, which gives the equations of motion. In
bundle coordinates, the equations of motion have the form

S-S =R )

where R = R(q, ¢) is the reaction force exerted by the nonholonomic constraint.

The expression of R in bundle coordinates can be found, e.g., in [1, 23, 6]. We recall this
expression because we will use it in the examples of Section 6. Let II(q) be the A(q)~!-orthogonal
projector onto the orthogonal subspace of D, = ker S(g), that is

= ST[SA157] 'sA~1,
[
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and define the vectors 3(q,¢) € R”, V'(q) € R™ and (g, ¢) € R* as having components

0A4;; 10An) . . ov 0S5 . .
Bi:Z( o jh)Qth, Vi = Yo = Y hjqth

0 dqn 2 0Jq; q; < dq
(t,5,h=1,...,n,a=1,...,k). Then,
R =15 - 5T[sA7'ST] "y + IV, (3)

B. Local Hamiltonian formulation. We pass now to the Hamiltonian formulation of non-
holonomically constraint systems, see [40, 4, 32| for general references. We begin by giving a local
description of this formulation, in Darboux coordinates (¢,p) on T*Q. We will use such local
formulation for the computation of the distribution A in Section 5 and in the examples of Sections
6 and 7.

The Legendre transformation A : TQ — T™Q relative to the Lagrangian L =T — V omg is a
diffeomorphism and the image M := A(D) of the submanifold D of T'Q is a submanifold (and a
subbundle) of 7*@Q of dimension 2n— k, which will be called the (Hamiltonian) constraint manifold.
In Darboux coordinates

AMa.d) £ (g, A)d)

and 1
M Z {(¢,p) €R™ : g€ Q, Alq) 'p e Dy}.

The equations of motion of the nonholonomic system are Hamilton equations with the reaction
force. The Hamiltonian is H = ToA™' +V o 7w, where 5, 1 T"(Q) — @Q is the cotangent bundle

loc 1

projection. In Darboux coordinates, H(q,p) = 5p- A(q)"'p+ V(q) and the equations of motion

are
0H

Q= G, - —%—f<q,p>+R(q,A<q>*1p).

These equations are the local representative of a dynamical system on the constraint manifold M,
that we call the (Hamiltonian) nonholonomic system (H, M ).
Note that it is possible to express the constraint manifold M also in terms of the 1-forms 7.
In fact, the submanifold D of T'Q) can be (locally) described as the zero-level set of the map
7= (f1,...,7%) : TQ — R* where 7; : TQ — R is given by 7;(vy) = (1:(q),vy) for all v, € Dy,
q € Q. Therefore
M =771(0)

for
#g,p) == (FoA N(ap) = S(@)A) 'p,
see [39].

C. Global Hamiltonian formulation. A local, coordinate description will not be sufficient
for our analysis and we need a geometric formulation of the equations of motion. In view of this,
we preliminarily recall some facts from symplectic geometry; see e.g. [31, 35] for details on these
topics.

Let w be the canonical symplectic form of T*Q). As usual, Xz denotes the Hamiltonian vector
field of a smooth function F' on T*Q, that is, ix,w = —dF. Similarly, the Hamiltonian vector
field X, of a closed 1-form 7 is defined by ix,w = —7. If E,, is a subspace of the tangent space
T(T*Q), m € T*Q, then its symplectic orthogonal is defined as

E? = {veT,T7Q : wn(v,u)=0 YueE,}.
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Recall that (E¥)¥ = E,, and that F,, and E¥ have complementary dimensions. The polar of a
distribution T on T*Q is the distribution T7“ on 7*@Q whose fibers are the symplectic orthogonals
to the fibers of 7.

The Hamiltonian formulation of nonholonomic mechanics requires the introduction of a cer-
tain distribution D on T*Q, whose polar is related to the reaction force, see [4, 32, 39, 13, 14].
Specifically, at each point m € T*Q, the fiber D,, C T,,(T*Q) of D is the preimage of the fiber
D (m) of the constraint distribution D under the derivative T'mf, of the cotangent bundle projec-

tion 77, : T*Q — Q. With reference to the representation (1) of D, the fibers of D are thus given
by
Dy = ker {(75) mi(m), ..., (75) T(m)} 'L {(ug,up) ER" X R™ : g € Dy} (4)

for all m € T*Q. If, as we assume in this work, D has constant rank n — k, then D has constant
rank 2n — k.

The distribution D is defined on all of 7*Q, but we will need only its restriction to M. On the
points m € M, the fiber D,, is distinct from the tangent space T, M, even though they have the
same dimension. In fact, T}, M is the annihilator of the differentials of the k functions 7, which,
in Darboux coordinates, are the functions [S(¢)A(q) 'pl.. Note also that, while M depends both
on D and A, and thus on the kinetic energy 7', D and its polar D depend only on D.

If, as we assume in this work, the constraints are linear and ideal, then the Hamiltonian
counterpart of the reaction force is a section R of (the restriction to M of) the polar distribution 5w,
see e.g. [4, 32, 39, 13, 14]. The distribution D" has constant rank k and is locally generated by the
vector fields X(wé)*na . ’X(wa)*m' Correspondingly, the polar distribution [T}, M]“ has constant
rank k, too, and is locally generated by X+, ,..., X+,.

As proven in [4, 32] at each point m € M the subspaces T,,, M and 5:1 of T,,,T*Q are transversal
and complementary, so that

Tn(T*Q) = T,M®D,, YmeM. (5)

This implies that, at each point m € M, there is a unique splitting u = 7™ + P~ of vectors
u € T, (T*Q), where for each subspace E of T, (T*Q), u” € E. Correspondingly, any vector field
X on T*Q can be uniquely decomposed on the points of M as

X = XM 4 xP° (6)

with XTM a section of TM and X?  a section of D

Splitting (6) is used to write globally the equations of motion of nonholonomic systems [4, 32].
In fact, a constrained motion ¢ — m; € M satisfies 1 = Xz (m) + R(m) = X5M(m) + ng (m)+
R(m). Hence, 1 € T;,M and R € D" if and only if the reaction force satisfies R = _XF?WW and
t — m; satisfies the equation of motion

m = XEM(m), me M.

The dynamical system on M defined by the vector field X% is the (Hamiltonian) nonholonomic
system (H, M) we mentioned before.

Splitting (5) plays a central role also in the study of constants of motion [18, 39]; we will come
back on this in Section 4.

Remark: For completeness, we mention here two facts that we will not use. (1) In the case
of linear constraints, the vector field X4 belongs to D as well and is therefore a section of
the distribution 5 = TM N D along M, see [4, 39]. As proven in [4, 16], the symplectic form
restricted to H is nondegenerate and T, (T*Q) = H,, & HY, for m € M. These facts play a central
role in the reduction procedure developed in [4] and in the distributional Hamiltonian aproach to
nonholonomic systems developed in [17, 15]. (2) The nonholonomic dynamics conserves the energy,
that is, XZM(H) = 0 in all of M.
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3 Weakly Noetherian constants of motion

A. Definition. We introduce now the notion of weakly Noetherian constants of motion and
review the case of gauge momenta. From now on, it is tacitly understood that (H, M) stands
for a Hamiltonian nonholonomic system of the type specified in Section 2, which corresponds to a
configuration manifold @, a constraint distribution D, a kinetic energy T" and a potential energy V.

By a constant of motion of the nonholonomic system (H, M) we mean a smooth function
F : M — R such that the Lie derivative XZ™(F) = 0 in all of M. Given an action U< of a Lie
group G on @, we denote by W7 @ its lift to the cotangent bundle T*Q.

Definition Fiz the configuration manifold Q, the constraint distribution D on Q, an action U? of
a Lie group G on Q, and a VT~ @ —invariant kinetic energy T : T*Q — R. Then, a smooth function
F : M — R is said to be a weakly Noetherian constant of motion relative to (7', M, U?) if it is
a constant of motion of all nonholonomic systems (T +V o 71';5,M) with W® —invariant potential
energy V : Q — R.

The restriction to lifted actions in this Definition is not necessary, but this is the case we will
consider in the sequel.

