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Abstract

In this thesis, we study geometrical aspects of nonholonomic systems in connection
with the hamiltonization problem. In particular, we study the classical example of
an homogeneous ball rolling without sliding in the interior side of a convex surface of
revolution from a geometric perspective and we observe that it is hamiltonizable after
a reduction process by a Lie group.

Indeed, we compute the nonholonomic bracket, which is an almost Poisson bracket
describing the dynamics, and we observe that the associated reduced bracket, defined
on the reduced space, is not Poisson. Afterwards, following [5, 6, 8], we find a gauge
transformation that preserves the dynamics and as a consequence we compute a new
reduced bracket that is Poisson and describes the reduced dynamics. Moreover, we
observe that this new bracket is rank-two on a dense set of the reduced phase space
and has a symplectic foliation determined by the level sets of two Casimirs induced
by first integrals of the system that are horizontal gauge momenta [41]. From the
theoretical point of view, we extendend some results given in [6] so that the current
example fits in that framework.



Resumo

Nesta tese estudamos aspectos geométricos de sistemas nao-holénomos en conexao
com o problema de hamiltonizagao. Em particular, estudamos o exemplo classico
de uma bola homogénea rolando sem deslizar no lado interior de uma superficie de
revolucao convexa de um ponto de vista geométrico e observamos que é hamiltonizdvel
apos uma reducao pela acdo de um grupo de Lie.

Comecamos calculando o colchete nao-holonomo, que é um colchete almost Pois-
son que descreve a dinamica, e observamos que o colchete reduzido associado, definido
no espago reduzido, nao é Poisson. Logo, seguindo [5, 6, 8], encontramos uma trans-
formacao de gauge que preserva a dinamica e como consequéncia calculamos um novo
colchete reduzido que é Poisson e descreve a dinamica reduzida. Alem disso, observa-
mos que esse novo colchete tem posto dois num subconjunto denso do espaco reduzido
onde tem uma folhagao simplética determinada pelos conjuntos de nivel de dois Casi-
mires induzidos por integrais primeiras do sistema que sao horizontal gauge momenta
[41]. Desde o ponto de vista teorico, generalizamos resultados dados em [6] para que
o exemplo possa ser estudado usando essas ferramentas.
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Introduction

Mechanical systems are described by positions and velocities (in Lagrangian mechan-
ics) or positions and momenta (in Hamiltonian mechanics). Sometimes not all con-
figurations of position and velocities/momenta are allowed and the system is then
called constrained. Nonholonomic systems are defined by constraints in the veloci-
ties which cannot be reduced to equations in the positions (i.e. the constraints are
not integrable). Those systems describe typically objects rolling over surfaces with
non-sliding constraints.

Standard references that develop the mathematical formalism of mechanics are
the books of Arnold [3], Abraham & Marsden [1], Marsden & Ratiu [71], Cushman &
Bates [35] and D. Holm [53, 54]. Books treating nonholonomic mechanics and related
systems are Neimark & Fufaev [76], Bloch et al. [15], Cortés [32] and Cushman,
Duistermaat & Sniatycki [36].

The problem of a homogeneous ball constrained to roll without sliding inside a
convex surface of revolution with vertical axis under the action of gravity has been
treated since Routh [79] and more recently caught the attention of reserchers studing
conserved quantities, integrability and qualitative aspects of the dynamics, [24, 40,
52, 77, 88]. See an illustration of the mechanical system in Fig. 1.

In this thesis we perform the hamiltonization of this example using tools of differ-
ential geometry and the existence of first integrals which are related to the symmetries
of the system [5, 6, 8, 47]. More precisely, we show that the reduced system is de-
scribed by a Poisson structure induced by the reduction by symmetries of an almost
Poisson bracket which is obtained by a gauge transformation of the nonholonomic

Figure 1: Ball inside a convex surface of revolution.



bracket following the ideas of [8] and extending some of the theory in [6] so that the
current example fits in that framework.

Nonholonomic systems

From a more geometric point of view it is known that the equations of motion for a
mechanical system with nonholonomic constraints cannot be formulated as a classical
Hamiltonian system with respect to a symplectic or Poisson structure. Instead, they
are written using an almost Poisson bracket called nonholonomic bracket which fails to
satisfy the Jacobi identity [55, 69, 86]. More precisely, let () denote the configuration
manifold of the mechanical system. The nonholonomic constraints are described by
a nonintegrable distribution D on ) and from the Lagrangian L : T() — R one
constructs a triple (M, {-, -}, Hy), where M C T*M is the constraint manifold,
{-, -}nn is the nonholonomic bracket on M and H ,, denotes the Hamiltonian restricted
to M. The dynamics of the nonholonomic system is given by the integral curves of the
vector field X,,;, called nonholonomic vector field defined with respect to the almost
Poisson bracket {-, -},

Xon = {-, Hu'ton- (L.1)

It is worth mentioning here that the bracket {-,-},5 is never Poisson because of the
nonintegrability of the distribution of permitted velocities D.

When the nonholonomic system admits symmetries given by the action of a Lie
group, it is possible to perform a reduction obtaining a reduced system (with fewer de-
grees of freedom). More precisely, let G denote the Lie group symmetry of the nonholo-
nomic system which means that the G-action preserves the triple (M, {-,-}nn, Hu)-
By performing the reduction by the symmetry group we get the reduced triple
(M/G,{-, }reas Hrea), where {--},q is, in principle, an almost Poisson bracket. The
reduced dynamics is given by the integral curves of the vector field X,.4 given by

Xred = {'7 Hred}Ted- (12)

There are several differences between hamiltonian dynamics and nonholonomic
dynamics. Nonholonomic systems are not variational, in the sense that equations
of motion are derived from Lagrange d’Alembert Principle and not from Hamilton’s
Principle. Conservation of energy also occurs in nonholonomic systems though, often,
these systems do not have associated momentum conservation laws as Hamiltonian
systems. In other words, the presence of symmetries does not necessarily induce first
integrals (there is no Noether Theorem). Examples of this fact are the rolling disk,
the rattleback and the snakeboard [16]. On the other hand, for Hamiltonian systems
we can assert the preservation of volume on the phase space but, again this is not the
case for nonholonomic systems [14]. This fact leads to interesting asymptotic stability
in some cases, despite energy conservation.

Finally, we see that if we are interested in the integrability of a nonholonomic
systems (in the sense of the presence of a foliation by tori of the manifold), we can-
not use Arnold-Liouville Theorem since the bracket describing the dynamics is not
Poisson[3, 35]. In this case, there are other theorems studying integrability whose



formulations are independent of the geometric structure describing the dynamics, see
e.g. [4, 18].

The hamiltonization problem and its geometric ap-
proach

As it was observed in [24, 58, 77, 40, 46, 6, 47] in a number of examples, the re-
duced equations of motion allow a Hamiltonian formulation (sometimes after a time
reparametrization), recalling that the equations of motion for a nonholonomic system
are never hamiltonian before reduction. When this phenomenon occurs, we say that
the system is hamiltonizable. The question of whether a nonholonomic system ad-
mits a hamiltonian formulation after a reduction process is called the hamiltonization
problem, see [8, 6, 21, 22, 23, 47, 43, 57, 58, 87, 65, 87].

Recall that, from a geometric standpoint, the dynamics of a nonholonomic sys-
tem is described by the nonholonomic bracket as in (I.1) which is an almost Poisson
bracket. However, after a reduction process, the reduced bracket may become a Pois-
son bracket. Therefore, the reduced dynamics will have a hamiltonian formulation
in terms of a Poisson bracket. Hence, from a geometric perspective, we say that the
nonholonomic system is hamiltonizable if there exists a Poisson bracket describing the
reduced dynamics (in particular, if {-,-},q is Poisson).

geometric

<M7 {.’ }Tbh) structure
Xnh = {'aHM}nh

> almost Poisson manifold

reduction reduction
by symmetries by symmetries

(M/G, {, }red) ., almost Poisson manifold?
Xred = {s Hred }red Poisson manifold?

As we already mentioned, hamiltonian systems have strong properties that, in
general, are not satisfied by nonholonomic systems. If after a reduction process, the
reduced nonholonomic system is hamiltonian then this reduced system will have all
the known properties of hamiltonian systems. This process is central to study different
aspects of nonholonomic systems such as integrability, Hamilton-Jacobi theory, and
even numerical methods (e.g., variational integrators) [40, 19, 20, 17, 75, 32, 33, 67,
49, 50].

In this thesis we follow the techniques of [5, 6, 8, 46, 47] using gauge transformations
by a 2-form, introduced by Severa and Weinstein in [80], in order to hamiltonize our
nonholonomic system. The idea is that we use a 2-form B to generate another almost
Poisson bracket {-, -} on M by means of a gauge transformation. Then, if we impose
the dynamical condition that iy, , B = 0 (see [46, 8]) the new bracket {-,-}5 will also
describe the dynamics, i.e.,

th = {'7 HM}B;

3



and we say that B defines a dynamical gauge transformation.

In the presence of symmetries, if {-,-}p is G-invariant, it can be reduced to the
quotient space M /G and then, we obtain a new reduced bracket {-,-}Z , that describes
the reduced dynamics

Xred - {'7 Hred}B

red*

It was observed in [8, 46] that the reduced brackets {-, -},eq and {-,-}2, may have
different properties, for example one can be Poisson while the other not. The geomet-
rical approach to hamiltonization proposed in [46] and then developed in [5, 6, 8, 47]
is to find a B so that the reduced bracket {-,-}2 , is Poisson (or conformally Poisson,
or twisted Poisson). If such a B is found, then the reduced nonholonomic system is
described by a Poisson bracket and we say also that the system is hamiltonizable. We

illustrate the gauge transformation by a 2-form B with the following diagram:

(ML) | edomiseen L (MY ) (L3)
Not Poisson Not Poisson
reduction l l reduction
by symmetries by symmetries
(M/G7{'7'}Ted) (M/G7{’}7"Bed>
Xred = {'7 Hred}red Xred = {'7 Hred}TBed
Poisson? / almost Poisson? Poisson? / almost Poisson?

In this thesis, we study the hamiltonization problem of the set of examples de-
scribed by a homogeneous ball rolling without sliding on a convex surface of revolution
using the approach of the diagram (I.3). In particular, we study first integrals J™)
and J® induced by the presence of symmetries (called horizontal gauge momenta,
[41]) and we observe that the corresponding hamiltonian vector fields 7%, (d.J®)) and
7, (dJ®) are not vertical with respect to the orbit projection p : M — M/G. We
compute a 2-form B so that 7l (d.JM) and 7% (d.J®) are, in fact, vertical. As a conse-
quence of the G-invariance of the first integrals J and J® they become Casimirs of
the reduced bracket {-,-}2 ;. We use these Casimirs to prove that the reduced bracket

red*

{-,-}B, is Poisson and moreover, it describes the reduced dynamics. This approach
to find a 2-form B was also studied in [6] and [47], however the present work was
done independently. In particular, we extended some of the results in [6] so that this

example fits in the theory.

Previous work on hamiltonization

One very interesting example of hamiltonization concerns the Chaplygin ball or Chap-
lygin sphere. Even though the formulation and integration of the equations of motion
dates to Chaplygin [29], the hamiltonian property of the reduced equations was only

discovered in 2001 by Borisov and Mamaev [21]. The geometric understanding of this

4



example has been performed by Luis Garcia-Naranjo [46] and his subsequent work with
P. Balseiro [8] has explicitly introduced and used the method of gauge transformation
to show the hamiltonization of the Chaplygin ball. More recently the hamiltonization
of a family of examples consisting of convex solids of revolution rolling on a plane
was proved in [6] and [47]. In particular, in [47] the authors presented a coordinate
method to find a gauge transformation so that the first integrals becomes Casimirs on
the reduced bracket.

The hamiltonization of a mechanical system is also an interesting feature because it
is related to integrability. In fact, this may have been the original motivation for Chap-
lygin to consider the problem of hamiltonization and to prove his Chaplygin reducing
multiplier Theorem [30]. Recently, Jovanovic [58] proved that the n-dimensional ver-
sion of the Chaplygin sphere problem is also hamiltonizable and integrable at the zero
level of the SO(n — 1)-moment map, and the hamiltonization was a crucial step in his
proof of integrability. Moreover, Fedorov and Jovanovic [43] also used hamiltonization
to prove the integrability of the multidimensional Veselova system.

More related to our mechanical example, Borisov, Mamaev and Kilin discovered
that a number of classical nonholonomic systems with symmetries give rise to re-
duced systems which are hamiltonian with respect to a Poisson structure after a time
reparametrization [24, 25]. In these references, rank-two Poisson structures are proven
to exist for a variety of examples in which a heavy body rolls on a surface. This in-
cludes the so-called Routh sphere (a ball rolling on a plane but where its geometric
center does not coincide with its center of mass), the disk rolling on a plane and the
sphere rolling inside a convex surface of revolution. A detailed study of the form
of these Poisson tensors has been developed in [77], where it was also observed that
time reparametrization is not necessary for rank-two bivectors. In all these cases,
the reduced systems share common features: their phase space is four-dimensional,
they possess three independent integrals of motion and their dynamics is periodic (at
least in some open dense subset of the reduced phase space). One of the integrals of
motion is the Hamiltonian of the reduced system and the other two are Casimirs of
the reduced Poisson structure. For the sphere rolling inside a convex surface of revo-
lution, the authors in [40] showed that the existence of the reduced Poisson structure
is linked to a strong property: the fact that the reduced periodic orbits are the fibers
of a locally trivial fibration. The periodicity property was already known and has
been studied by Hermans [52], who also showed that the reconstructed dynamics is
quasi-periodic on tori of dimension at most three.