Remark: Notions of Noetherian and of weakly Noetherian constants of motion of nonholonomic
systems were given in [22] in the special case of functions linear in the momenta. The treatment
there was in the Lagrangian context but, since under our hypotheses the Legendre transformation
is a diffeomorphism, everything transfers to the Hamiltonian context. However, there is a subtlety
involved in extending the notion of Noetherianity to nonlinear functions, and this extension cannot
be achieved by just dropping the constancy of the kinetic energy 7" in the previous Definition. The
fact is that, in a mechanical context, one starts with a given Lagrangian constraint manifold D and
(even assuming that this operation could be done without changing D, which might be unrealistic)
changing the kinetic energy changes the Legendre transformation A and hence the Hamiltonian
constraint manifold M = A(D). Since M is the natural domain of definition of the constants of
motion, it is not completely clear what should the appropriate definition of Noetherian constant of
motion be, if any. If one considers only functions which are defined in all of 7*@Q, then ‘horizontal
momenta’ (in the sense of the next subsection) are obviously Noetherian [22]. Note that this
difficulty cannot be overcome by simply working in the Lagrangian context, where the constraint
manifold D is fixed, because changing the kinetic energy changes the pull-back of J to T'Q.

B. Weakly Noetherian gauge momenta. In order to give some perspective for the subsequent
treatment we review very quickly the properties of weak Noetherianity of the class of constants of
motion which has been more extensively studied, that formed by momenta and gauge momenta.
For motivations, details and examples see [22, 24] and references therein.

By a ‘linear’ function on M we mean the restriction to M of a function on T*@Q which is linear
in the momenta, that is, which can be written as

F =p-&9y

with some vector field €2 on Q. The vector field £9 is called a generator of F and, since M C T*Q,
it is not unique (see [28, 22, 23] for further details). Fix now an action ¥® of a Lie group G on Q
and let G denote the distribution on @ whose fibers G, are the tangent spaces 17,0, to the orbits
Oq4 of U2 A linear function on M is called a gauge momentum relative to the action % if it has
a generator £€9 with the following two properties: (1) it is a section of G, and (2) its cotangent lift
€77 Q infinitesimally preserves the Hamiltonian in M, namely {T*Q(H )|as = 0. Any such generator
is called a gauge simmetry. (Note that a gauge momentum may have as well generators which
do not satisfy either condition and are not gauge symmetries). If the gauge symmetry £9 is an
infinitesimal generator of the action W<, then the corresponding gauge momentum is a component
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of the momentum map of the lifted action ¥7 9 and will be called a momentum. Therefore, in
the sequel we refer only to gauge momenta. A gauge momentum is said to be horizontal if it is
generated by a horizontal gauge symmetry, that is, a gauge symmetry which is a section of the
constraint distribution D.

A gauge momentum is a constant of motion of the nonholonomic system (H, M) if and only if it
is generated by a gauge symmetry which is a section of a certain distribution R, ;. on @ [23, 22].
This distribution is called the reaction—annihilator distribution, depends on D, T" and V and is
an overdistribution of the constraint distibution D, that is, its fibers contain those of D. This
implies, in particular, the very well known fact that all horizontal momenta and gauge momenta
are constants of motion [30, 3, 16, 8, 13, 5, 33, 7, 19, 15]. This also implies that a gauge momentum
is weakly Noetherian if and only if it is generated by a gauge symmetry £9 which is a section of the
distribution Ny R, 1\, which is obtained by taking the intersection of all the distributions R, 1
corresponding to W? —invariant potential energies V.

Since Ny R%, 7y, is an overdistribution of D, this implies in particular that horizontal momenta
and horizontal gauge momenta are weakly Noetherian [22]. Moreover, if the action is transitive
on @, or more generally if G is an overdistribution of D, that is, G, 2 D, for all ¢ € Q, then
any conserved gauge momentum is horizontal ([22], Proposition 4) and hence weakly Notherian.
However, the class of weakly Noetherian momenta and gauge momenta might be larger than the
horizontal ones, a possibility which might be particularly important in cases such as the generalized
Chaplygin systems, for which D, N G, is trivial.

Remark: The number of functionally independent horizontal gauge momenta (or, equivalently,
of functionally independent constants of motion identified by the momentum equation [22]) is not
bounded from above by the rank of the distribution with fibers G, N D, unless this rank is either
zero or one. In fact, given two or more vector fields on @, lifting their linear combinations with
coefficient functions produce vector fields on 7'Q) which need not belong to the span of the lifts
of the given vector fields. For a (holonomic) example of a two—dimensional Lie group with three
indipendent horizontal gauge momenta see Section 6 of [22].

4 On the number of weakly Noetherian constants of motion.

A. First integrals of distributions. As explained in the Introduction, our aim is to develop a
method to compute an upper bound on the number of functionally independent weakly Noetherian
constants of motion. The key will be regarding these functions as ‘first integrals’ of a certain
distribution. We thus begin this analysis by introducing the notion of first integrals of a distribution
and studying some of their properties.

For all notions and properties relative to distributions, and in particular for the definition
of smooth and real analytic distributions, we refer to [31, 35] (which call however generalized
distribution what we call here distribution) and to [29, 12].

Given two distributions 7 and 8 on a manifold M, we say that T is an over—distribution of §,
and write T D §, if their fibers satisfy T, 2 8,, for all m € M. We use the term under-distribution
in a similar way.

We say that a smooth function F' : M — R is an first integral of a distribution T on a manifold M
if the distribution with fibers ker dF(m) is an over—distribution of T, that is,

ker dF'(m) O Ty, Vme M. (7)

A local first integral of T is an first integral of the restriction of T to some open subset of M.
The notion of first integrals of a distribution generalizes in an obvious way that of first integrals
(or constants of motion) of a vector field. Even though this notion seems to be rather natural,
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we have not been able to find any reference to it in the literature; therefore, we collect here a
few properties of these objects. Roughly speaking, the relevant fact is that the first integrals of
a distribution are constant on the (Stefan—-Sussmann) orbits of the distribution, which, for non
integrable distributions, have dimensions larger than the rank of the distribution. Thus, first
integrals of a distribution are first integrals of the foliation that it generates, and the dimension of
the orbits puts a bound on the number of functionally independent first integrals which is stricter
than that given by the rank of the distribution. We give now a formal, and computationally more
convenient, ‘infinitesimal’ statement of this fact.

Preliminarily we recall that, given a smooth distribution T there exists a unique smooth
over—distribution T of T which is involutive and is minimal among all smooth involutive over—
distribution of 7. This distribution is called the involutive closure of T. If T is real analytic,
then T°° is real analytic and there is a standard way to compute T7°°, which is based on taking
commutators, see Section 4.C. For some details, see [29, 12] and references therein.

Proposition 1. Let T be a smooth distribution on M and U C M an open set. A smooth function
F :U — R is a first integral of T|y if and only if it is a first integral of T*°|y .

Proof We use the following notation: if D is a (not necessarily smooth) distribution, then smt(D)
denotes the largest smooth under—distribution of D [29].

Preliminarily, we prove that (T]y)® = T°°|y. One inclusion is obvious: T°°|y is a smooth
involutive over—distribution of T|y and hence is an over—distribution of (T|y)°°. Vice-versa, let
B be the distribution on M which coincides with (T|7)*° on U and has fibers T,, M for m ¢ U.
Therefore smt(B)|y = (T|y)™ because the smoothing operation does not change the fibers of a
smooth distribution. On the other hand, smt(B) is a smooth over—distribution of T which is also
involutive. Hence, smt(B) 2 T and (T|y)*° = smt(B)|y 2 T°|v.