Main results in this thesis

We now present the main results obtained in this thesis. In our geometric framework, a
nonholonomic system is then described by a triple (M, {-, -} .1, H,() and the reduction
by the proper G-symmetry defines a triple (M /G, {-, -} eq, Hreq). In order to verify the
failure of the Jacobi identity for the brackets {-, -}, and {-, - },cq, we use the Jacobiator
formulas proved in [5]. These formulas depend on the choice of a G-invariant vertical
complement of the constraints (2.3.10), that we denoted by W. In [6] was proved that,
for a proper action, a vertical complement W (of constant rank) always exists and in

5



this thesis we observe that it is also possible to choose W so that it is G-invariant, see
Prop. 2.3.2.

Afterwards, in Chapter 3, we study dynamical gauge transformations by a 2-form
B and first integrals of a nonholonomic system induced by the presence of symmetries
(horizontal gauge momenta). In particular, we characterize the properties that B
has to satisfy in order to transform the horizontal gauge momenta of the system into
Casimirs of the reduced bracket {-,-}Z, Prop. 3.3.2. We study also the system of
equations defining the 2-form B so that, if the nonholonomic system has k G-invariant
horizontal gauge momenta (functionally independent), then the k functions become

Casimirs of the reduced bracket {-,-}5

red*

Next, we prove that if the amount of Casimirs coincides with the rank of S :=
DNV, where V is the vertical space associated to the G-action, then the characteristic
distribution of {-,-}2 , is involutive, Prop. 3.4.1. This fact was already observed in
[6] for the particular case of vertical symmetries (Remark 2.3.1) and here we extend

it for the general case.

Finally, away from singularities we observe that if rank(D) = rank(S) + 1 and the
nonholonomic system admits [ (independent) horizontal gauge momenta {Jy, ..., J;}
(where [ = rank(S)) then there is a unique gauge transformation by a 2-form B
which transforms these horizontal gauge momenta into Casimirs of the reduced bracket
{-,-}8,. Consequently, the reduced bracket {-,-}Z, is a rank 2 Poisson bracket and

we give an explicit simple formulation in coordinates, Lemma 3.5.4. Under one extra
(technical) condition, the mentioned gauge transformation is dynamical, Prop. 3.5.5.

Chapter 4 is devoted to the hamiltonization problem of the mechanical system
describing a homogeneous ball rolling without sliding on a convex surface of revolution.
First we study the geometrical framework underlying the example and we write the
nonholonomic bracket {-,-},, on the constraint manifold M. We also perform the
reduction by a Lie group G that acts properly on () obtaining the reduced bracket
{-, - }rea o0 the differential space M /G. In order to verify that {-,-},.q is not Poisson we
compute the formulas characterizing the failure of the Jacobi identity for this specific
example, Prop. 4.2.13.

Following [41, 40] we study the existence of two first integrals of this example which
are, in fact, horizontal gauge momenta associated to the G-symmetry. Then, in Section
4.3.2, we set the system of equations that the 2-form B has to satisfy in order to be
dynamical and to transform the horizontal gauge momenta into Casimirs of the reduced
bracket {-,-}2 . We compute the appropriate dynamical gauge transformation B and

red*
we write the corresponding brackets {-,-}5 and {-,-}2 . Finally we check that {-,-}2
is Poisson using two different approaches. On one hand, we check the Jacobi identity
using the formulas computed in [6] adapted to the example. On the other hand,
away from the singularities, we check that it is Poisson using Prop. 3.4.1. Hence, we
conclude that the example of a homogeneous ball rolling without slipping on a convex
surface of revolution is hamiltonizable after a gauge transformation and a reduction by
symmetries as diagram I.3 shows. We ended this section by recalling some integrability

and qualitative aspects of the dynamics of this nonholonomic system.

This dissertation is organized as follows. In Chapter 1. we give some preliminaries
on nonholonomic mechanical system and present some examples. Chapter 2. gives a



presentation of reduction by symmetries, mainly for proper actions. Chapter 3. treats
the problem of finding a dynamical gauge transformation from the existence of hori-
zontal gauge momenta. Chapter 4 studies the nonholonomic example and states the
main results of the thesis. We show that the first integrals J@® and J® of our sys-
tem are G-invariant horizontal gauge momenta, and compute the 2-form B giving the
gauge transformation of the nonholonomic bracket whose reduction by the symmetry
group is Poisson.



Chapter 1

Geometric formalism of
nonholonomic systems

Nonholonomic systems are mechanical systems with constraints in the velocities which
cannot be derived from constraints in the positions [15, 32, 36, 76]. Typical examples
of such mechanical systems are solids rolling over a surface without slipping since in
that case the angular velocity due to rolling is tied to the linear velocity of the center
of mass of the solid.

One of the initial tasks is to present the geometric framework of nonholonomic
mechanics and illustrate the theory with some standard examples. We suppose that
all the differentiable objects treated in this dissertation are smooth, i.e C*°. The
standard notation X(@)) indicates the set of smooth vector fields on the manifold Q.
Finally, given a bundle £ — @, we use the usual notation I'(E) or I'(Q), E) to mean
the set of all smooth sections of the bundle.

1.1 Holonomic vs. nonholonomic constraints

Let ( be a n-dimensional differentiable manifold representing the space of configu-
rations of a mechanical system. The local charts in this manifold define generalized
coordinates, i.e. locally @ have coordinates (¢'), i = 1,--- ,n. The work of Lagrange
in the second half of the 18th century allowed the generalization de Newton’s Second
Law to the generalized coordinates and the derivation of the equations of motion from
physically motivated variational principles.

Let us recall some basic facts from classical lagrangian mechanics. We start from
a Lagrange function (or symply Lagrangian) L : TQ — R, (¢,v") — L(¢%,v%). In
mechanical examples we take as Lagrangian the difference between the kinetic energy
and the potential energy V, thus L(¢',v") = 1r;;(q)v'v/ — V(g), which is called a
Lagrangian of mechanical type and k is a Riemmanian metric called the kinetic energy

metric.
Applying the Hamilton’s principle (sometimes called principle of least action, see



discussion in Section 1.2 of [15]), we are led to the Euler-Lagrange equations of motion:

On the other hand, Hamiltonian mechanics is defined in the cotangent bundle 7%(Q).
The Hamiltonian function H : T*Q — R, (¢*,p;) — H(q',p;) induces the Hamilton’s

equations given by
0OH oOH
= y 'i:——., 221, ,n, 1.1.2
o P o7 (1.1.2)
and the function H (independent of the time) is a conserved quantity of the flow
of Hamilton’s equation. In fact, the flow of (1.1.2) has other properties such as
the existence of an invariant measure in 7% and thus it cannot have attracting
or repelling fixed points. These properties are based on the symplectic structure

associated canonically to T#(@), as we recall in Section 1.3.

qi

The relationship between the Lagrangian and Hamiltonian mechanics is given by
means of the Legendre transformation.

Definition 1.1.1. Let L : T() — R be a given Lagrangian. We define the fiber
derwative FL : T'Q) — T*Q) by

d
(FL(v),w) = £|t:0L(l‘, v+ tw),

for any w € T'(T'Q), where z is the base point of the vector v. In coordinates (¢°, v*)

of TQ and (¢*, p;) of T*Q we have

. . oL
FL(¢',v") = (wl,pi = %) :

The change of variables induced by FL is called the Legendre transformation, also
denoted Leg.

Under the assumption of a mechanical-type Lagrangian, the Legendre transfor-
mation Leg = &* : TQ — T*Q is a global diffeomorphism and such Lagrangians
are called hyperregular, where ’(X)(Y) = x(X,Y) for X,Y € I'(TQ). It that case,
given a hyperregular Lagrangian one defines the corresponding Hamiltonian H by
H := Fo (FL)™}, where E : TQ — R is called the energy associated to L and is
defined in coordinates (¢*,v") by

. OL

E=v"— — L.
Uavl

The next example illustrated a simple mechanical systems with constraints in the
positions.

Example 1.1.1. Consider a pendulum oscillating under the influence of gravity. The
simplest model consists of a mass m = 1 attached at one end of a massless rod of
length | = 1, the other end being fixed to some point considered as the origin. Then,

9



the mass has coordinates (x,y,z) € R3. In the absence of Coriolis’ force, equilibrium
of forces and other basic considerations permit to conclude that the motion is actually
constrained to a plane, which we can take to be the xy-plane with coordinates (z,y,0).
The constraint fixed by the length of the rod indicates that the coordinates x and y
lie on the submanifold {(x,y,0) € R® : 2> + y* = 1}. Then it becomes clear that
the system is better described letting the configuration space to be the 1-dimensional
manifold S*, with only one generalized coordinate, the angle ¢.

The Lagrangian is given by

L(6.9) = 36" — gcos(9).

where g is the constant of gravity. From FEuler-Lagrange equations (1.1.1) one derives
easily the dimensionless (g = 1) equations of motion:

¢ = —sin(¢).

A good qualitative comprehension of the structure of the orbits of this nonlinear differ-
ential equation can be achieved considering the phase space, ST x R, that is a cylinder
with coordinates (¢, p), where the equations of motion are:

¢ = p
p = —sin(9).

This example and the orbits on the phase space are illustrated in Chapter 2 of [31].

In the following we are interested in constrained mechanical systems subject to
constraints in the velocities. More precisely we study mechanical system with linear
constraints in the velocities. In mechanical examples these constraints are originated
by instance when one object rolls over another. In that case the velocity of the center
of mass of the object is tied with the angular velocity. In fact there is a linear relation
between both velocities and therefore, for each point ¢ of the configuration space @,
only a linear subspace D, of the tangent space T;() defines the permitted velocities.
More precisely we have the following

Definition 1.1.2. A distribution D on the manifold @ is a collection of linear sub-
spaces of T'Q) such that for every ¢ € () we have D, C T,Q.

A distribution D on @ is called regular if the linear subspaces Dy, have the same
dimension for any ¢ € ) and that dimension is called the rank of the distribution,
otherwise it is called a singular or generalized distribution. The regular case is actually
equivalent to define a subbundle of the tangent bundle T'Q). Many aspects of the
differential geometry studied in this dissertation are related to almost Poisson and
Poisson manifolds where generalized distributions are natural objects. Thus we recall
the notion of smoothness in this context.

The (generalized) distribution D on @ is smooth at a point ¢ € @ if any tangent
vector X|, € D, can be extended to some neighbourhood U of ¢ to a vector field X
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such that X|, € D, for any p € U. The distribution is smooth if it is smooth at any
point.

The subbundle D C T'Q) is involutive if it is closed with respect to the Lie bracket,
ie. X,Y € D implies [X,Y] € D. Moreover the subbundle D is called integrable if for
any ¢ € @, there exists a (local) submanifold N C @ called (local) integral manifold
such that T;N = D,. The classic formulation of Frobenius theorem claims that a
regular smooth distribution (or subbundle) is integrable if and only if it is involutive.
We discuss integrability in more detail in Section 1.2.

Constraints on the positions are called holonomic and constraints in the veloci-
ties which cannot be reduced to holonomic constraints are said nonholonomic. More
precisely we give the following

Definition 1.1.3. A mechanical system with constraints in velocities in the Lagrangian
formalism consists in:

1. A smooth manifold @), called space of configurations.
2. A smooth function L : TQQ — R, called the Lagrangian function.

3. A smooth (regular) distribution D C T'Q) defining the permitted velocities (con-
straints in velocities).

Definition 1.1.4. A mechanical system with constraints in velocities is holonomic if
the distribution D is integrable, otherwise the system is called nonholonomic.

Nonholonomic mechanical systems are qualitatively different from nonholonomic
systems in the geometric and dynamical point of view. We summarize some features
of both systems in the following table:

Feature Holonomic system Nonholonomic system

Energy Preserved by the dynamics | Preserved by the dynamics

Volume in phase space | Preserved by the dynamics | Not preserved by the dynamics

Geometry Integrable structures Non-integrable structures
Symplectic Almost symplectic
Poisson Almost Poisson

First integrals Noether’s theorem Not all symmetries induce first

integrals and some first inte-
grals do not come from sym-
metries.

Example 1.1.2. (The nonholonomic particle) This is a very simple an ideal model
introduced by Rosenberg [18] and used usually in the nonholonomic mechanics liter-
ature. It consists of a punctual particle moving in QQ = R3, without potential energy
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and having a linear constraint in the velocities given by
Z=yt. (1.1.3)

The associated distribution D describing the permitted velocities verifying (1.1.3) is

given by
0 g 0
D= Y, = — —,—} 1.1.4
The computation [Yy, a%] = —% shows that the distribution is not involutive. Since D
is reqular of rank 2 and smooth (generated by vector fields) we conclude by Frobenius

theorem that it is not integrable.

Example 1.1.3. (The vertical rolling disk) The physical system is a disk rolling with-
out slipping on a horizontal plane and consider for simplicity that the plane containing
the disk is orthogonal to the horizontal plane, that is the disk is not allowed to ’fall’.
We can imagine a coin rolling vertically on a horizontal table. We can imagine a
coin rolling vertically without sliding on a horizontal table. The configuration space is
Q =R? x S' x S, with coordinates (x,y,0,¢), where (x,y) indicates the contact po-
sition of the disk and the xy-plane, 0 is the rotation angle of the disk, and ¢ indicates
the ’heading angle’, i.e. the angle between the xz-plane and the plane containing the
disk. If R is the radius of the disk then the condition of non-slipping is represented by
the (linear) constraints:

i — R(cos¢)f =0, ¢ — R(sing)d =0,

Then the constraint distribution is given by

0 : g 0 0
D = span{Yy := Rcos(gb)% + Rsm(gb)a—y + 30’ Y, = 25

Computing the Lie bracket we get [Yp,Yy] = R(sing-2 — cos ¢pL) we conclude that

the (rank 2) smooth distribution D is not involutive, then it is not integrable and the
constraints are nonholonomic.