We thus write T|77 for (Ty)> = T°|y. If F is a first integral of T|3F then it is a first integral
of Ty C T|Fr. Conversely, assume that F is a first integral of T|y, that is, kerdF O T|y. The
distribution ker dF' need not be smooth. Nevertheless, since T|y is smooth, ker dF' O smt(ker dF’) D
J|y. Since the commutator of any two smooth sections of ker dF' is a smooth section of ker dF',
the distribution smt(ker dF') is involutive. That ker dF' O T|¢F follows now from the minimality of
T|g among the smooth involutive over—distributions of T|y;, which implies smt(ker dF) 2 T|5°. B

For each m € M, define

em(T) := corank T} .
If 7 is a smooth distribution, so is 7> and the set M, of its regular points is open and dense in

M [12] (a point is said to be regular if the the distribution has constant rank in a neighbourhood
of it). Thus, Proposition 1 implies

Proposition 2. If T is a smooth distribution on a manifold M, then each point m € M, has

a neighbourhood in which there exist ¢, (T*), but not ¢, (T) + 1, functionally independent first
integrals of T.

Proof In aneighbourhood U of a regular point m of 7> the smooth distribution T|gF has constant
rank and, being involutive, defines a smooth regular foliation of U with leaves of codimension
¢m (T%°); in any set of local coordinates adapted to this foliation, the coordinates transversal to
the leaves are first integrals of the restriction of 7°° to the coordinate domain. M

B. On the number of weakly Noetherian constants of motion. We consider now a non-
holonomic Hamiltonian system (H, M) of the type considered so far and, as a first step, we give
a characterization of its constants of motion as first integrals of a certain distribution on the con-
straint manifold M. (From now on we shall consider only objects which are defined on M and we
shall therefore work exclusively in M, not anymore in 7*Q).
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We will use the following notation. Given a finite number of smooth vector fields Xi,..., Xy
on M, (X1,...,X4q)m or (Xi(m),...,Xqs(m)) denotes the subspace of T,,M spanned by
X1(m),..., X4(m). Moreover, (X1,...,X4) denotes the distribution with fibers (X1,..., Xa)m.

Proposition 3. A smooth function F' : M — R is a constant of motion of a nonholonomic system
(H, M) if and only if

kerdF(m) D (kerdH(m)N D)  NT,M  Vme M. (8)

Proof A function F on M is a constant of motion of (H, M) if and only if (dF, X ;™) = 0 at all
points of M, that is,
kerdF(m) 2 (X};M) ~ VYme M.

Note that the T'M—component u”™ of a vector u € Ty, (T*Q) is given by (u+D,,) N T}, M. Hence,
(XEMY = ((Xp)m + 5:1) N T M. Recalling that X is symplectically orthogonal to ker dH we
thus have (XZM), = [(ker dH (m))* 4+ D] N T,y M = (ker dH(m) N D) N T, M. W

Remarks: (i) Characterization (8) of constants of motion of nonholonomic systems is in a
sense dual to characterizations given in [16, 18, 39]. Since (5) implies Ty, (T*Q) = (T, M)* @ Dy,
for all m € M, on the points of M there is a splitting X = X7M" + X of vector fields on T*Q
which is dual to (6). As proven in [39], a function F' : M — R is a constant of motion of (H, M)
if and only if for one, and therefore any, extension F of F off M,

X?(H)W = 0. (9)
Note that this condition is equivalent to

XZ(m) € (kerdH(m)NDy,) +TM*  VmeM,
which can be compared to (8). A reformulation of condition (9) which, like condition (8), avoids
the use of extensions of functions off M can be given in terms of distributional Hamiltonian vector
fields [15].

(ii) A function F' is a constant of motion of a Hamiltonian vector field Xy if and only if
either Xy (F) = 0 or, equivalently, Xp(H) = 0. Condition (9) is manifestly an analogue of the
latter condition. Instead, (8) is an analogue of condition Xpg(F) = 0, that is, kerdF' D (Xp).
In fact, if there are no nonholonomic constraints, then M = T*Q, D = T(T*Q) and therefore
(kerdH ND)* NTM = (kerdH)* = (Xu).

Based on Proposition 3, we can now give the following characterization of weakly Noetherian
constants of motion:

Proposition 4. Fiz the configuration manifold Q, the constraint distribution D on Q, an action
TR of a Lie group G on Q, and a T Q—invariant kinetic energy T : T*Q — R. Let I be the set
of all U@ —invariant smooth real functions on Q. For each m € M define

Im = () ker (dT'(m)+d(V omg)(m)) (10)
Velg
Ap = (9N D) NTM. (11)

Then, a smooth function F' : M — R is a weakly Noetherian constant of motion relative to
(T, M, V®) if and only if
kerdF(m) O A, Vme M. (12)
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Proof A function F' is a weakly Noetherian constant of motion if and only if, at each point
m € M, inclusion (8) is satisfied for all H =T + V o}, with V' € I¢. Omitting for shortness the
indication of the point m, this is equivalent to (kerdF)* C (kerd(T +V o %) ND) +TM* for all
V € Ig, namely
(kerdF)* € () [(kerd(T +V)ND)+TM*] .
Velg

Since the transversality of D and TM implies that of D and T M*, the subspace mVeIG [( ker d(T+
V)ND) +TM*] equals (JND) +TM“. &

Let A be the distribution on M with fibers A, C T;,, M as in (12). In view of (7), Proposition 4
means that, if A is smooth, then a function F' : M — R is a weakly Noetherian constant of motion if
and only if it is a first integral of the distribution A. Therefore, if ¢, (A®) denotes the codimension
of the fiber A% in T;, M, that is,

em(A®) = dim M —rank AY° = (2n — k) —rank A7,

then by Proposition 2 in a neighbourhood of each regular point m of A there exist ¢, (A>),
but not ¢, (A®) + 1, functionally independent weakly Noetherian constants of motion relative to
(T, M,¥?). From a dynamical point of view, the existence of local constants of motion of a
dynamical system has no particular significance—the rectification theorem ensures the existence
of the maximal number of them. Thus, this fact cannot be considered as an existence result of
weakly Noetherian constants of motion, but an upper bound on their number:

Theorem 1. Under the hypotheses of Proposition 2, every set of functionally independent global
weakly Noetherian smooth constants of motion relative to (T, M, ¥®) contains at most c(A>®) :=
ming,e s ¢m (A*) elements.

In practice, however, the estimate provided by Theorem 1 may be used as a guide for the
search of as many weakly Noetherian constants of motion as possible, including horizontal gauge
momenta.

Of course, the effectiveness of this approach depends on the possibility of constructing the
distribution A°°, which in turn requires the knowledge of A. As we review in the next subsection,
there is a standard procedure for the construction of A if the distribution A is real analytic (see
e.g. Chapter 3 of [12] for details and references). The construction of the distribution A will be
done in Section 5 under suitable assumptions on the actions ¥<.

C. Construction of A*. We assume now that, as it happens in typical cases, the distribution A
is real analytic. As we have already mentioned, there a standard way of constructing the involutive
closure of a real analytic distribution [12]. Since any real analytic distribution is locally finitely
generated, in any sufficiently small open set U C M, there are r = rank A independent vector

fields X1,..., X4 such that Al := Ay has fibers JANES <X1, e ,Xd>m, that is,
Al = (Xy,...,Xg) .

Define
ASTL = ASUA® AT, s=1,...,n—1,
where [A®, A?®] is the distribution whose sections are all the commutators [n, ] for 7, £ sections of
A% that is,
A? = (Xq,...,[X1,X2),...)
AP = (X1, (X1, Xal, o (X0 [ X0, Xol), - [ X, Xa), (X, X))
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etc. Thus, A* = A® where s is the smallest positive integer such that A® is integrable or, in other
words, the smallest positive integer such that A® = AST!,

Thus, in order to apply the criterion of Theorem 1 to a specific nonholonomic system with
analytic distribution A, it suffices to find a system of generators of A in a neighbourhood of each
of its regular points and then compute sufficiently many Lie brackets of these generators, checking
for linear independence.

This procedure can be implemented in two ways. One is of course that of parameterizing the
constraint manifold M and writing the generators of A using the chosen local coordinates. The
other is that of making all computations using extensions off M of the chosen local generators
X1,..., X4 of A. In fact, if X1,..., Xy are extensions of X1,..., Xy off M, then

(Xo, Xoljy = [Xan Xs]  Va,b

for a known property of related vector fields, see e.g. [35]. We will use both methods in the
examples below.

5 The distribution A for free and proper actions

A. Determination of A. The determination of the distribution A requires the determination
of the distribution J as in (10). This is an easy task if the action is proper and free, and we limit
ourselves to this case.

As above, we denote by G the distribution on ) whose fibers G, are the tangent spaces 7,0,
to the orbits O, of the action UQ. For our purposes it is sufficient to determine A in Darboux
coordinates (¢q,p). Thus, we identify the tangent spaces T, ,)7T*Q with R?" (or with R™ x R",
when we want to stress the individual roles of the ¢— and p—components of the tangent vectors),
we identify the spaces §, = 7,0, and D, with subspaces of R"™ and we identify the spaces T(, ,) M,
Aq,p) and Ji, ;) with subspaces of R2™. In the sequel, the dot denotes the scalar product in R
and, if E is a subspace of R", then E' denotes its orthogonal complement in R"; if v € R",
then v stands for (v)t. We will distinguish between row and column vectors only when some
ambiguity might arise. As before, we denote by A(q) the kinetic matrix, so that the kinetic energy

is T(q,p) = 3p- A(q)~'p.

Lemma 1. In addition to the assumptions of Proposition 4, assume that the action U® is free
and proper. Then, at each point (q,p) € M,

i R" x R™ pt YTy g 13
@p) = | (g vp) € X : Vg €5q, vp €T, T2 " » (13)
P
where o7 T
o _ -1 o
T, = 8—p(q,p) = Alg~'p  and T, := 9 (¢:p)- (14)

Proof A vector v = (vq,vp) € Jq,p) if and only if d(T'+ V)v = 0 for all V € Ig, namely if and
only if %—‘q/ vy =0forall V € Ig and Ty - v, + T}, - v, = 0. If the action is free and proper, then

the condition
oV

dq
is equivalent to v, € G, (see e.g. Theorem 2.5.10 of [35]). If p = 0 then T} = T; = 0 and there
are no conditions on v,; this is consistent with (13) because in this case TZQL =R" and T; = 0. If
p# 0 then v, € 70" — | T4 ~2(vy - THT,. W

'quo VVelqg
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Lemma 2. Under the hypotheses and with the notation of Lemma 1, at any point (¢,p) €M a
vector (ugq, up) € R™ X R™ belongs to [J(q’p) N D(q,p)]w if and only if

ug - T}
Uq € <T1§> and up € [Dg N 9(1]l - ”éﬂéng Tt; (15)
with T, and T, as in (14).
Proof Formulas (4) and (13) imply
) 1L T, Yq
Jap) NDigp) = {(vq,vp) ER"XR" : v, €DyNGy, v €T, — ||;/||2 Tp} . (16)
p

Thus, a vector (ug,up) € R™ x R™ is symplectically orthogonal to J(,,) N 5(,14,) if and only if
Ug - Up = Uy - Vg for all v, € Dy NGy and all v, € TZQJ‘ — (T} - vg)IT}]| =T}, that is, if and only if

vg - T
Ug - (T][',l - ||qT’||§ TI’)> =up-vg  Yog€DyNGy. (17)
P
When v, = 0 this equality reduces to u, - TZQJ‘ = 0, which gives u, = )\TZQ for some A € R. For this
value of u, (17) becomes (AT, + u,) - vy = 0 for all v, € D, N G,. This shows that
Diam mﬁ(q,p)]“} = {(ug,up) + ug = AT}, up € [Dg N 9(1]l - )‘Tév AER}.

p?

Expressing A in terms of u, and T} leads to (15). B

We can now complete the characterization of A. Note that, since A is an invertible n X n matrix
and S is a k x n matrix with rank k, SA~1S7 is an invertible k£ x k matrix. Note also that, if the
vector subspace [Dq N §q] * of R is k-dimensional and has a basis formed by vectors wi, ..., wg
of R”, then the vector subspace [j(q,p) N 5(“,)]“} of R?" is (k + 1)-dimensional and has a basis

formed by the vectors (0,w1), ..., (0,wk), (T}, —=T}) of R*".

Proposition 5. Under the hypotheses and with the notation of Lemma 1, at any point (q,p) € M
a vector (ug,up) € R™ x R™ belongs to A(q ) if and only if it satisfies (15) and

-1

up € Alg)Dy = S(@)" [S(0)Ale)"'S(9)T] K(a:p)uq (18)
where K(q,p) is the matriz with components
0 _ .
K(q,p){” = aq(S(q)A(q) 1p)a, a:l,...,k, 7,21,...77’7,.

Proof Recall that A, = [Jp, ﬂ@m]“ NT,, M. By Lemma 2, (uq, up) € [Jmﬂﬁm]“ if and only if u,
and u,, satisfy (15). Since M is (locally) the zero level set of the k functions 7, = (S(¢)A(q)™'p)a,
a vector (ugq,up) € R™ is in T{, ,) M if and only if

uq-aa—zl(q,p)—i—up-%—gl(q,p)zo Ya=1,...,k,
that is, if and only if
S(@A(@) ™ up = —K(q,p)uq. (19)
Given that D, = ker S(q) it is immediate to verify that this condition is equivalent to u, €

AD — ST(SA™LST) 1 Ku,. m

B. Some consequences. We draw here a few consequences from Proposition 5. First, we have:
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Corollary 1. If G acts freely and properly on Q and G is an over—distribution of D, then A has
rank one at all points of M, except on the sumbmanifold p =0 of M where it has rank zero.

Proof We shall prove a little bit more, that is, that if the action is free and proper, then the
distribution A satisfies

dimAg,,) = 1+n—k—dim(5, N Dy) ifp#0
dim A0 = n—k—dim(5, N D,).

This implies the statement because, if §, N Dy = D, then dim(G, N D,) = n — k. Let m =
(¢,p). Note that dim A,,, = 2n — dim A% . From (11) and the transversality of T,, M and D, it
follows that A% = (J,, N Dyy,) & (T, M)“. Hence dim A%, = dim(J,, N D,y,) + dim[7T},, M]*, where
dim[T},, M]* = k. From (16) it follows that, if p # 0, then dim(J,, N'D,,) = dim (G, N D,) + (n—1)
R™ and

because TI’)L is a subspace of R" of dimension n — 1. If instead p = 0, then Tf
dim(J,, N D,,) = dim (G, ND,) +n. M

Hence, if the action ¥? on @ is free and proper, and if the group orbits are sufficiently large,
so that § O D, then the distribution A has rank one at all points except at p = 0, where its rank
is zero. This implies that A is integrable and A®>® = A. Therefore, it follows from the statement
at the beginning of the proof of Theorem 1 that, in this case, given any U7 “—invariant kinetic
energy T on T*(@, in a neighbourhood of each point of M there is the maximum number 2n —k —1
of functionally independent local weakly Noetherian constants of motion. Thus, in this case, which
includes the case of transitive actions, our method does not give any new information with respect
to the rectification theorem, but the fact that the local constants of motion can be chosen to be
weakly Noetherian. This is a sort of weakly Noetherian version of the rectification theorem.

If G is not an over—distribution of D, instead, the distribution A has rank greater than one and
may be not integrable. This puts some limitations on the number of (even local) weakly Noetherian
constants of motion.

Next, we have:

Corollary 2. Given Q, M and T, consider two free and proper actions \I'? and \I'2Q of two Lie
groups G1 and Go on @, whose tangent lifts preserve T. If the orbits of the \Il?faction contain
those of the \I/ngaction, then any weakly Noetherian constant of motion relative to (T, M, \112‘9) is
also a weakly Noetherian constant of motion relative to (T, M, \I'?)

Proof According to (13) and (18), the fact that a vector tangent to M is in A depends on the
group action only through the tangent space to the group orbits. W

In particular, if two different group actions have the same orbits in @ (but possibly different
orbits in T'Q)), then they have the same weakly Noetherian constants of motion.