1.2 Integrability of distributions and foliations

In general, the constrained distribution D of a nonholonomic system is described by
the kernel of certain number of differential 1-forms. Before studying general results, let
us consider some examples where the constraints are defined by the kernel of 1-forms
and integrability /non-integrability can be directly stated. For a unique constraint,
Example 1.2.3 bellow gives a necessary and sufficient condition for the integrability.
The general case for regular distributions is treated using the theorem of Frobenius
(see Thm. 1.2.3) and for generalized distributions, integrability conditions are given
by the theorem o Stefan-Sussmann (see Thm. 1.2.5.

Before stating the theorems, let us present some examples where integrability is
illustrated from elementary results of Calculus and differential geometry.

12



Example 1.2.1. Consider the 1-form w € QY(R?* — {0}) given by w = 2zdx + 2ydy.
It is clear that w is an exact form, i.e. w = df, where f(z,y) = x* + y* so that the
integral curves are given by f(xz,y) = ¢, where ¢ is a constant, and form a foliation
whose leaves are circles (dimension 1). Which is important here is the fact that the
initial constraints have been reduced to a constraint in the positions f(x,y) = ¢, i.e.
the constraints are holonomic. Note that for ¢ > 0, the configuration space is better
described by the manifold S* with a local coordinate 0 representing the angle.

Example 1.2.2. (From [}4, p. 92-93]) Take w = yzdx+xzdy+dz. Now it is not clear
if the form is exact as in the last ezample. In fact, it is not exact, but it possesses
and ’integrant factor’ it can be shown that w = e~ "¥d(ze™) with ’‘integral surfaces’
(leaves) given by ze™ = ¢, with ¢ a constant. Thus the system is integrable, and
suitable coordinates can be found in the leaves where the dynamics is constrained. On
the contrary, the more easier-looking form w = dz —ydx — dy, defines a non integrable
distribution as can be verified easily using the following example.

Example 1.2.3. More generally, the kernel of a 1-form w defines a smooth codimension-
one distribution. Then, the formula of the exterior derivative gives

dw(X,Y) = X(w(Y)) = YV(w(X)) — w([X,Y]), (1.2.5)

which implies that if w is a closed 1-form then its kernel is involutive. In fact, formula
(1.2.5) implies more: denoting D = Ker w, then dw|p = 0 if and only if D is a
(regular) involutive distribution, then integrable.

Example 1.2.4. (The nonholonomic particle) Continuing with Ezample 1.1.2, from
the linear constraint in the velocities given by z = yx, we obtain easily the constraint
1-form given by

€' = dz — ydu.

Using the basis of the constraint distribution D in (1.1.4), we compute easily
de'|p = dx A dy|p # 0,

so, by Example 1.2.3, the constraint distribution is nonintegrable and the system us
nonholonomic.

There exists a criterion to decide if several 1-forms w® a = 1,--- | k, are (pointwise)
independent, that consists in verifying that w A --- A w* # 0. In this case the issue
of integrability is more complicated and we need an appropriate formulation of the
Frobenius Theorem.

The presentation here is based on [2], others useful references are [74] and [44].

Recall that the classic formulation of Frobenius theorem claims that a regular smooth
distribution (or subbundle) is integrable if and only if it is involutive.

The (global) theorem of Frobenius is related to the concept of foliation. In fact
the integral manifolds can be smoothly collected such that they are disjoint and the
union of all them is (). More precisely we have the following
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Definition 1.2.1. A (regular) foliation F of dimension k of the n-dimensional man-
ifold @ is a decomposition F = {F,,a € A} of the manifold @) in arc-connected
disjoint sets called leaves and verifying the following property: for any q € @ there
exists a local chart ¢ = (x,--- 2% y' .-+ y"F) : U — RF x R"* such that the
connected components of F, N U have the form

{q e U :y'(q) = const.,--- ,y" *(q) = const.}.

In fact each leaf of the foliation is a k-dimensional immersed submanifold of (). In
general the leaves are not embedded as any leaf can accumulate over itself. We refer
the reader to the references mentioned in the beginning of this section for the proofs
of those facts. We that that a distribution D is tangent to a foliation F, and denoted
D = TF if for any ¢ € @), we have D, = T,F,, where F, is the unique maximal
integral manifold passing through ¢q. A mazimal integral manifold is a connected
integral manifold which contains every connected integral manifold with which it has
a point in common. Consequently, the global version of Frobenius Theorem is stated
as:

Theorem 1.2.2. (Global Frobenius theorem) For every smooth involutive (regular)
distribution D on the smooth manifold (), the collection of all mazximal integral man-

ifolds forms a foliation F of Q, and D = TF.

We are interested in a dual formulation of the Frobenius theorem in terms of
differential forms.

Theorem 1.2.3. (Frobenius Theorem, [2]) Let M be an n-manifold and E C T M be
a subbundle with k-dimensional fiber, and I(E) the associated ideal. The following are
equivalent:

1. E is integrable.
2. E 1s involutive.

3. For every point of M there exists an open set U and w',...,w" % in QY(U) gen-
erating 1(E) such that:

n—k
dw' = Zwij A w? (1.2.6)
j=1
for some w in QN (U).
4. As in the last item, but W' verifying

do' AW A Aw™ =0, (1.2.7)

We illustrate the theorem with some examples.

Example 1.2.5. Consider the following 1-form on R? in standard (x,vy) coordinates:
w= P(z,y)dz + Q(z,y)dy. (1.2.8)
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We seek a solution to w = 0. Using the Frobenius theorem, since dw Aw = 0 € Q3(R?),
integral manifolds exist and are unique. In R, dw A w = 0 is a genuine condition.
Take the 1-form:

so that
B OR 0Q oP OR oQ 0P
dw Aw = | P( o 0, )+ Q( 2 92 )+ R( 5 8y) dxdydz. (1.2.10)

Therefore the distribution defined by Kerw s integrable if and only if the term in
square brackets is zero.

Example 1.2.6. (Pfaffian systems) Let consider 1-formse; € QY (U), i =0,--- ,n—Fk,
where U C R™ is an open set. A solution to the system: ¢ =0,i=20,--- ,n —k, is
a k-dimensional submanifold N of U such that all €; annihilates TN. If the forms ¢
are independent, their common kernel defines a subbundle E = {v € T(U) : €(v) =
0,i=1,..,n—k}. By Frobenius theorem this subbundle is integrable if

de Nt AN NevF=0, i=1,---,n—k

Example 1.2.7. (The vertical rolling disk) We continue with the example started
in Ezample 1.1.3. The configuration space is Q = R? x S' x S', with coordinates
(x,y,0,¢). If R is the radius of the disk then the condition of non-slipping is repre-
sented by the (linear) constraints:

i — R(cos$)d =0, 9 — R(sing)d =0,
with associated constraint 1-forms
¢ =dx — Rcos(¢)df, €' = dy— Rsin(¢)do.

We have de! N et Ae? #£0, i = 1,2, so the constraint distribution is nonintegrable and
the system is nonholonomic.

Example 1.2.8. (From [2]) In R™ with coordinates (¢*) = (r®,s%) € R x R™,
consider the following equation:

w(q) = ds* — Al(r,s)dr®, a=1,---,m. (1.2.11)

By Frobenius theorem, the subbundle E = {v € T(U) : €'(v) = 0,i = 1,..,n — k} is
integrable if there exist 1-forms w®such that

do* = W AW, (1.2.12)
b=1

A straightforward computation shows that:

DAY
dw® = K2gdr® A dr’ + 85’? dr® A w?, (1.2.13)
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where:

aAg aA% 44baA% 14baAg

= — —_— — . 1.2.14
B B Ore ¢ Osb B 0sb ( )
Since {dr®,w*} form a basis of T*R™, we see that K53 = 0 iff
dw® = Zw“b/\wb (1.2.15)
b=1

ab

for some 1-forms w®. We conclude that the system is integrable if and only if K35 = 0.

Generalized foliations and Stefan-Sussmann Theorem

Generalized or singular foliations are the analogous of foliations for generalized distri-
bution. Intuitively the dimension of the leaves can vary.

Definition 1.2.4. A generalized foliation F of the n-dimensional manifold @ is a
decomposition F = {F,, a € A} of the manifold () in smooth immersed arc-connected
submanifolds called leaves and verifying the following property: for any ¢ € @), denote
by F, the leaf containing ¢ and d its dimension. Then there exists a local chart
¢=(xt,--- 2t gyt ooy ) U — RF x R" % such that the connected components
of 7, NU have the form

{geU:y'(q)=0,--,y"%q) = 0}.

and the sets with local coordinates

n—d(

{qg €U :y'(q) = const.,--- ,y" %q) = const.},

are contained in some leaf F,, of F.

A foliation F has an associated tangent distribution D7 such that, at each q € Q,
qu is the tangent space to the leaf F, containing g. Then, the tangent distribution
of a smooth generalized foliation is a smooth generalized distribution. A smooth
generalized foliation D on @) is an integrable distribution if every point ¢ € @ is
contained in a maximal integral manifold of D.

Let § be a family of smooth vector fields on ). The distribution DS generated by
the family § is the generalized distribution given, at each ¢ € ), by Dg = span{X, €
T,Q : X € DS},

A distribution D is called invariant with respect to the family of vector fields § if
for any X € §, the distribution D is invariant under the flow of X, i.e. if ¢ indicated
the flow of X at time ¢ then (¢%).Dy = Dy () whenever ¢ (q) is well defined.

The following result generalizes Frobenius Theorem for generalized distribution.

Theorem 1.2.5. (Stefan-Sussman Theorem, [83, 84, 37]) Let D be a smooth gener-
alized distribution on Q). Then the following conditions are equivalent:

1. D is integrable.
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2. D is generated by a family § of smooth vector fields, and it is invariant with
respect to §.

3. D is the tangent distribution D of a smooth generalized foliation F.

A smooth distribution D on @ is called locally finitelly generated if for any g € @)
there is neighbourhood U of ¢ such that there exist a finite number of smooth vector
fields X1, -, X,, in U which are tangent to D, such that any smooth vector field Y in U
tangent to D can be written Y = > f; X; with f; € C°°(U). In that case, by a result
of Hermann [51], any locally finitely generated smooth involutive distribution on @ is
integrable.

Example 1.2.9. The distribution D on R? generated by the vector field x% + y%
has rank 0 at the origin (0,0) and rank 1 otherwise. It is integrable, with foliation by
maximal integral manifolds given by the radial rays arising from the origin, and the
origin itself (as a leaf).

We will see many relevant examples of generalized distributions and foliations in
the next Section (Poisson hamiltonain system) and in Chapter 2 when considering
action of groups.

1.3 Hamiltonian formalism for classical mechanics

Symplectic hamiltonian systems

The basic mathematical objects in the study of the Hamiltonian formalism of classical
mechanics are symplectic manifolds.

Definition 1.3.1. An almost symplectic manifold is a pair, (M, ), where M is a dif-
ferentiable manifold and €2 is a nondegenerate two-form on M. An almost symplectic
manifold is symplectic if the € is closed.

The nondegeneracy of the 2-form €2 implies the existence of the ‘'musical’ isomor-
phisms, which are inverse one of another,

N
N
defined by Q’(X) = ixQ and Qf = (2°)~!. Given a function f € C®(M), we define
the corresponding Hamiltonian vector field by

X; = Qdf), (1.3.16)

or equivalently
ix, Q) =df. (1.3.17)

Vector fields X on M which leave invariant the symplectic form, i.e. £x = 0,
are called symplectic. By Cartan’s formula Hamiltonian vector field are symplectic.
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The cotangent bundle T*() of a smooth manifold () carries a canonical symplectic
structure, i.e. (7%Q,Qg). In fact, as a consequence of Darboux’s theorem, every
symplectic manifold is locally isomorphic to a cotangent bundle. Let us recall the
canonical symplectic structure of T%(Q).

Let @@ be a smooth manifold. Consider the cotangent bundle M := T*(@Q, with
projection map 7 : M — () and tangent map T'7 : TM — T'Q). The cotangent bundle
admits a canonical global 1-form called tautological form defined, for p € T:(p)Q, by

Oo(Xp) := (TT(X), p)-

The coordinates (¢") of @ induces coordinates (¢, p;) on M and the local expression
of B¢ is Og(q', p;) = >, pidg'. The canonical symplectic form on T*Q is defined by
Qo = —dOg¢. Indeed, this form is clearly closed, with local expression Y. dg" A dp;.
The n-th power of Qg is +dg* A--- Adg™ Adp* A--- Adp™ # 0, which implies that Qg
is nondegenerate and consequently symplectic.

Recall that the nondegeneracy of () is equivalent to the fact that Q"Q\q cT,Q —
T;M is an isomorphism for any ¢ € (), which implies that 1-forms and vector fields
are in one-to-one correspondence.