6 Example: the rolling vertical disk.

A. The system. As a first test case for the method, and as an illustration of it, we consider here
the system formed by a disk which is constrained to roll without slipping on a horizontal plane, and
to stand vertically. This is a well known system, which has been considered e.g. in [16, 8, 13, 23].
We shall consider various classes of forces acting on the disk, with various symmetry groups, so as
to show how changing the symmetry group changes the dimension of A* and thus the bound on
the number of weakly Noetherian constants of motion provided by Theorem 1. We shall then test
the optimality of these bounds by comparison to the actual number of global weakly Noetherian
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constants of motion, which in the considered cases can be determined by analyzing the equations
of motion.

The holonomic system has configuration manifold Q@ = R? x S' x S' 3 (x,9,60,¢), where
(r,y) € R? are Cartesian coordinates of the point of contact, ¢ is the angle between the z—axis
and the projection of the disk on the plane, and € is the angle between a fixed radius of the disk
and the vertical. In order to simplify the notation, we assume that mass and radius of the disk
are both unitary. The nonholonomic no—slipping constraint imposes that the point of the disk
in contact with the plane has zero velocity, that is, £ = écosap and y = 0 sin . The rank-two
constraint distribution has fibers

D(z,y.0,0) = (COSp Dy +sinpdy + 0y, 0,)
that is, ker S, 4 9,,) for
g _ cosp sinp —1 0
@y0¢) = \—sing cosp 0 0)°

The (Lagrangian) kinetic energy is T' = %(xz + y2) + %I92 + %ngz, where I and J are the
appropriate moments of inertia. If we write h = 1/1, k = 1/J and if V(z,y, ¢, 0) is the potential
energy of the forces acting on the disk, then the Hamiltonian is

2 2
P2Apd ho, k
5+ 5Pt 5ps T V(@ y,9,0)

H(iﬁ, Y, ¥, gvpa:apyap97p<p) =
The constraint manifold

M = {(2,9,0,9,Dz: Py Po:Py) : Pz = kpgcos, py = kpesinp}

is six-dimensional. It is diffeomorphic to R* x T? and can be globally parameterized with
(x,v,0,9,ps,p,). Using these coordinates, the equations of motion, which can be computed from
(2) and (3), are

& = hpgcosyp, Yy = hpgsiny,

9 = hpe, SD = kpgo; (20)
1

Dy = —H—h(W+V£COS<ﬂ+W;Sin<ﬂ)a be = V.

These equations are simple enough to allow us to interpret the results of the forthcoming analysis,
where increasingly smaller symmetry groups are considered. For simplicity of exposition, we classify
these groups via the corresponding classes of invariant potentials.

B. No forces. If we allow only constant external potentials, then the system is invariant under
the group G = R? x T?, which acts on Q by translations along the coordinates (x,v, 6, ©).

Since this action is transitive, our method gives the existence of sets of five weakly Noetherian
local constants of motion in a neighbourhood of any point of M, see Corollary 1. As we now
show, only four of these constants of motion are globally defined; two of them can be chosen to be
horizontal momenta and the others horizontal gauge momenta.

In order to see this observe that, for constant potentials, the equations of motion (20) become

& = hpgcose, 1§ = hpgsinp, 6 = hpg, ¢ = kpy,, ps =0, p, = 0. (21)

Thus pg and p, are constants of motion, and they are obviously horizontal momenta. Observe
now that each subsystem (6, pg) and (p, p,) performs uniform rotations on S' x R, with angular
frequencies hps and kp, respectively. Since ¢ grows linearly in time and pg is constant, inte-
grating the first two equations (21) shows that the projection of the motion in the (z,y)-plane is
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generically a uniform circular motion, with frequency kp,. (The motion is, exceptionally, linear
if p, = 0). Thus, motions of the system are generically quasi—periodic on tori of dimension three,
with frequencies hpg, kp,, kp,. Since two of the frequencies are equal the closure of all these orbits
is contained in tori of dimension two. But since the ratio hpy/(kp,) varies continuously, the set of
orbits whose closure is a two—dimensional torus forms a dense set. Therefore, there are not more
than 6 — 2 = 4 independent constants of motion which are defined in open invariant sets.

A simple computation shows that two other globally defined constants of motion are kzp, —
hpe sinp and kyp, + hps cosp. They are horizontal gauge momenta because, if the action is
transitive, then any global constant of motion which is linear in the velocities is a horizontal gauge
momentum, see Proposition 4 of [22].

Remark: The fifth local integral gives the “slope” of the orbits on the two—dimensional tori.
It can be taken e.g. as hpgp — kp,0 and it is not globally defined on the tori with irrational
kpo/(hp,). Hence, it is not a gauge momentum even though it is locally a linear combination of
two horizontal momenta.

C. Potentials V =V (p). We allow now potential energies which depend on the angle ¢, thus
restricting the symmetry group to G = R? x S!, which acts by translations along z, y and 6. We
begin by determining the distribution A:

Fact 1 The fibers of A are spanned by the two vector fields

Xi(q,p) = Op, (22)
X2(q,p) = pa0Os + py0y + hpeOy + kpp0yp — kpypyOp, + kppp20p, - (23)

Proof The fibers of A are the subpaces of vectors (uq,u,) € R™ x R™ which satisfy conditions
(15) and (18). First note that, at a point ¢ = (x,y,0, ) € @, the distribution of tangent spaces to
the orbits of the group action has fiber G, = (8,, 9y, 0p) and hence

DgNGq = (cospdy +singdy, + dp) .

Consider now a point p = (pg, py, Pe, py) such that (¢,p) € M and fix a vector u, € R* such that
Uuq € <TIQ> = (A71p), that is,

Ug = A (pmvpyv hp97 kpip) (24)
for some A € R. Since the kinetic matrix A is constant, the vector T(; = %—€ = 0 and the second
condition (15) reduces to the orthogonality of u, to D, N G, that is,

up = (o, —acosp — fsing, ) (25)

for some «, 3,7 € R. Simple computations show that, on the points of M,

_ (0 0 0 pyeosp—pysing) _ (0 0 0 0
K(a,p) = (0 0 0 —prcosp—pysing) — \0 0 0 —hpy

ST(SAflST)Kuq = A (hk‘pgpq, sing, —hkpep, cosg, 0, O)T = A (kpypw, —kppy, 0, O)T,

where the last expressions follow from the constraint equations hpg cos ¢ = p, and hpgsin ¢ = py,.
Thus, since AD, = ( cos 8, + sinpdy, + h™10p, k~'9,,), condition (18) is

up = (,u cos p — AkpyDy , using + M\kpepy,, ph™t, qu) (26)
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for some u,v € R. Together, conditions (25) and (26) demand that u = 0, &« = —Akpyp, and
B = Mkpyp,- Thus, we conclude that (ug,u,) € A,y if and only if

T
Ug = /\(pmapya hpe, kpga)T and Up = ( - )\kpypw ) )\kpmpap , 0, V)
with A\, v € R. This shows that A = <X1,X2>. [ |

Note that the distribution A has obviously rank two at all points of M, except where py = p, =0,
where it has rank 1. Moreover, it is real analytic.

Fact 2 The distribution A has rank five at all points of M except where pg = 0, where it has
rank two.

Proof The distribution A' := A is not integrable because the vector field
X1, Xo] = 09 — pyOp, + POy, =: X3

is linearly independent of X; and X5 in all of M but where py = 0.
We thus investigate the integrability of the distribution A? = <X1, X, X3>. Note that
[X71,X3] =0 and
[X27 XS] = pyar - pTay =:Xy.

A simple computation shows that, in M, X4 is linearly independent of X7, X5, X5 wherever py # 0.
Therefore, A? = (X1, X2, X3) is not integrable.
The distribution A3 is generated by X1, X2, X3 and X4. Note that [X7, X4] = 0,

[X3; X4] = pTaT +py8y =: X5,

and (X, X4] = kp,X5. The vector fields X, X5, X3, X4, X5 are linearly independent at all points
of M except where pg = 0. Thus, A? is not integrable.