Definition 1.3.2. Let H be a smooth function on 7% called Hamiltonian function.
The unique vector field Xy € X (M) verifying

ix, Qo =dH (1.3.18)

is called the Hamiltonian vector field associated to H. The vector field Xy describes
the dynamics of the mechanical hamiltonian system and (1.3.18) are the (free) Hamil-
ton’s equations written in intrinsic form.

In the local coordinates (¢, p;) of T*Q, it is straightforward to find the form of the
Hamiltonian vector field:

OH 0 O0H 0
Xy = — 0 — . 1.3.19
" Zj: (5293' 9q7  Og’ apj) ( )
The integral curve of this vector field is a curve written in local coordinates as
(q(t),p(t)) verifying, at least near a point (q(0),p(0)), the equation (¢(t),p(t)) =
Q(t)a%j —l—p(t)% = Xy (q(t),p(t)) which, by (1.3.19), is equivalent to the classic form
of the (free) Hamilton’s equations (1.1.2).

Poisson hamiltonian systems

Symplectic manifolds are examples of more general structures defining Poisson man-
ifolds. Let us recall the basic definitions and properties of Poisson structures. Our
references for this section are [85] and [37].

Definition 1.3.3. A Poisson bracket on a smooth manifold M is an R-bilinear skew-
symmetric operation

C=(M) x C*(M) — C=(M),  (f,9) — {f,g}
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which verifies Leibniz identity

{f.gh} ={f, g}h+g{f h},

and the Jacobi identity

gk by +{{gh}, £} +{{h, f},9} =0,

for any f,g,h € C*°(M). The pair (M, {-,-}) is called a Poisson manifold. A bracket
verifying all the conditions but not necessarily the Jacobi identity is called an almost
Poisson bracket.

Every symplectic manifold (M, ) is naturally equipped with a bracket of functions
given by

C®(M) x C=(M) — C=(M)
(f,9) = {f g9} = QX Xy).

The Jacobi identity is equivalent to the fact that the 2-form €2 is closed and then this
bracket is a Poisson bracket. Thus every symplectic manifold is a Poisson manifold.

The Poisson bracket {-,-} defines a bivector field # € T(A*TM) on M by the
relation
m(df,dg) ={f,g}, for f,g € C=(M).
We denote by 7* : T*M — TM the map given, at each o, 3 € T*Q, by B(7%(a)) =
(e, B).
Hamiltonian vector fields can in general be defined for Poisson manifolds. By the
Leibniz property, given a function f € C*°(M), the map g — {f, g} is a derivation

and then defines a vector field Xy on M called the Hamiltonian vector field of f, such
that

for any g € C°(M). It is straightforward to see that this definition coincides with
the definition given of symplectic manifolds in (1.3.16).

Hamiltonian vector fields are closed with respect to Lie bracket. More precisely the
Jacobi identity implies that the map f — X/ is a anti-homomorphism of Lie algebras
from C'*°(M) with the Poisson bracket to the Lie algebra of vector fields on M under
the usual Lie bracket. In other words the following formula holds

(X}, X, = —X{fg)- (1.3.20)

The characteristic distribution of the Poisson manifold (M, {-,-}) is the (general-
ized) distribution C, given at each point ¢ € M, by

Cq ={X¢(q) - f € CF(M)}.

The dimension of C; is called the rank of the Poisson structure at ¢, it is denoted
rank |, and it can be shown that it is lower-semicontinuous function of ¢, i.e. for any
¢ € M there is some neighbourhood U containing ¢ such that rank «|, > rank x|,
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for any p € U. When rank w|, is equal to dim(M) we say that the Poisson structure
is nondegenerate at q. If the rank does not depend on the point ¢, then the bracket
defines a reqular Poisson structure.

The hamiltonian vector fields preserve the characteristic distribution and then C is
integrable by the Stefan-Sussmann theorem and corresponds to a foliation F. Denote
by F, the leaf passing by ¢ € M. For f,g € C*(F,), define the following bracket on
Ty

{f,9}a) ={/f. 9}(a) = X;(9)(a), (1.3.21)

where f,g € C®(M) are any extension of f,§, respectively. It can be shown that
(1.3.21) does not depend of the extensions f,g and that it defines a nondegenerate
Poisson bracket on F,. Therefore the leaf F, is a symplectic manifold and F is called
the symplectic foliation of the Poisson manifold (M, {-,-}).

The local structure of Poisson manifolds is well described using Weinstein’s split-
ting theorem which asserts that in a neighbourhood of a point a Poisson manifold of
rank 2k is a product of a 2k-dimensional symplectic manifold (the "local’ symplectic
leaf) and a Poisson manifold with bivector of rank 0 at the point considered, see e.g.
[37, 85].

Given a Hamiltonian H : M — R, the dynamics or equations of motion is given
the hamiltonian vector field Xy on M, i.e.

XH = {"H}a

or equivalently, given any function (observable) f € C*°(M), the evolution of f under
the dynamics verifies

f={fH},

where f := Xpy(f) is usually called orbital derivative of f. Consequently, a first integral
(or constant of motion or preserved quantity) is some function f € C*°(M) such that
f = 0. Observe that, by definition, X is tangent to the symplectic leaves, then the
dynamics evolves on the leaves under the symplectic structure and the Hamiltonian
restricted on the leaves of the symplectic foliation of M.

Two functions f, g € C°°(M) such that {f, g} = 0 are said in involution, then the
collection of first integrals is exactly the collection of functions which are in involution
with the Hamiltonian H. As easy consequences, by the skew-symmetry of the Poisson
bracket, the Hamiltonian H is a first integral of Xy, and by Jacobi identity, if f and
g are first integrals, then {f, g} is also a first integral (not necessarily independent of
f and g).

A functions f € C*°(M) which commutes with any other function is called a
Casimir of the Poisson structure. In particular Casimirs are first integrals for any
Hamiltonian. In other words, Casimirs are constant on the symplectic leaves, or
equivalently, symplectic leaves are in the level sets of Casimirs.

Using the notations and notion defined we now present the hamiltonian formalism
of nonholonomic systems.
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1.4 Nonholonomic hamiltonian systems

Consider a mechanical system on the n-dimensional configuration manifold @ with a
Lagrangian L : T'Q) — R of mechanical type, i.e., L is of the form L = %K—T;«Qv, where
k is the kinetic energy metric, V' : ) — R the potential energy and 779 : TQ — Q
the canonical projection.

Let us assume that the system admits k constraints in the velocities —that in the
case of the rolling ball are the non-sliding conditions (4.1.1)— which are geometrically
represented by a constant rank nonintegrable distribution D on @ (of constant rank
n — k), that is, at the configuration point g € @, the permitted velocities belong to a
subspace D, of T,Q).

Under the assumption of a mechanical-type Lagrangian, the Legendre transform
Leg = v : TQ — T*Q is a global diffeomorphism, where x”(X)(Y) = x(X,Y) for
X,Y € X(Q). Hence, the distribution D on @ induces a submanifold M of 7@,

M = Leg(D) C T*Q, (1.4.22)

called the constraint manifold. Since Leg : TQ) — T*@ is linear on the fibers, M — @
is also a subbundle of 7p+¢ : T*Q) — @ of rank n — k. Note that, as a manifold, M is
of dimension 2n — k. Let us denote by ¢, : M — T™(Q the inclusion and 7, : M — @
the canonical projection.

The distribution D also induces a nonintegrable (constant rank) distribution C on
M given, at a point m € M, by

Co = {Um eT, M | TTM(Um) € DT(m)}. (1.4.23)

We will denote by €2,, the pull back to M of the canonical 2-form Q¢ in 7@ and
by €2¢ the point-wise restriction of €2,, to C, i.e.

QM = LLQQ and Qc = QMlC (1424)

Since the 2-section ()¢ is nondegenerate (see [11]), it is possible to define the nonholo-
nomic bracket {-,-}nn on M [55, 69, 86| such that, for any f,g € C*°(M),

{f, 9 nn = —Xs(g) where X;€T'(C) suchthat ix Qc=df|c, (1.4.25)

which is an almost Poisson bracket, i.e. it is bilinear, skew-symmetric, verifies Leibniz
property but does not necessarily satisfies the Jacobi identity. Moreover, the dis-
tribution on M generated by the hamiltonian vector fields X; —called characteristic
distribution— is the nonintegrable distribution C of constant rank 2(n — k).

The nonholonomic bracket defines a bivector field 7, on M by the relation,

Tan(df, dg) = {f, g}un, for f,g € C(M). (1.4.26)

We denote by me : T*M — T M the map given, at each o, 3 € T*M, by ﬁ(wfm(a)) =
th(aa 5)
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The bivector field 7, € T'(A\”>TM) defined in (1.4.26) is, of course, not Poisson.
This implies that that map f +— X is not an antihomomorphism of Lie algebras as
in the Poisson case (see (1.3.20)). In fact, using the Schouten bracket, (see e.g. [85]),

p+g—1

[ T(A\TM) x T(\NTM) - T( \ TM),

the failure of the Jacobi identity is given by the Jacobiator, defined as

1
Jac(f,g,h) = 5[7?,7?]((1]”, dg,dh). (1.4.27)
Using the properties of the Schouten bracket we also have
1 .
S 7 dg. dh) = eydliel{f. {g. P}, (1.4.28)

where cyclic indicates the sum of cyclic permutations of its parameters. Hence, for
almost Poisson the following holds instead of the antihomomorphism in (1.3.20).

Proposition 1.4.1 ([26]). Let m be any bivector field with associated almost Poisson
bracket {-,-}. Then, for any f,g € C>®(M), the following formula holds

I,
~Xir.gr = X5, Xgl = Slanaglm, 7,
or equivalently, for any h € C*°(M),

~X(1y(h) = [Xp, X,](h) = sl w](df. dg, dh).

Proof. By definition:
—Xgrgr(h) = —{h.{f . g}},

and

(X7, Xgl(h) = Xy (Xg(h)) — Xg(Xs(R) = Xy ({R, 9}) — Xy({R, [})
={fAg,h}}+1{g.{h, f}}.

Collecting the latter expressions we get Jac(f, g, h) = [Xf, Xg](h) + X541 (R). O

Example 1.4.1. (Twisted Poisson structures) Twisted Poisson structures can be con-
sidered as intermediate structures between Poisson and (non-Poisson) almost Poisson
structures. In fact the Jacobi identity is not verified but the Jacobiator is controlled

by a closed 3-form ¢. That is, for f,g,h € C*°(M), the following holds
cyclicl{f, 19, B} = 6(Xp, X, Xi). (1.4.20)

The main property of ¢p-twisted Poisson structures is that its characteristic distribution
15 integrable and that the leaf-wise bracket induces a nondegenerate 2-form Qz which
1s not closed but dQdr = ¢.

If m s the bivector field on M defined by a nondegenerate 2-form €1, then pi is
o-twisted with ¢ = dS2. On the other hand, any bivector having a reqular integrable
characteristic distribution is ¢-Twisted Poisson but ¢ is not uniquely determined, see
[8] (or Appendiz 1.). Note that a ¢-twisted Poisson manifold having a foliation of
dimension at most 2 is Poisson (trivially dQz = 0).
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The dynamics of the nonholonomic system is given by the (intrinsic) constrained
Hamilton’s equations,
ix,, 000 = U (dH + N\7r€”), (1.4.30)

where the scalar functions \* are referred to as Lagrange multipliers. Restricting
(1.4.30) to the distribution C we get

ix., Qc = dH e, (1.4.31)

which, by nondegeneracy of ()¢, defines uniquely the nonholonomic vector field X, on
M. The function H,, € C*>°(M) is the restriction to M of the Hamiltonian function
H : T*Q — R induced by the Lagrangian L : TQ — R, [11]. Equivalently, the
vector field X, is defined by X,,;, = —Wflh(dH ). Hence, we say that a nonholonomic
system is described by the triple (M, m,p, H,,), or that the nonholonomic dynamics is
described by the bivector field m,,.

Recall that the constraint distribution D C T'Q) can be written as D = {(¢,q) :
€(¢)(¢) = 0,a = 1,---  k}. If we consider canonical coordinates (q’,p;) on T*Q,
equation (1.4.30) becomes

- OH ) 0OH g
- i = — - aE.
q 8p2 7 p aql 1
and the constraints are give by:
oH
€(qQ)=—=0, a=1,--- k. 1.4.32
OF= (1432)

1.5 Examples

We present some examples to illustrate the geometric framework of hamiltonian non-
holonomic systems explained in this chapter. We will return to the examples in the
following chapters in order to illustrate the new theoretical framework and results.

1.5.1 The nonholonomic particle

We continue with the ideal example introduced in Ex. 1.1.2 and Ex. 1.2.4. Recall
that the configuration manifold is ) = R3, the constraint 1-form is given by €' =
dz — ydx and the constraint distribution D is given in (1.1.4) and is nonintegrable.
The Lagrangian of the system is L : (¢,v) — ¢q - ¢, where the dot means the standard
dot product in R3.

The constraint distribution D is the kernel of the 1-form e'. Writing an arbitrary
tangent vector in R? as v = aa% ~|—b8% —1—0%, the condition v € Ker(e!) implies ¢ = ay,
so that v = a(Z + y&) + b(a%)' Hence we get

0 g 0
D= span{Y;; = % + ya, a—y}

23



Completing to a base of T'() we have

0 0
TQ = Yxa 7 0 a0
Q= span{Ys 5 )
with dual basis
T*Q = span{dx,dy, '}, (1.5.33)

and associated coordinates (p;,py,p.). The constraint manifold in 7%() is given by
M = {k"(X): X € D}. The metric » here is proportional to the standard Euclidean
metric, hence, writing M = {ar’(Z + y2) + b/ﬁb(%)}, it is not difficult to find

M = span{(1 + y*)dx + ye*, dy}.