The distribution A4 is generated by Xl,XQ,Xg,X4 and X5. Since [Xl,X5] = [X4,X5] = 0,
(X3, X5] = —X4 and [Xo, X5] = —kp, X4, A? is integrable. Thus, A® = A%, Computing the
minors of the matrix whose rows are the vector fields X1, X5, X3, X4, X5 one sees that this matrix
has rank five wherever py # 0, and rank two where pg = 0. H

Since A® has rank five in an open dense subset of M and M is six—dimensional we conclude that
the system has at most one weakly Noetherian constant of motion. It is immediate to verify that
the system has indeed one global weakly Noetherian constant of motion, which is the horizontal
momentum pg. In fact, for potentials depending only on the angle ¢ the equations of motion are

i = hpgcosp, § = hpgsing, 0 = hpg, ¢ = kpy, po = 0, P, = —V'(p).

If we compare this situation with that of constant potentials of the previous subsection, we
note that the (¢, p,) subsystem has still one constant of motion, the energy pZ/(2k) 4+ V(¢),
which however now depends on V' and is therefore not weakly Noetherian. On the other hand, the
nonconstancy of ¢ has the consequence that the (z,y) subsystem might not have a global constant
of motion at all—not only a weakly Noetherian one—because of, e.g., the presence of a limit cycle.

D. Other cases. The study of other symmetry groups is computationally very similar to the
last one, and we review very quickly a few cases. Technically, changing the group changes the
distribution G, which determines the p—components of vectors of A through its intersection with
D, see (15).

Potentials V = V(z,y). If the group is G = T? acting by translations of the two angles 6 and ¢,
then the distribution of tangent spaces to the orbits of the group action has fibers §, = <8<pa 89)
and

DyNGy = <84p> .
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Correspondingly, the second condition (15), namely u, € [D, N Gp]*, imposes that the fourth
component of u,, is zero. Vectors (ugq, up) in A,y are thus given by (24) and

u, = (pcosp — Akpypy, psing + Akpyp,, ph™", 0)
for A\, u € R. Equivalently, A = <X1, X2> with
X1 = cospdp, +singd,, + 0p, (27)

and X as in (23). The distribution A! := A has rank two in all of M’ = M \ {p = 0} and
is not integrable. Its involutive closure is A%, which has rank five in M’. (It is spanned by X,
Xo, [X1, Xa], [X2, X3] and [Xa, X4]). Therefore, the system has at most one weakly Noetherian
constant of motion. A glance at the equations of motion

i =hpgcosy, §=hpgsing, 0 =hpy, ¢ =kp,, po= (Vicosp+V,sing), p, = 0

h
1-h
shows that the horizontal momentum p, is a constant of motion (and that there are no other
constants of motion, except the energy, unless V' has special properties).

Potentials V = V (0, ¢). Finally, we consider the case of potentials which are invariant under
translations along x and y. The distribution § = (9, dp) has trivial intersection with D and there
is no restriction on u, from the second condition (15). Vectors (ugq,u,) in A,y are thus given by
(24) and

Up = (u cos — Akpyp, , psing + Akpzp, , ph™t, Vk_l)

for A\, u, v € R. Equivalently, A = <X1,X2,X3> with X7 as in (27), X5 as in (23) and X3 = 0p, .
The distribution A! := A has now rank three in all of M \ {p = 0}, is not integrable, and its
involutive closure is A%, which has has rank six in M \ {p = 0}. Therefore, the system has no
weakly Noetherian constants of motion.

7 Example: the ball rolling on a surface of revolution.

A. Generalities. We consider now a second, computationally more challenging example. This
is the classical system formed by a heavy homogeneous ball which is constrained to roll without
slipping on a smooth surface of revolution with vertical axis [37, 34, 26, 42, 21, 11]. The surface,
if not convex, is usually assumed to satisfy a technical condition which amounts to the fact that
the ball should be sufficiently small (see below), but it is otherwise arbitrary.

It is classically known that, whatever the surface, the system has three functionally independent
constants of motion [37, 26]. One is the energy and the other two have been shown to be horizontal
gauge momenta—and hence weakly Noetherian—relatively to a natural action of S* x SO(3) [5,
36, 38] which corresponds to rotate the ball around its center and to rotate the center around the
surface’s axis. Dynamically this means that, given the surface, these two functions are constants
of motion for all systems obtained by replacing gravity with any other potential which depends
only on the height of the center of the ball.

In the case of gravity, additional independent constants of motion may exist for particular
choices of the surface. For instance, if the surface is convex, then the system is integrable and
there is a total of five functionally independent constants of motion [26, 20]. Known expressions of
the two additional constants of motion [20] involve a property of the solutions, the so—called shift
or phase [26], whose computation is prohibitive but which presumably depends on gravity. Hence,
it is expected that these additional integrals are not weakly Noetherian. Applying our method
we will show that this is indeed the case, under the additional hypothesis of real analyticity of
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the surface. More generally, we will show that there are only two weakly Noetherian constants of
motion for any choice of the surface of revolution.

Since the computations involved in the determination of the distributions A, A2, ... and of
their ranks become quickly exceedingly complex to be performed by hand, we have done them
with the aid of a symbolic manipulation package (Mathematica [41]). Even so, the task is complex.
To succeed, we exploit in an essential way two facts. One is the real analyticity of the system,
which greatly simplifies the determination of the ranks of the distribution A2, ... because, if a real
analytic distribution has rank p at one point, then its rank is > p in an open dense set. The other
is the existence of the two weakly Noetherian constants of motion, which ensures that A°° cannot
have rank greater than dim M — 2 = 6 and allows us to arrest the construction of the distributions
A?, A3, ... when rank six is reached.

B. The system. Since Routh [37], this system is usually studied under the hypothesis that the
surface of contact 8¢ on which the ball rolls is such that the center of the ball moves on a smooth
surface 8, and it is this latter surface which is regarded as given. Specifically, the embedding of
the surface 8§ in the physical space R® > (x,y, 2) is given by an equation of the form

2 = F/ETP)

with an even, smooth function ¥ : I — R, where [ is either the entire real line or an open
interval symmetrical to zero. We will call ‘profile function’ the function F. Note that, under these
hypothesis, the surface 8 has a smooth minimum or maximum at the origin.

The hypothesis that the center of the ball moves on a smooth surface puts a few conditions on
the geometry of the problem, and we will benefit from one of them. Specifically, we will use the
fact that, at each point of concavity of the profile function, the radius of curvature of the graph of
the profile function must be greater than the radius r of the ball, namely

11
% < % at each z € I at which F'(z) < 0. (28)

We will assume that the profile function F : I — R is real analytic. For notational simplicity,
we will consider only the case I = R, but all conclusions remain true for I an open interval.

The configuration manifold Q of the system is diffeomorphic to R? x SO(3) > (=, y, R), where the
two coordinates (z,y) € R? parameterize the position (z,y, F(1/22 + y2)) of the center of the ball
and R € SO(3) parameterizes the attitude of the ball. The kinetic energy of the system is invariant
under the tangent lift of the action (a, A).(z,y, R) = (xcosa — ysina,ycosa + xsina, RA) of the
group S* x SO(3) o (a, A) on Q (see below the expression of the kinetic energy). Potential energies
which are invariant under this action depend only on the coordinates (z,y) and are constants on
the circles 2 + 32 = const. Our aim is to determine the number of weakly Noetherian constants
of motion relative to this action.

Since A*® will be a real analytic distribution, its rank will take its maximum value in an open
and dense subset of Q. Therefore, we may freely exclude from () any submanifold of positive
codimension. Thus, we begin by excluding from @ the submanifold (z,y) = (0,0), which contains
points where the considered action is not free. Correspondingly, we resort to (suitably rescaled)
polar coordinates (p,v) € Ry x S! to parameterize the position of the center of the ball, with

[J [Jo.
T = {/— pcosv, Yy = 4/ — psinvy
m m

where m is the mass of the ball and J is its moment of inertia relative to any baricentric axis.
Furthermore, we use Euler angles (p,1,9) € S' x S! x (0,7) to parameterize SO(3), with the
convention of ref. [2]. The coordinates (p, v, ¢, 1, ?) are defined in an open and dense submanifold
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Q of @, to which we restrict our consideration. This submanifold @ is diffeomorphic to Ry x St x
St x St x (0,7) > (p,7, ¢, ¥, VY), and will be identified with it.
In this way, we are left with a holonomic system with configuration manifold Q. If we define

F(p) = —ff<p i) and  G(p) = 1+ F'(p)*,

m

then the Lagrangian kinetic energy may be written as

5 [G(p) (P + p*0?) + 97 + ¢* + ¥* + 2¢¢) cos 19} .
The constraint of rolling without slipping is given by two 1-forms whose kernel defines a rank 3

constraint distribution on @, see e.g. [37, 26]. The matrix representation of these 1-forms is

_ (VG) 0 0 Feyeso s
S(p, 7, ¢, 9,9) —( 0 pJ/G) KkF'(p) k(F’(p)c;w—sww) kc:i)

where k := ry/m/J. In order to make formulas more readable, here and in the sequel we use the
following shortands: sy = sin®, cy = cos?, sy, = sin(y — @), ¢y = cos(y — @), a = Py — PpCy,
b=p, —PyCy, ¢ = D59, d = PpSy, & = CSyp + aCy, a0d B = CCyp — ASyp.