In the coordinates of T*(Q), M is described by
M = {(‘r)ya'z?pa:ap 7pz) Pz = pr}
Y 1 + yg

Then,
o o0 90 0
T = Y:'m a vAa.0Aa. v I
M = span{ Oy’ 0z Op, 8py}
and, from the definition of C in (1.4.23),

o o0 0

C =span{Y,, —, —,—}.
pand 9y Op, 8py}

The Hamiltonian restricted to M is given by

Now we compute the nonholonomic bivector field. The Liouville 1-form restricted to

M is Op = ppdx + pydy + #pxel. Then Qy = dx Adp, + dy A dp, — d({£5) N
y

1+y2

pode! and

Q¢ = dx Ndp, +dy N dpy — %gﬂpxdx A dy.

The nonholonomic bivector field is given by

8 a9 o oy 9 9

Tnh = Y;v Ng—+ + fi7 A s
" . 0y Op, " 1+ 0, " Op,
and the nonholonomic dynamics X,,;, = —th(dH ) 1s given by
x 0 0
X, = P Y

Y;v a T .
1+ g2 +py8y + 1 +y2p py@px
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1.5.2 Vertical rolling disk

We continue with the example presented in Ex. 1.1.3. The configuration space is
Q = R? x S' x S, with coordinates (z,y,60,$). The Lagrangian L is given by the
kinetic energy,

- 1 1 . 1 .
L(z,y,0,¢,%,9,0,0) = §m(a':2 +97) + 5192 + §J¢2, (1.5.34)

where m is the mass of the disk, R the radius of the disk, I is the moment of inertia
of the disk about its axis and J is the moment of inertia about an axis in the plane of
the disk, both axes passing through the center of the disk. The associated constraint
1-forms are
¢' =dr — Rcos(¢)df, ¢ = dy— Rsin(¢)dh.

We have de’ A et A€ #£ 0, i = 1,2, so the constraint distribution is nonintegrable and
the system is nonholonomic.

Writing an arbitrary tangent vector in T'(Q) as v = aa% + ba% + c% + d%, the
condition v € Ker(e') N Ker(e?) is equivalent to:

a— Rcos(¢p)c=0, b— Rsin(¢)c=0,

so that the constraint distribution is given by

0 o 0 0
D = span{Yy := Rcos(gb)% + Rsin(gb)a—y + 50’ Y, = 950
Details for the computation of the constraint manifold M are explained in the next
example (snakeboard). Here we just present the final result:

_ Rmecos(¢) . . Rmsin(¢)

M = {(33'73/797¢725x715y7150715¢) Py = ——= Do, py = E

B p9}7

where E = I+ R?m, where we use the (adapted) coordinates (py, ps, Pz, Dy) associated
to the dual basis in T*Q given by {df,dg, €', €*}.

The Hamiltonian restricted in our coordinates is given by

1 1
H. = —p2 + —p> 1.5.
= 5P+ 57 (15.35)
the 2-section ()¢ is given by
Q¢ = dO N\ dpg + do N dpy, (1.5.36)

and the nonholonomic bivector field m,;, by

0 0

Ton = Yo A g Yo A B ( )
Finally the nonholonomic vector field X,,;, = —th(dH ) is given by
Po Py
Xon = EYQ + 7Y¢. (1.5.38)
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1.5.3 Snakeboard

It is a variation of a standard skate permitting the axis of the wheels to rotate by the
effect of a human rider creating a torque allowing the board to spin about a vertical
axis. A better description of the geometry of the system, including a figure, is given in
[15, p. 271]. The configuration manifold is Q = SF(2) x S* x S, and the Lagrangian
is the kinetic energy of the system given by

1 . 1 . .. .
Lg,q) = §m(562 + 92+ 1r20%) + éJwQ + JY8 + J,¢>.

The non-sliding constraints are given by the kernels of the 1-forms:
¢! = dx + rcot(¢) cos(6)db,
e = dy + r cot(e) sin(6)db.
Writing a general vector in T'Q) as v = :ta% —1—@)8% + 9% + é% + @%, then to verify
the constraints it must annihilate the constraint 1-forms, i.e.,
e} (v) = & + reot(¢)cos(0)0 = 0,
2 (v) = § + reot(¢)sin(6)d = 0.

Using these relations between the coefficients of v, we obtain the constraint distribu-
tion,

0 0 . 0 0 0
D = span{Yy := 50 " rcot(gzﬁ)cos(ﬁ)a—x - rcot(<b)sm(8)a—y,Y¢ = 8—¢,Y¢ = %}
(1.5.39)
We complete D to form bases for T'Q) and T*@Q),
0o 0
TQ ={Yy, Yy, Yy, —, —
Q { 0y L wvax7ay}

T°Q = {df, dp, dip, €', €},
with coordinates (Py, Py, Dy, Px, Py) o0 T7Q).

The constraint manifold M is computed from M = {x’(X) : X € D}. From the
Lagrangian, the metric tensor is given by

2
K = %dm@dﬁ%dy®dy+%d@@d@ﬂldq@dm%dzp@dwg(de®d¢+d¢®d9).
Using the expression for the metric we find
0 mr? J

b_ _ J—
5(89) 5 o + 2dw,

K (=) = =(df + dv)), (1.5.40)



Then
M = Span{ﬁb(%),fib(Y(i)),fﬁ;b(Kp)}, (1.5.41)

where &’(Yy) and £’(Y,,) are read directly from (1.5.40) and

2 2
K (Yy) = —% cot(¢) cos(f)et — % cot(¢) sin(6)e* + %d@ + % cot?(¢)dd + gdw.
Writing a general element of M in the form a = pydf + pyde + pydi) + pre’ + pye?,
we find

59 = a—— (1 + cot?(4)) + ci,
2 2
~¢) = le,
Py = %(a +¢),
P = —a% cot(¢) cos(0),
Py = —a% cot(¢) sin(#),

where a, b, ¢ are the coefficients of o with respect to (1.5.41). Then, M is given by

mr cos(0) sin?(¢) cot(¢) , . _
2 — J sin?(¢) (Bo = Pu),
- mr sin(6) sin®(¢) cot ()
Y mr? — J sin*(¢)

M = {(qi7ﬁ97ﬁ¢7p~¢7ﬁ$7ﬁy) :p~$ -

(P — py)}-

The restricted Hamiltonian H,, is computed in our adapted variables and we get

sin?(9)
2(mr?2 — Jsin*(¢))

1 1
H. = S~ a2 T2 . ~2.
The 2-section (¢ is given by

mr? cot (o)
r2 — Jsin?(¢)

chdQ/\dﬁg—kdqﬁ/\dﬁ(ﬁ—i—dedp@—irm (Do — Py)dO A d,

which allows the computation of the bivector field 7.

1.5.4 The rigid body and the Chaplygin ball

To understand the configuration space we fix an orthonormal basis (inertial frame)
in space (e!, e, e?), and attach other orthonormal basis (E', E? E?) to the body at
the center of mass (the body frame). If the body rotate about its center of mass, the
two frames are related by and orthonormal matrix g(t) € SO(3):

e(t)=gt)E', i=1,23.
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The center of mass can be in any point of the space, so that the configuration space
of the system is the direct product of Lie groups, @ = SO(3) x R3. A point ¢ € Q
will be denoted g = (g, (x,y, 2)).

We identify, as usual, the Lie algebra of SO(3), denoted s0(3), with R? using the
"hat-map’:

vl 0 —v o2
v=1| ¢ | —0= v3 0o —ot |,
V3 —v? ! 0

which is a Lie algebra isomorphism taking the vector product x to be the commutator
in so(3).

An important example of a rigid body with nonholonomic constraints is the Chap-
lygin sphere or Chaplygin ball [29], consisting in an inhomogeneous sphere whose
geometric center coincides with its center of mass and which is allowed to roll without
sliding over a horizontal plane.

If £ € R3 describes the coordinates of the center of mass and w the angular velocity
of the body with respect to the space frame, then the rolling constraint can be written
as a linear equation relating & and w. These constraints are written

T =rAw,

where 7 is the radius of the sphere, and A is matrix whose rank specifies a special
kind of rolling. For instance the rolling over a plane uses the matrix

0 10
A=| 100 | (1.5.42)
0 00

Denote by €2 the angular velocity in body coordinates, then we have the relations

~

©=g(t)g 1), Q=g t)g(t),

where (g(t),z(t)) € @ describes the motion of the body. Hence w = ¢€2, and the
constraints can also be written as & = rAg€2.

Consider the left and right Maurer-Cartan forms on SO(3), A and p, respectively.
These are so(3)-valued 1-forms verifying p = g\ and such that for a tangent vector
v, € T,50(3), identifying so(3) with R3, the following holds for g € SO(3),

w=p(g)(v), 2= Al9)(v,).
Using these 1-forms, the constraints can be defined by a R3-valued 1-form e =
(€', €%, €3) as:

€e=dr—rAp=dr —rAgA.
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Denote X% the moving frame of SO(3) dual to p, and X’ the moving frame dual to
A. Then, the constraint distribution D is given by

D = span{ X" + ’I“A%} = span{ X" + rAg% . (1.5.43)

If I denotes the inertia tensor (a symmetric definite positive 3 x 3 matrix), we
assume additionally that the body frame is aligned with the principal axes of inertia
(the eigenvectors of I) of the body. In that basis I is represented by a diagonal matrix
with positive entries Iy, I5, I3, the principal moments of inertia (the eigenvalues of I).

The Lagrangian of the rigid body is the total kinetic energy, i.e.,

1 1
L(g,x,g,%) = §QT]IQ + ém:cTa:,

where we write £ and Q as column vectors, and 7 indicate the matrix transpose.
Defining the linear momentum by p = ma&, Lagrange-d’Alembert equations give the
system:

p =
IQ = IQxQ—rg AT,

where g are Lagrange multipliers. Using the constraint and the fact that g€ = 0, we
find p = mrAg€, which permits to decouple de system as

I = 1IN x Q — mrig ' AT AgQ.

On the cotangent bundle T*(Q) we consider the frame {\, dx} with coordinates (M, p),
then a co-vector a € T*() can be written as

a=M-X+p-dx. (1.5.44)
The Legendre transformation FL : T'()Q — T*() gives the new momentum coordinates,

M = I

p = mx.

In order to deal with the constraints, we work with the frame {X, e} of T*Q, with
coordinates (M, p). Comparing with (1.5.44) we obtain

M = M +rg" ATp,

~ (1.5.45)
b=Dp.
Now we compute the constraint manifold M = Leg(D) C T*M. We get
M={(g,z, M,p) : p=mrAgQ}, (1.5.46)
where 3
M =1Q + mr2gt AT AgQ. (1.5.47)
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The Hamiltonian in the coordinates (M, p) is given by
1, 1
H=-M-T'M+ —p-p.
2 2m
Passing to the adapted variables (M, p) and using the relation in (1.5.46), we get the

restriction of the Hamiltonian to M,

1 -
HM:§M'Q7

where € can be written in the variables on M using (1.5.47).
The nonintegrable distribution C, defined in (1.4.23), is given by

o 0
- XL TAT— e

The canonical two-form @ on 7@ is given by
Qo=—d(M-X+p-e)
=X-dM — M -d\—p - de + € - dp,

and a small computation using Maurer-Cartan equations gives de = rAgdA. There-

fore,
Qo =X-dM — (M + mr’g" ATp) - dX\ + € - dp.

Recalling that ¢, : M < T*Q denotes the inclusion and using that p = mrAgQ
holds along M, we have

Q=" (Qg) = X-dM — (M + mr*g" AT AgQ) - dX + 1}, (e - dp).
Finally, considering that € vanishes over C, we have
Qe = Qule = A-dM — (M + mr?g" AT AgQ) - d. (1.5.48)

We compute the nonholonomic bivector field 7, using (1.4.25) and (1.4.26),

0 9, 0 ~ 0 9,
n :XL/\—~—|—7"A —~/\—~—|— .2\4-4—771,7"2 TATAQ—~/\—~ 1549
o ont Yoz " onr T oA o )
Finally, computing the nonholonomic vector field X,,; = —Wﬁh(dH ), we obtain
th:Q'XL—I—TAgQ'i—{—(MXQ)'L. (1.5.50)
ox oM

1.5.5 Homogeneous ball in a cylinder

The systems consist of a homogeneous ball of radius r» and scalar moment of inertia
[ =TI -id rolling without sliding inside a circular cylinder of radius R and subject to
the force of gravity, see [5, 10, 70].
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The configuration space is Q = R x S x SO(3) with coordinates (z,6,g) where
(z,0) indicate the vertical position and the angle of the center of mass in cylindrical
coordinates, and ¢ as in the last example indicates the orientation of the ball with
respect to some fixed frame.

Following [5, 70], from the right invariant frame X% = (X{¥, X2 XIt) we construct
a new (moving) frame (X,, Xy, X.) obtained by a rotation of X% of angle  with
respect to the z-axis, and with associated coordinates of the angular velocity given by
w = (wp,wy,w,), and dual basis denoted by (3, Gy, ).

The velocity constraints are given by

r

S, 6= — ., 1.5.51
Z=rw o ( )
with constraint 1-forms
d R —
S=p - =g+ " T (1.5.52)
r
which define de constraint distribution D given by
o 1 0 R-r
D= Y, = —+4+-Xp,Yp == — —X,, X,,} 1.5.
Span{ z 82 + r 0,10 69 r 2 n} ( 5 53)

We observe that, by instance, [Yp, X,,] = =22 ¢ I'(D), then the regular distribution
D is not integrable.

The Lagrangian L : T'Q) — R is given by

. . 1
L(z,0,9,%2,0,w) = %((R —7)20% + %) + Jw Wt magz, (1.5.54)

where a, denotes the acceleration of gravity.
We choose the following basis of T'Q)

TQ = span{Y, Yy, Xy, Xo, X},

and dual basis of T*(Q),
T*Q = span{dz,df, B,, €, €},

with associated coordinates (9, pg, M,,, My, M.,).

Using the kinetic energy metric one computes the constraint manifold M =
Leg(D),

M :{(2707g7ﬁz7ﬁ67Mn,M9,Mz) : M@Z ﬁz»Mz:_—pNg},

E(R—r)
where E = I + mr?. On the other hand, using
R R 1
d6n|C - _T_de A dtg, d69|6’ = ?6n A d@, dﬁz|c = ;Bn A dZ,
the 2-section ()¢ is given by

- I
Qo = —dp, Adz — djy A df — A, A dB, — =253, A do +

I 5
o E(R——T)peﬁn A dz,
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and the nonholonomic bivector field is

0 0 0
n :Y::'/\_N Yo AN — Xn/\—~
Tnh 5pz+ ’ 8p0+ M,

Rg @, 0 I -0 9 IR D
2" op, E a5, " on1,

=t =5 —Pia= N = —
ap@ E(R - T) apz (9Mn
Computing the Hamiltonian, writing it in the adapted coordinates and restricting to

M we get
~ 2

TQ ~ 2 p~92 Mn
HM = ﬁ (pz +m) —i———magz.

Then, the nonholonomic vector field is

r? r? M, rpoM, O Ir3pgp., 0 0

Xon = Vot vy g, - Dol O a2
" R—eE T EPTT E(R—r2op.  EAR-r2onr. ""op
(1.5.55)

We can compare with the formulas obtained in [5] using the relations

E . E
P-=—75Ds Do = —Do,
mr mr

M, = M,, My=M,, M,=M,.

1.5.6 Body of revolution

Following [6, 36] we consider a strictly convex body of revolution rolling without sliding
over a horizontal plane which we take to be described by {z = 0}. We denote by m
the mass of the body and by I = (I, I, I3) the moment of inertia with respect to an
orthonormal frame (eq, ez, e3) attached to the body where es is oriented along the
axis of symmetry of the body. By the rotational symmetry we have I; = I,. Moreover
we indicate by a € R3 the coordinates of the center of mass and by ¢ the orthogonal
matrix indicating the orientation of the body. Then, the configuration manifold of
the free mechanical system is given by R3 x SO(3) with coordinates (a,g) and the
Lagrangian L : T'QQ — R (of mechanical type) is given by

1 1
L(a,g,a,Q) = §m<a, a) + 5(]19, Q) —may(a, es), (1.5.56)

where Q = (Q,Q9,3) is the angular velocity in the body frame and (-,-) denotes
the standard scalar product in R3.

We start considering the constraints. First let us describe the holonomic constraint
and write the configuration manifold ). We call @ the vector in the space frame joining
the center of mass to the contact point. Thus, the holonomic constraint imposing the
fact that the body is on the plane is written

as = —<6, 63).

Since here we work in the body frame, it is convenient to call s = g7'd and v = g 'es,
the corresponding coordinates of @ and e3 in the body frame. More explicitly

s() = (o(v3)71, 0(v3) 72, C(73)),
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where ¢ : (=1,1) — R and ¢ : (—1,1) — R are smooth functions depending on
the parametrization of the surface of revolution given in [36, Sec. 6.7.1] that can be
extended smoothly to a neighbourhood of +1.

Consequently the configuration manifold is given by
Q={(a,g) eR*x SO(3) : a3 = —(s,7)}. (1.5.57)
We define a local basis of TQ given by { X{, X1 X1 8%1, 6%1} with coordinates (§2, dy, d»),
where we denote by (X¥, XI ' XI) the left-invariant vector fields, with dual basis

A = (A1, A2, A3) given by the left Maurer-Cartan 1-forms. Then, the nonholonomic
constraint of rolling without slipping is given in the body coordinates by

g la=-Q xs,

or equivalently
a=—g(xs).

Taking the first two coordinates of the last relation, and denoting a,3,~ (this is
coherent with our previous use of 7) the rows of the matrix g we get

a; = —(a, Q2 xs), d=—(6,Qxs),
and therefore the constraint 1-forms are written:
e =da; + (o, A x 8), € =das+ (B, x 8). (1.5.58)
We get the constraint distribution D computing Ker{e!, €?}, that is

D = span{¥, Y2, Ya}, (1.5.50)
where Y; := X! + (a x s)iaia1 + (B % s)i% + (v X s)i%.
We denote Y = (Y7, Y2, Y3) and complete D to form a basis of T'Q) with the vectors

2 and 81, thus
a2

oaq

g 0 g 0
TQ = Span{yl,yzayéa 8_a1’ 8_a2} = {Y7 8_a1’ 8_a2}

Using the dual basis in 7*Q given by {X, €', €2} with coordinates (M, py, p»), and using
the kinetic energy metric given in (1.5.56) we can compute the constraint manifold
M = Leg(D). We get

M = {(alaa@agaMaleapNQ) :p~1 = m(a,s X Q>7 p~2 = m</878 X Q>}7 (1560)

where M = IQ + ms x (Q x s). Then, the coordinates of M are (ai,as, g, M) and
the bundle 7, : M — Q is given by (a1, aq,9, M) — (aq, az, g).

The Liouville 1-form written in our basis of T*Q is ©g = M - X + pre' + pre.
The computation of the 2-section ¢ has been performed in [6, Prop. 3.3]. We do not

repeat the details here since they are better explained considering symmetries and
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other constructions which are recalled and explianed in Chapter 2. The final form of
the nonholonomic bivector m,;, is

~ 0
T = Y A~ (M 4+ K)— x A2 (1.5.61)
oM oM oM
o _ (0 _9_ _d
where - = = (aMl’a_Mg’ Bl\ng) and
K = —mo(v,s)Q + Qv + Pes, (1.5.62)

with
Q = _m(Q2<Q>7> + Qlc3)a P = m(LQ<Q>7> + L/C3)7
c3 = (v X (2 x 8))3, L= L(v3) = 073 — ((73)-

The Hamiltonian restricted to M has been computed in [36, Sec. 6.4] (in the La-
grangian formalism) and is given by

(1.5.63)

1, .~
Hy = §<M’ Q) +may(a, es). (1.5.64)
The nonholonomic vector field has also been computed in [36] (see also [6]):

Xon = (Q,Y) + (M, %% (1.5.65)

where]\;/_f:MxQ—i—m(Qxé)xs—mag*yxs.
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Chapter 2

Nonholonomic systems with
symmetries

In this chapter we present the geometric framework we use to write the equations of
motion before and after reduction by symmetries. We follow the previous works in
[5, 8, 11, 16, 46, 55, 86].

2.1 (-actions in nonholonomic mechanics

The objective of this section is to recall the reduction of nonholonomic systems with
a proper G-action. First we recall some standard facts about smooth group actions
and fix some notations, see e.g. [1, 38, 66].

2.1.1 Free and proper G-actions

Let G be a Lie group and M an n-dimensional smooth manifold. A smooth action (or
simply action) of G on M is a smooth map ¢ : G x M — M such that, if we denote
¢(97 m) by g-m, then7

(1) e-m=m and (73) (gh)-m=g-(h-m),

for any g, h € G, m € M, and where e € G denotes the unit of the Lie group. For any
g € G the action diffeomorphism 1y : M — M, is given by m — g - m. Equivalently
one can define the action as a group homomorphism G — Dif f(M) given by g — v,
where the product in Dif f(M) is the composition.

We say that the action is free if when g-m = m implies g = e, i.e. if g # e then the
map 1y : M — M has no fixed points. The action is called proper if the map given
by G x M — M x M, such that (g,z) — (z,g - x) is a proper map (the preimage of
a compact set is compact).

The orbit of a point m € M is the set denoted G - m or Orb(m) given by {g-m :
g € G}. The orbits of a smooth action are immersed submanifolds of M and if the
action is proper (in particular if G is compact) then the orbits are embedded closed

35



submanifolds of M. If, in addition, the action is free then the orbits are diffeomorphic
to G.

The Lie algebra g of the Lie group G, defines and infinitesimal action on M, given
by fundamental vector fields or infinitesimal generators. Given a element £ € g, the
associated infinitesimal generator of the action on M, denoted &,;, is the vector field

defined by
d
Env(m) = E\tzo exp(t€) - m, (2.1.1)

where exp : g — G is the exponental map (see [38]). Then, the tangent space to the
orbit passing through m € M, Orb(m), is generated the infinitesimal generators at
m, i.e.

T,Orb(m) = {&pm(m) : € € g} (2.1.2)

If the action is free then &y;(m) # 0, for any £ € g, and then the orbits Orb(m) are
rank(g)-dimensional submanifolds of M. In fact, Thm. 2.1.1 bellow shows that the
orbits are the fibers of a G-principal bundle.

The isotropy group or stabilizer G,, of a point m € M is the subgroup: G,, = {g €
G|g-m = m}. Since Gy, is a closed subgroup then it is a Lie subgroup. By definition,
an action is free if all the isotropy groups are trivial. Moreover isotropy groups for
proper actions are compact.

The quotient space M /G is a topological space with the quotient topology and the
quotient map p : M — M/G is usually called orbit projection and is continuous and
open. If the action is proper, the fact that the orbits are closed imply that M /G is
Hausdorff.

Theorem 2.1.1. If the Lie group G acts freely and properly over a manifold M, then
the quotient space M /G is a smooth manifold and the quotient map p: M — M/G is
a G-principal bundle.

In particular the projection map p : M — M/G is a submersion. Thus a smooth
function f : M/G — R on the quotient manifold M/G is equivalent to a smooth
function F' : M — R constant on the orbits (or G-invariant). We denote C>(M)%
the collection of all G-invariant functions on M and then we have the equivalence
C®(M/G) ~ C>®(M)“.

We present here two examples of smooth actions which illustrate symmetries in
mechanical systems.

Example 2.1.1. (The nonholonomic particle) Continuing with the ezample developed
in Section 1.5.1, we recall that the configuration space is Q = R3. We will see in
Section 2.4.1 that the system has symmetry group G = R%. The action of (a,b) € G
on (x,y,z) € Q is given by

(a,b)-(x,y,z) = (:E+a,y,z—|—b),

and it is straightforward to see that it is free and proper. The orbit projection p : () —
Q/G ~ R is given in coordinates by (x,y, z) — (y).
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Example 2.1.2. (A ball on a plane under gravity) The configuration space is R? x
SO(3) with coordinates (x,y,g) and since the position of the center of mass as well as
the orientation in the plane are not relevant (homogeneity and isotropy of space, in the
physics nomenclature), we consider a symmetry group G = SE(2) = R? x SO(2) ~
R? x St acting as

~

((a,b),9) - (z,y,9) = (hy(z,y) + (a,0), hyg),

where hy, 1s the 2 x 2 orthogonal matriz representing counter-clockwise rotation of
angle ¢, and fAzw 1s the 3 X 3 orthogonal matriz representing a rotation of angle
with respect to the z-axis. The action is free and proper and the quotient space QQ/G,
is diffeomorphic to SO(3)/S* ~ S?. In this case the map p : Q — S? is given in
coordinates by (z,vy, g) — =, where vy is the third row of the orthogonal matriz g.

2.1.2 Proper G-actions

If the action ¢ : G X @ — @ is not free then the quotient space Q)/G is not necessarily
a smooth manifold but it can be understood as a differential space, see for instance
[13, 35, 36, 82].

Definition 2.1.2. A differential space M is a topological space endowed with the ring
C*(M) of continuous functions that satisfy the following conditions:

1. The family {f~!(I)|f € C*(M) and I an open interval of R} is a subbasis of
the topology of M.

2. If fi,--+, fn € C®°(M) and F' € C®°(R"™), then F(f1,---, fn) € C®(M).

3. If f: M — R is a function such that for each m € M there is a neighbourhood
U of p and a function f, € C*°(M) satistying f,|v = f|u, then f € C(M).

When necessary we use the pair (M, C>°(M)) to denote the differential space. Let
(M,C>(M)) and (N,C>°(N)) be two differential spaces, a continuous map ¢ : M —
N is said a smooth map from (M, C>°(M)) to (N,C>(N)) if p*(C*(N)) C C*(M) .
If ¢ is a homeomorphism and ¢! is also smooth then ¢ is called a diffeomorphism of
the differential spaces (M, C>(M)) and (N, C>(N)).

Example 2.1.3. A smooth manifold M with its ring of smooth functions C*°(M) is
a differential space.