We note now that, according to formulas (10) and (11), the distribution A is invariant under
constant rescalings of the kinetic energy. Therefore, in order to determine this distribution for
the problem at hand, we may ignore the overall factor J in the expression of the kinetic energy.
Doing so, and passing to the Hamiltonian formulation on T*@Q via the Legendre transformation,
the kinetic energy becomes

= p% +ﬁ+p_129+p520+p12b_2c19p¢p¢
2G(p) ~ 2p* 2 252

while the constraint manifold M is the eight—dimensional submanifold of T*@ given by the equa-

tions
aG1/? B+ F'd

pp=—k PR Pv:kpw~

Thus, the constraint manifold M can be identified with 7% x (0, 7) x R, x R?, with global coordinates
(,Y’ 2 % 197 pvpcpvpd)apﬁ)‘

From Section 5 we know that A* depends only on 7', on S and on the group action. Hence, in
the case under study, A> depends on the single parameter k = ry/m/J > 0. We will also write

j =1+ k2. Finally note that, in terms of the rescaled profile function F, condition (28) becomes
|F"(z)| < G(x)/k wherever F"(z) < 0.

(29)

C. The distributions A and A*°. We will do all the computations which lead to A*> using
coordinates on M C R® (rather than extensions to R'?). First, we have:

Fact 3 Assume that the profile function ¥ : R — R is an even and real analytic function and
consider any positive value of the parameter k. Then the distribution A has rank 2 in an open
dense subset of M, is real analytic, and is spanned by the two vector fields

X1 = - [kP2G251295w0‘] 9 = [kPG2512957«0(5 +Fd)]o, + [bP2G5/25195w] 9y
+ [aP2G5/251957«0] 9y + [CP2G5/25129} F — [abp2G5/25w] Opy
— i B ap?sy F" (BF' — d)([svwF’} Op, — [(s9 — cosyoF")] 8%)

Xo = ¢y0890p, + 815 Op, -
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Proof To determine A we follow its description given in Proposition 5 and Lemma 2. First, we
determine a set of generators of [JNG]*, see (15). Since the distribution G on @ is generated by 05,
Oy, Oy and Oy, the fiber Dy, N G, over a point ¢ = (p, v, ¢, ¥, ¥) € Q is spanned by the two vectors

(0,kE', —pG2,0,0), (0, k(59 — 5409 F"), 0, ps, G2, —pe, p59GY?) .
Hence, a basis for the subspace [D, N G,]* of R® is formed by the three vectors
w' = (1,0,0,0,0), w®=(0,0,0,cy59,5,), w®= (O,psval/Q, ksyoF', k(sypcoF' — 59),0) .
Fix now a point (¢,p) € M. Thus, as noticed just before Proposition 5, fixed any point (¢, p) € M,

a basis for the subspace [j(q,p) ﬁﬁ(qm)} ¥ of R0 is given by the four vectors (0, w?), (0,w?), (0, w?),
(T,,—T,) with T, and T} as in (13), namely,

2 1,2
p G'p ab P
T’:(-—”— ”000—) T':(—”

a PGB P G’

>

[ V)

b a )
)y T3 5 P9 -
p?’ 55 55

Next, the space A, ;) consists of those vectors (ugq,u,) € [IJ((MD) N 5(“,)}“) which satisfy (18), or
equivalently (19), with

_ P& BB _ kB Kby
K o 2G3/2 Sy Sy 8%9
- pG’' —2G " _ka ko _ kbsye
—2p2G1/2p’Y +kF Py 59 59 0 =z

Thus, a vector (ug,u,) € R belongs to A(q,p if and only if it equals ()\4T1§,)\1w1 + how? +
Asw® — A\yT7) for some Ap,...,\s € R and satisfies So'u, = —Ku,. Solving these equations
(via computer assisted symbolic computation) gives two vectors of R which, after dropping their
p— and p,—components and substituting expressions (29) for p, and p,, reduce to X; and Xo. It
follows from their expressions that these two vector fields are real analytic in all of M.

In order to prove that A has rank 2 in an open subset of M we consider the matrix with
columns X1, Xo. The restriction of one of its 2 X 2 minors to the submanifold M; of M where
v=0,¢p=7/4,9=7/2,py =0, p, =0, py =1 equals %pZG(p)Wz, which is everywhere nonzero.
By analiticity, this minor is non—zero in an open and dense subset of M, and X; and X5 are there
linearly independent. W

Fact 4 In addition to the hypotheses of Fact 3, assume that the profile function F satisfies condi-
tion (28). Then A has rank 6 in an open and dense subset of M.

Proof The vector field X35 := [X7, X5] is given by

X3 = [kGszs%ps?g} 0, + [G5/2p2619812967@87¥,} O0p — [G5/2p20w37@3129]8¢ — [G5/2p233¢
—[i7 k0?5055 (d — BF)F'F"]0,,
+psy [T R p(so — cosyo F)(d — BF)F" 4+ kG?s2 s (B + dF") + PG50 (b516 + CCyC) | Oy,
—pG2Crp5050 [apGH ey + ksy(B + dF')] 8y, -

5139} Oy

The restriction to the submanifold M; introduced in the Proof of Fact 3 of one of the 3 x 3 minors
of the matrix with columns X1, X», X3 equals 1p*G(p)® > 0. Hence, A is not integrable and we
proceed to consider the integrability of A% = (X7, Xo, X3).

A computation shows that [X2, X3] = 0. The expression of the vector field X, := k~1[ X1, X3]
is not yet extremely long—Dbut since its inspection would not add much to the comprehension we
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do not report it here. However, the restriction to the submanifold M; of one of the 4 x 4 minors
of the matrix with columns X7, X5, X3, X4 equals

8 7
p°G 5/2 | =113 2 it
— (G k°F™“F") .

TR )
Since G > 1, this quantity is positive at each point at which F” > 0. If instead F"'(z) < 0 then
F"(z) > —G(z)/k because of (28). Hence, since k? < j,

3 2
G5/2+%F12F/I > GQ_%FIQG > G(G—FI2) =G 2 1.

It follows that the distribution A2 is not integrable, and we proceed to consider the integrability
of AB = <X1, XQ, X3, X4>

By the Jacobi identity, the commutation of X5 with X3 = kil[Xl, X5] implies that also X5 and
X, commute. Hence A* = (X1,..., Xg) with X5 = [X1, X4] and X = [X3, X4]. The expressions
of X5 and Xj are too long to be reported. Proceeding as above, we must now show that at least
one of the 6 x 6 minors of the matrix with columns X7, ..., Xg is nonzero at least at one point.

One of these 6 x 6 minors is a function which, restricted to the submanifold M;, equals the
function Z : Ry — R given by

1
Z(p) = 210—W017G(P)31/221(P)ZQ(P)
with
Zy = 2jpG® — K2(G + K2 + K pGY2 G F!
Zs = k*(3pG® + k* GG + K2pF"*)G'F’
+2G72(jpGt + GG F? + K2p(3F + 3 —1)G" = jK*pF"” — k(G + K)GF'F")
We must prove that Z is nonzero in (at least) one point. Since G > 1, this certainly happens if Z;
and Z, do not identically vanish in a right neighbourhood of p = 0. Now, since we have assumed
that F, and hence F' and G, are real analytic functions on the entire real line, the two functions
7y and Z are also real analytic on the entire real line. Therefore, in order to prove that they are
nonzero in a (right) neighbourhood of p = 0 it suffices to check that their first derivatives in p =0
are nonzero. Observing that G(0) =1, G’(0) = F’(0) = 0 and G”(0) = 2F"(0)? one readily finds
Z5(0) = 25Z1(0) = 45°(1 — k*F"(0)?).