Example 2.1.4. If G is a Lie group acting properly on a smooth manifold (), then
the quotient space Q/G is a Hausdorff topological space. Moreover Q/G is also a
differential space by declaring the ring of smooth functions on Q/G as being the ring
of smooth G-invariant functions on Q denoted by C>®(Q)¢. That is, if we denote by
p:Q — Q/G the orbit projection, then a smooth function f € C*(Q/G) is identified
with the corresponding G-invariant function f on Q s.t. p*f = f. It can be shown
that (Q/G,C>*(Q/Q)) is a differential space, that p : Q — Q/G is smooth map and
that the quotient topology coincides with the differential space topology of Q/G, see e.g
[35, Sec. VII.3.2].
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If the action is not free at m € M, then there exits £ € g such that its infinitesimal
generator vanishes at m, i.e. £y (m) = 0. Denote by g,, the Lie subalgebra given
by gn = {{ € g : &u(m) = 0}, then it is equal to the Lie algebra Lie(G,,) of the
isotropy group G,, even if the action is non-proper. In this case, as we mentioned
in Section 2.1.1, the orbit Orb(m) is a embedded closed submanifold of M, but not
necessarily of dimension rank(g). In fact, its tangent space is still given by (2.1.2),
but has dimension dim(g/g.,). See the book [38] for details and other result for proper
actions on manifolds.

2.1.3 Reduction of nonholonomic systems

Consider a Lie group G acting properly on the configurations manifold () such that the
tangent lift of the action to T'Q) leaves invariant the Lagrangian L and the distribution
D. As a consequence the corresponding cotangent lift of the action to T*Q) leaves
invariant the constraint manifold M C T*Q), the bivector field m,, on M and the
restricted Hamiltonian H ,,.

Definition 2.1.3. A G-action on the constraint manifold M is called a G-symmetry
of the nonholonomic system (M, m,, H,) if it preserves the bivector field 7, and
the restricted Hamiltonian H ,,.

Consequently, a G-symmetry of the nonholonomic system (M, m,,, H,,) induces
the reduced dynamics on the quotient space M /G. We have seen in Example 2.1.4
that the orbit space M /G is a Hausdorff differential space such that C*°(M/G) ~
C>®(M)C. Then, the G-invariant nonholonomic bracket {-,-},, on M and the orbit
projection p : M — M /G induce a reduced almost Poisson bracket on the differential
space M /G given by,

{fag}Tedop:{f7g}nh 7vf7g€COO(M/G>7 (2'1'3)

where f = p*f and g = p*g belong to C>=(M)C.

Since the Hamiltonian H,, is G-invariant, the reduced bracket {:,-},.q describes
the reduced dynamics: X,eq = {*, Hred}rea € X(M/G), where H,.q : M/G — R is
the reduced Hamiltonian give by p*H,.q = H,, (see [6, 12]). Observe that X,.q is a
priorionly a derivation on the differential space M /G. We will see in the next Section
that, for a proper G-action, the differential space M /G has also the structure of a

subcartesian space and a stratified space, which allow one to understand the meaning
of vector fields in X(M/QG).

Example 2.1.5. (An azisymmetric ball on a plane under gravity) Recall the mechan-
ical system in Example 2.1.2. Suppose that the ball has an azis of symmetry which
induces a new (left) S'-action and commuting with the SE(2)-action.

Recall that the configuration space is Q = R? x SO(3) with coordinates (z,y,g)
and now G = SE(2) x St acts as

((aﬂb)?@a Oé) ' (x,y,g) = (hw(l‘,y) + (a’vb>7 B@gﬁa%
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where, as before, hy, is the 2 X 2 orthogonal matriz representing counter-clockwise
rotation of angle ¢, and hy, (resp. hg) is the 3 x 3 orthogonal matriz representing a
rotation of angle ¢ (resp. ) with respect to the z-axis.

The action is proper but it is not free. Indeed, for any g, € SO(3) representing a
rotation around the vertical azis (then commuting with he), the element ((0,0), ¢, —¢)
fizes the point (0,0,qg,). In this case the quotient space Q/G, is diffeomorphic to
S2/SY ~ I, where I denotes a closed interval, which is not a smooth manifold. In this
case the map p : Q — Q/G given in local coordinates by (x,y,g) — 73, where vz is
the z-component of the vector v (using the usual notation for the rows of the matriz
g, see Example 2.1.2).

Example 2.1.6. The last ezample is an instance on a solid of revolution rolling on
a plane, developed in [6, 36, 47] and presented in Section 1.5.6. As a consequence,
the G-symmetry for that example does not come from a free action. We will illustrate
in Section 2.4.6 the use of invariant functions to show the results about the reduced
Poisson structure on M /G. Moreover, the example treated in thesis and developed in
Chapter 4 also admits a proper non-free action.

2.2 The quotient M /G seen as a subcartesian and
stratified space

We now briefly explain the structure of the quotient space M /G for proper actions,
more specifically we discuss the existence of vector fields and the orbit type stratifi-
cation. For more details see the books [35, 36, 38, 82] and the paper [81].

For a proper G-action, the space M /G has more properties in addition of being
a differential space. First, it is a subcartesian space, meaning that it is a Hausdorff
differential space, locally diffeomorphic (as a differential space) to a open subset of
the Cartesian space R". On the other hand M /G is a stratified space' given by the
orbit type stratification associated to the G-action.

A derivation X on a subcartesian space C' is called a vector field if the unique
maximal integral curve passing by a given point is a local one-parameter group of
local diffeomorphisms. Given a family § of vector fields in a subcartesian space C,
the orbit of § passing through p € C'is the subset of C' formed by points which can be
attained from p following, during finite times, the integral curves of a finite number of
vector fields of the family §. For such families §, Sniatycki [81] has shown an analogue
of Stefan-Sussmann orbit theorem for subcartesian spaces. In particular, the orbits of
the family X(C) of all vector fields in a subcartesian space C' are smooth manifolds
immersed in C' and gives rise to a generalized foliation of C' where the leaves are
the orbits of X(C'). The orbits of a (sub-)family of vector fields are also manifolds
contained in the orbits of all vector fields X(C') but are not necessarily maximal.

'Recall that a stratification of a paracompact Hausdorff space S is a partition of S on a locally
finite number of locally closed subspaces called strata such that: (i) each stratum M is a smooth
manifold with the indiced topology, and (ii) if M, N are strata and M NN # (), then either M = N
or M C N — N, where N denotes the topological closure of N, [81].
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Let us recall the orbit type stratification associated to a proper action. Consider
in general a proper action of a Lie group GG on a manifold M. The isotropy group G,,
of a point m € M is then compact. Let H be a compact subgroup of G. The subset
of M of orbit type H is given by

My ={m € M|G,, = gHg™! for some g € G}.

It can be shown that each connected component of Mgy is a submanifold of M. The
family of connected components of Mgy as H varies over compact subgroups of G
gives rise to a stratification of M called orbit type stratification of M. Moreover the
projection of the orbit type stratification of M by the orbit map p gives a (minimal)
stratification in M /G called the orbit type stratification of M /G where the strata are
the orbit projections M) /G of the strata of the orbit type stratification of M.

Returning to the quotient M /G by a proper action. It is proved in [35, Sec. VII.3.3]
(see also [36, Sec. 2.5]) that M /G with its differential space structure given by G-
invariant functions is a subcartesian space. Moreover, we get a generalized foliation
of M /G by the orbits of all vector fields X(M/G), which coincide with the strata of
the orbit type stratification of M /G, see [81, Sec. 7].

We summarize now the results of Chapter 8 of [82] for almost Poisson mani-
folds. Recall that a proper G-symmetry induces, by (2.1.3), an almost Poisson bracket
{-, - }rea on the stratified differential space M /G. Then, each stratum N of the orbit
type stratification of M /G is an almost Poisson manifold with bracket {-, -},cq|n. For
a smooth function f on M /G, the derivation of M /G given by

Xf(g) = _{fvg}red
defines a vector field on M /G that it is also called the Hamiltonian vector field of f.
The orbits of the family of all Hamiltonian vector fields in M /G are smooth manifolds
immersed in the strata of M /G and are not necessarily integral manifolds. Let us
call O, with O C N C M/G, one of such orbits, then any Hamiltonian vector field on
M /G induces a smooth vector field in the manifold O by restriction.

In the case of a nonholonomic system (M, m,, Hy) with a proper G-symmetry,
the space M /G is an almost Poisson differential space with bracket {-,-},.q and it
is stratified by orbit type, each stratum is an almost Poisson manifold and X,..4 is a
vector field in M /G inducing a smooth vector field on each stratum which preserves
the orbit type stratification of M/G.

We are interested in the integrability properties of the reduced bracket {-,-},cq in
M /G, that is, the failure of the Jacobi identity. In order to compute this failure, we
will use the formulas proved in [5] which are based in certain splittings of the tangent
bundle T'Q) explained in detail in the next Section.

2.3 The failure of the Jacobi identity of nonholo-
nomic brackets

In this section we present formulas for the Jacobiator of nonholonomic bracket {-, -},
and the reduced bracket {-,-},.4 for nonholonomic systems with symmetries. These
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formulas were proved in [5] for nonholonomic systems with free and proper G-symmetries
and are based on the construction of the 3-form dJ A Ky, see Section 2.3.2. The for-
mulas for the Jacobiator were generalized to proper G-actions in [6] where one key
assumption was the so-called vertical symmetry condition, see Rmk. 2.3.1. The main
result in the following section is that, if the action not necessarily free and G is com-
pact, then the vertical symmetry condition is no longer necessary to compute the
Jacobiator, see Egs. (2.3.20) and (2.3.21)

2.3.1 Splittings adapted to the constraints

Following our discussion of Section 2.1.3, let us consider a nonholonomic system
(M, Tpn, Hy) with a proper G-symmetry. Let us denote by V' the (generalized) smooth
distribution on @, called vertical distribution, given, at each ¢ € @, by the tangent
space to the orbit by G passing through the point ¢, i.e. V, := T,0rb(q). In this thesis
we will suppose that the dimension assumption [16] holds, i.e.

T,Q =D, +Y, (2.3.4)
for ¢ € Q). Since the action is not necessarily free, the rank of the vertical distribution
V C TQ may vary.

Now let us define the (generalized) smooth distribution S in @ given, at each

q € Q, by
S, :=D,NV,. (2.3.5)

It was shown in [6, Prop. 2.2] that the dimension assumption implies the existence of
a constant rank smooth distribution W on ) such that for all ¢ € @,

T,Q =D,®W, and W, CV, (2.3.6)
which is equivalent to the following splitting of the vertical distribution,
Vg =5, © W, (2.3.7)

Let g denote the m-dimensional Lie algebra of G. Following [16], for each ¢ € @,
let us define the vector subspace gg|, of g by

ne gS’q And HQ(Q) €5, (2.3.8)

where 7 denotes the infinitesimal generator of the action of G on @) associated to the
element 1 € g. Moreover, it was shown in [6] that the dimension assumption implies
that gg — @ is, in fact, a vector subbundle of the trivial bundle g x ) — (). Then
n € I'(gs) if no(q) € Sy, where ng(q) := (n/q)o(q). The bundle gg — @ admits a
(non-unique) bundle complement gy — @ such that, for any ¢ € @,

(8% Q)lg=0sls ® gwlq (2.3.9)
Then, the distribution W C V in (2.3.7) is defined by
W, = span{éqy(q) : € € gwlq}s (2.3.10)

and it is smooth with constant rank. The bundle W is called a vertical complement
of the constraints if, in addition to (2.3.6), it is G-invariant.
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Remark 2.3.1. Following [5, 6], let us recall that the bundle W in (2.3.10) satisfy the
vertical symmetry condition is the bundle gy — @) is given by a Ad-invariant subspace
t € g, ie. gwl, @ w for any ¢ € Q. In fact, the vertical symmetry condition is
equivalent to the existence of a normal Lie subgroup Gy C G, such that W is the
vertical space associated to the corresponding Gy-action, i.e. T,0rbg,, (q) ~ W,, for
any ¢ € (), where Orbg,, (q) is the orbit of q by the action of Gy . o

Proposition 2.3.2. Let G be a compact (and connected) Lie group acting (properly)
on Q. If the dimension assumption is satisfied, then there exists a G-invariant comple-
ment W C V wverifying (2.3.6) (or equivalently there exists an Ad-invariant subbundle

gw — Q of g X Q — Q verifying (2.3.9)).

Proof. Since the group G is compact, the Lie algebra g admits an Ad-invariant scalar
product ([60, Proposition 4.24]), which induces an Ad-invariant bundle metric in the
trivial bundle g X @ — Q.

For any g € G, let us consider the bundle map Ad, : g x @ — gx @, over the action
diffeomorphism 1, : Q — @, given at each n € I'(g x Q) by Ady(n)|y,q) = Adg(n],).
By the dimension assumption gg — @ is a subbundle of the trivial bundle g x ) — @
[6], and since the distribution S is G-invariant then gg is Ad-invariant and thus Ad,
restricts to a bundle map Ad, : gs — gs, see [32, Lemma. 4.4.8]. By Ad-invariance
of the bundle metric on g X Q — @, if gy in (2.3.9) is chosen to be the orthogonal
complement of the bundle g¢ with respect to this metric, then gy — @ is an Ad-
invariant subbundle of g x @ — Q. Defining the distribution W as in (2.3.10), we
obtain that it is G-invariant.