This is nonzero, unless kF”(0) = 1. Since condition (28) implies F"'(0) # —1/k, we have proven
that the minor in question does not identically vanish unless F”'(0) = 1/k.

In order to show that the minor in question does not identically vanish even for this special
value of F(0), we consider the restriction of this minor to the submanifold My of M defined by
v=0,0=7/4,9=u/2, py =0, p, =1, py = 0. This restriction equals

15 31/2
p°G(p) ’ 1/2
——— (kF' + pG"/*) Z3(p) Z.
64v/2 kj? ( p ) Z3(p) Za(p)
with

Zs = KPpF" + 2jkG2F' + jpG°/?

Zy = 12jK2GF(G32 + kF") + 2k2pG5/2 (3 F" + 5k*F" = 3)F" + k*p*G' (3G® + K2 F""?)

F2kpG[5jGAF” 4 k2 ((2k% — 8§G)F'? — 3G)F"* + 2jk*G2F' F'"]
+2p2G3/2 []G4 + k2(7k2 _ 4]G)F/12} FI + 2k2p2G5/2(1 +jF/2)FHI )
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Since F’'(0) = 0 and F”(0) = 1/k > 0, F’ is strictly positive in a right neighbourhood of 0 and
hence kF'(p) + pG'/?(p) > 0 for all p # 0 in that neighbourhood. Proceeding as above, we thus
only have to check that both Z3 and Z,; have nonzero first derivative in p = 0 if F/(0) =1/k. In
fact,

Z5(0) = j+ k(2 + 3k*)F"(0)
Z4(0) = 6k*(1 +2k*)(1+ kF"(0))F"(0).

This proves that, for any value of k¥ > 0 and for any (allowed) choice of the profile function,
the distribution A? has rank 6 at some point of M, and hence in an open dense subset of M. In
turn, this implies that A* has rank at least six in such a subset. As we have already noticed, the
existence of two gauge integrals implies that rank A* < 6. Hence, rank A* = 6 in an open dense
subset of the constraint manifold. B

Fact 4 implies that, for any (allowed) choice of the profile function, the system has exactly
two weakly Noetherian constants of motion, which are the two classically known horizontal gauge
momenta.

8 Conclusions, and some perspectives

In this article we have developed a method to produce an estimate on the number of a certain
type of constants of motion of nonholonomic systems—the weakly Noetherian ones—and we have
shown on examples that this procedure can actually be carried out in practice.

The heart of the method is the fact that the constants of motion of the considered type are first
integrals of a certain smooth distribution A, and the number of these first integrals is bounded by
the corank of the involutive closure A of A. The main limitation of this procedure is that it cannot
distinguish between local and global constants of motion. Geometrically, this is because integrable
distributions give foliations rather than fibrations. Dynamically, this has the consequence that our
method gives only an upper bound on the number of global constants of motion, which are the
only constants of motion of interest from a dynamical point of view. However, the examples of
Sections 6 and 7 indicate that this estimate may be non trivial and informative.

If one is interested to a specific nonholonomic system, with a given symmetry group, then an
estimate on the number of weakly Noetherian constants of motion may have different reasons of
interest. One of them, of course, is to confirm that all constants of motion of this type (including
those of the simplest type—the horizontal gauge momenta) have been determined, or to motivate
the search for more of them. This kind of information may be relevant in the study of a basic
question in this field: which is—if it exists—the ultimate relationship between symmetries and
conservation laws for nonholonomic systems?

It would be of interest, of course, to generalize and/or specialize this approach to other classes of
constants of motion of nonholonomic systems. For instance, one might be interested to determine
the number of conserved gauge momenta or, even more particularly, the number of horizontal
gauge momenta, but new ideas may be necessary for this goal. The extension to more general
cases (affine constraints, non-lifted actions) should instead be a rather standard matter.

Even though the method has been taylored to weakly Noetherian constants of motion of non-
holonomic systems, it is in principle more general and introduces a new idea in the study of
constants of motion of dynamical systems. As pointed out above, the method can be applied to
cases in which conservation laws can be regarded as first integrals of some distribution, and this
is a typical situation in the Hamiltonian and symplectic world. Just to point out another pos-
sible field of application, we thus mention here the search for conservation laws of Hamiltonian
systems linked to non—symplectic actions. Non—symplectic actions do not have a momentum map.



On the number of weakly Noetherian constants of motion of nonholonomic systems 23

However, they may have ‘gauge-like’ conserved quantities, in a sense which is made precise by the
following Proposition:

Proposition 6. Consider a (not necessarily symplectic) action of a Lie group G on a symplectic
manifold P. For each p € P, let O, be the G—orbit through p.
(i) Assume that a function F : P — R is such that its Hamiltonian vector field X is tangent to
the G-orbits, that is,
ker dF'(p) 2 (T,,0,)” VpeP. (30)

Then, F' is a constant of motion of all Hamiltonian systems on P with G—invariant Hamilto-
nian H.

(ii) Assume, moreover, that G acts freely and properly. Then, a function F : P — R is a constant
of motion of all Hamiltonian systems on P with G—invariant Hamiltonian H if and only if it
satisfies (30).

Proof (i) First note that Xp(p) € T,0,, namely (Xr(p)) C T,0,, is equivalent to (30) because
(Xr(p)) = (kerdF(p))¥. If H is G-invariant, then ker dH (p) 2 T,0,, and hence

kerdF(p) = (Xr(p)* 2 (T,0,)% 2 (kerdH(p))” = (Xu(p)),

so that Xy (F) = 0. (ii) If F is a constant of motion of all Hamiltonian systems with G-invariant
Hamiltonian, then ker dF(p) 2 Ug _invariant 1 (ker dH (p))“ and, as we have already remarked in
the proof of Lemma 1, for a free and proper action this union equals (7,0,)*. ®

By analogy with the nonholonomic case, let us call here ‘conserved gauge momentum’ any
function F' which satisfies (30). Part (ii) of the Proposition characterizes conserved gauge momenta
as first integrals of the distribution (7,0,)*. Without additional properties on the actions, such
a distribution need not be integrable and the number of independent (local) conserved gauge
momenta can be bounded by computing the corank of the involutive closure of this distribution.

(We note that the polar distribution (7,0,)% is certainly integrable if the action is Hamiltonian,
in the sense of [31]. The reason is that in that case there is a momentum map J : T*Q — g* with
the property that kerdJ(p) = (1,0,)* and the components of the momentum map are (global)
first integrals of (T,0,)¥. The distribution (7,0,)% is in fact integrable even if the action is only
symplectic, because in that case all infinitesimal generators of the action are locally Hamiltonian
vector fields [31]; however, these local Hamiltonians provide only local first integrals of (7,0,)%).
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Note added in proof. The examples of Section 6 illustrate how the number of weakly Noetherian
constants of motion vary with the potential energy, while the kinetic energy is kept fixed. This
number may as well depend on the kinetic energy. One of the referees suggested to investigate the
case of the Chaplygin sleigh, see [7, 25, 10], where the kinetic energy depends on the position of
the center or mass relative to the point of contact. We report here the results of this analysis. The
configuration manifold is @ = R? x S > (x,y, ), where (x, %) is the contact point and ¢ fixes the
orientation of the sleigh. On @, we consider the R?-action of the translations of the contact point;
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its lift leaves in all cases the kinetic energy invariant. If the center of mass of the sleigh coincides
with the contact point then the corank of A® is one; in this case, the system is known to have
the horizontal gauge momentum p, / cos ¢|y. Otherwise, A* has full rank; therefore, there are no
(even local) weakly Noetherian constant of motion.
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