]

Remark 2.3.3. In the last proof we used the fact that if S is G-invariant then gg is
Ad-invariant and thus Ad, restricts to a bundle map Ad, : gg — gs. Indeed since S is
G-invariant, the Ad-invariance of gg follows from the formula (see [32, Lemma. 4.4.8)),

T(€a(q)) = (Ady(€))a(¥g(9));

where T;1), denotes the derivative of 1, at the point ¢ € @ and £ € I'(g x Q).
When there is no risk of confusion we will use the short notation for the G-action:

g-q:=1(q). o

Remark 2.3.4. For completeness we recall the averaging procedure used to show
that the bundle g x ) — @ admits an Ad-invariant bundle metric. First, the trivial
bundle g x ) — @ as a vector bundle admits a bundle metric, i.e. a family of scalar
products on the fibers varying smoothly with the base point, see e.g. [56, Sec. 2.1].
Let us denote by (-, -), the bundle metric of g x @ — @ on the fibre over ¢ € (). Since
the Lie group G is compact, it admits a left (and right) Haar measure denoted by dg.
We claim that the following bilinear form ((-,-)) on g x Q@ — @,

<<77|q7§|q>>q = /G<Adg(§|q)aAdg(77|q>>g~nga

is an Ad-invariant metric on g x () — Q. It is straightforward to show that it is in fact
a scalar product, then it remains to see that ((-,-)) is Ad-invariant for any h € G.
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Indeed,
((Adn(n]a), Adu(€])) g = / (Ady(Adn(€])), Ady(Ady (1)) Vg ey

:/(}(Adgh(ﬂq)),Adgh(mq)»(gh)‘ng.

Since for any function f : G — R, we have that fG fdg = fG(f o Ry)dg, where
R, : G — G is the right multiplication, R,(g) = gh, then (2.3.11) is equivalent to
Jo(Ady(&ly), Ady(n]q))g.dg and thus we obtain the Ad-invariance. o

(2.3.11)

Remark 2.3.5. The Killing form K of a compact Lie algebra is an Ad-invariant,
negative semidefinite bilinear form. If G is semisimple K is non-degenerate, thus
for compact semisimple Lie algebras, — K works well as Ad-invariant scalar product.
However our example has symmetry group S* x SO(3) which is not semisimple because
the factor St is abelian. o

Remark 2.3.6. There is a general theory for Lie algebras admitting Ad-invariant
scalar products. The following statements are equivalent for a connected Lie group G
with Lie algebra g: G admits a bi-invariant metric, GG is isomorphic to the Cartesian
product of a compact group and a vector space, the Lie algebra g admits an Ad-
invariant scalar product, see for instance [45, Chap. 18]. This would allow to apply
the last proposition for others examples such as the solid of revolution rolling on a
plane, see [6, 47|, where the symmetry group is not compact but has the mentioned
Cartesian product structure. o

Following [5], the splitting (2.3.6) on T'Q) induces a splitting on M. More precisely,
the G-action on M defines a (generalized) vertical distribution ¥V on M by V,, =
T,,0rb(m), for m € M. Then, the constant rank distribution W given by

Wy, = span{&u(m) : € € gwlq, ¢ = Tiu(m)}, (2.3.12)
is a wertical complement of the constraints C since
TM=Ce&W and W CV. (2.3.13)

Asin Prop. 2.3.2, the distribution W is G-invariant as long as gy — @ is Ad-invariant.
We thus define the (generalized) distribution & on M given, at each point m € M,
by

S = Cp N Vi, (2.3.14)
and we see that

Vi = Sm © Wh,. (2.3.15)

2.3.2 The Jacobiator and the 3-form dJ A Ky,

Now, we recall the formula that casts the failure of the Jacobi identity of the nonholo-
nomic bracket {-,-},, and the reduced one {-,-},cq, see [5, 7]. First, let us consider
the g-valued 1-form Ay on () given, at each ¢ € Q and v, € T,Q), by

Aw(vy) =& eg ifand only if Py (v,) = &o(q), (2.3.16)
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where Py : TQ — W is the projection to the second factor in the splitting (2.3.6).
Analogously we denote by Pp : T'(Q)Q — D the projection to the first factor in the
splitting (2.3.6) of T'Q). Then we define the g-valued 2-form on @) given by

Kw(X.Y) = dAw(Po(X), Po(Y)), XY € X(Q), (2.3.17)
The W-curvature Kyy is the g-valued 2-form on M induced by (2.3.17) given by

Kw(X,Y) = Ky(Tru(X), Tru(Y)), X,Y € X(M). (2.3.18)

Second, let J : M — g* be the restriction to M of the canonical moment map on
T*Q, ie. (J(m),n) = iy @m)©Om(m), for n € g and ©,, the Liouville 1-form restricted
to M. Finally, we have the 3-form on M,

dJ NKw(X,Y,Z) = cyclic[(dJ(X), Kw(Y, 2))], X,Y,ZeXM), (2.3.19)
where the pairing (-,-) is the natural pairing between g* and g (recall that d.J (X) €
I'M x g*) and Ky (X,Y) € I'(M x g) ) and cyclic indicates the sum of cyclic
permutations of the variables (see [5] and [7] for more details).

The 3-form dJ A Kyy is G-invariant, see [5]. This is a consequence of the fact
that the moment map J : M — g* is Ad*-equivariant, and, if W is G-invariant, the
Wh-curvature Ky is Ad-equivariant, see [5, Prop. 4.4].

The 3-form (2.3.19) appears in [5] to describe intrinsic formulas for the Jacobiator
of m,, and {-, -},eq in the presence of symmetries. More precisely, let (M, {-,-},.,) be
the G-invariant almost Poisson manifold associated to a nonholonomic system with
symmetries satisfying the dimension assumption (2.3.4). If W is a G-invariant vertical
complement of C, then:

1. The nonholonomic bracket {-,-},, on M satisfies, for all f,g,h € C*°(M),

cyclicl{ f, {g. W} }nn) =(dJ A Kw)(x, (df), 7, (dg), 7, (dh))

2.3.20
- wﬂ'nh (df7 dgv dh)? ( )

where ¢, , is the trivector given by ¢, , (o, 3,7) = cyclic[’y(KW(wfh(a), ﬂfh(ﬁ))M)],

for a, 3, v 1-forms in M, and which vanishes if and only if the distribution C is
involutive.

2. For f,g,h € C*(M/Q),

CyCliC[{f, {ga B}Ted}red © p] = (d‘] A KW)<7TZ:/:h(dp*f)7 W#h(dp*g>7 th(dp*l_l))a
(2.3.21)
where {-,-},eq is the reduced bracket on M /G defined in (2.1.3). We observe
that (2.3.21) also works for the case where the quotient M /G is a differential
space.

From formula (2.3.20) one concludes that {-,-},, is never Poisson because the
trivector v, , is never zero if C is non-integrable (as is our case). Indeed, by definition
the W-curvature Ky is zero if and only if the regular distribution C is involutive,
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see [5, Sec. 4.1]. In fact, the latter argument shows that {-,-},; is not even twisted
Poisson, see Example 1.4.1, since the C is the characteristic distribution of {-,-},x.

On the other hand, using formula (2.3.21) one observe that the reduced bracket
{-,}rea is Poisson if the RHS of (2.3.21) is zero. Moreover, if the action is free and
proper, Cor. 4.10 of [5] shows that if 3-form d.J A Kyy is closed and basic with respect
top: M — M/G, then {-, - },cq is ¢-twisted Poisson, where ¢ € Q3(M/QG) is given by
p ¢ =dJ N Ky. In fact, it is enough to check that the 3-form dJ A Ky is semi-basic
with respect to p : M — M /G, since in that case the G-invariance of dJ A K,y implies
that it is basic.

We close the section illustrating the reduction process where the reduced bracket
{*, }rea could in principle have better integrability properties that the nonholonomic

bracket {-,-},n:
(M7 {’ }nh)

!

(M/Gv {7 }red)

Poisson /twisted Poisson?

2.3.3 Formulas in local basis

Let us fix some notations in order to write formulas of the WW-curvature Ky, and the
3-form dJ A Kyy in coordinates. Take a basis of sections {n;,£,} of g X Q — @ where
n; € N(gs) and &, € ['(gw ), fori =1,--- [ l;a =141, -+ | I+kand dim(g) = m = [+k.
In the following, we will use indices i, j for objects related to .S, indices a, b for objects
related to W, and uppercase indices I, J, K when considering objects both in S and
in W.

In order to apply formula (2.3.21) in the example treated in the next section, we
compute the 3-form dJ A Kyy in coordinates adapted to the splitting (2.3.9). The basis
of sections {&,}, a = 1+1,--- ,m, of the bundle gy — @, induces a basis {Z, = ({.)o}
of W by (2.3.10). Choosing a basis {X;}, i = 1,--- [, of the distribution D, we get
a basis of sections {X;, Z,} of TQ, with dual basis {X? ¢*}. Let us denote by ¢,
a=1+1,---,m the pull-back to M of the constraint 1-forms, i.e. €* = 7} €, where
as usual 7, : M — ( is the canonical projection.

Using these notations we first compute in coordinates the WW-curvature K,y defined
in (2.3.18) which is semi-basic with respect to the bundle M — @ [5].

Lemma 2.3.7. In the basis of sections {&,}, a =1+1,--- ;m, of the bundle gw — Q,
the W-curvature Kyy is given by

Kw|c = d€a|c &® ga and Kw|w =0. (2322)

Proof. Let {x;} be a basis of g (i.e. x7, I = 1,---,m, are constant sections of
g X @ — @), then we can write the sections &, € gy using Einstein convention as

Ca=hix;, a=1+1,---,m

for functions hl € C*(Q).
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The projection Py : T'(Q) — W, associated to the splitting T'QQ = D®W , is given by
Py = ¢* ® Z,, where Z, = (&,)g € I'(W) by (2.3.10). The g-valued 1-form Ay given
in (2.3.16) is written as Ay = €* ® &,, and therefore Ay = hle® ® x;. Differentiating
Ay we obtain:

dAw = d(e* ®&,)
=de" ® &, +dhl N e @y
Therefore the W-curvature Ky given in (2.3.18) is computed as follows, for XY €
X(M),
Kw(X,Y) = Ky(TTu X, TTY) = dAW(PDTTMX PpT7,Y) (2.323)
= de"(PpT7uX, PpTTuY) @ &, -

where in the last equality we used that €* annihilates the distribution D. By definition
of the distribution C in M (1.4.23), we see that the following diagram commutes,

T./\/li)

TTMJ, lTTM

TQ 2. p

Where FPe : TM — C denotes the projection associated to splitting TM = C & W
n (2.3.13). Then, since € = 7;,e?, we see that the last term in (2.3.23) is equal to
déa(PcX PrY) ® &, and hence we obtain (2.3.22). O

)

Before presenting the coordinate expression of dJ A Kyy|c, let us fix some notations
concerning change of basis of sections of the bundle g x Q@ — . As in the proof
of the last Lemma consider a basis of g denoted by {x1, -, Xxm}, with dual basis
{x!,--+,x™}. Also consider the basis of sections of g x Q = gg ® gy — Q given by
{ni, &}, with dual basis {n’, &%}, i =1,--- [, a=1+1,--- ,m. We can relate the
corresponding basis by

m=hixK, & =hixx, (2.3.24)

for functions A, I € C>(Q), and form the m x m square matrix h with entries b’
where the [ first rows are given by hX and the next rows (for J =1+ 1,--- ,m) are
given by hX. We denote by h the inverse transpose of h. With this notation the dual
basis {n%, £} and {x®} are related by

= hiex™, €= hgx". (2-3.25)

Proposition 2.3.8. Consider a basis {n;,&.} of g x Q adapted to the splitting (2.3.9)
and define the functions J, on M by J; == iy, Om and J, == ig)Om, L =
L~~~ m;i=1,---,l;a=1+1,--- ,m. Then the 3-form dJ/\KW restricted to C
verifies

dJ A Kwle = (dJ, A de* + Jpo") |e, (2.3.26)

where ¢* are 3-forms (basic with respect to Ty : M — Q) defined by ¢* = hEXdhk nde
and the functions hX, bk € C>(Q) are given in (2.5.24) and (2.3.25), respectively.
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Proof. The moment map J : M — g* can be written as
J =1(3) ;O @' + i) Ou @ = Lo ®E" + J; @7,
Therefore from (2.3.25),

dJ = d(h%J,) @ x™ + d(hie J;) @ x*
=dJ, @& +dJ; @0 + Jpdhl @ xE.

Using Lemma 2.3.7 we get,
dJ A Kwle = (dJ, A de* + hE Jpdhy A de®) |e,

and we observe that the last term has the form J; ¢, a semi-basic 3-form with respect
to the bundle 7,, : M — @, and ¢’ is the basic 3-form appearing in (2.3.26). [

Remark 2.3.9. If the bundle W verifies the vertical symmetry condition (Rmk. 2.3.1),
then the functions barhj in 2.3.24 are constant and hence in Prop. 2.3.8 we have
¢r = 0. Consequently (2.3.26) becomes

dJ A Kwle = (dJ, A\ déY))e,

, which implies that
dJ N\ Kwle = d{J, Kyw),

where (J, Kyy) = J,dé*. The 2-form (J, Kyy) is semi-basic with respect to the bundle
T : M — @ and G-invariant, see [5], where it has been studied thoughtfully. o

In Section 4.2.3 we apply the geometric framework and reduction by symmetries
together with Proposition 2.3.8 to show that, for the example studied in this thesis,
the reduced bracket {-,-},cq in the quotient system M /G is not Poisson.

2.4 Examples

2.4.1 The nonholonomic particle

Continuing with the example of Section 1.5.1 and Ex. (2.1.1) , we recall that the
system has a symmetry group G = R? with Lie algebra g ~ R2 The action is free
and proper with the vertical distribution V' given by V = span{a%, %}. Recalling
the constraint distribution D computed in (1.1.4), we have that S = DNV = {Y,}.
We choose a vertical complement W = span{%} which verifies the vertical symmetry
condition. Indeed, W is generated by the Lie subalgebra span{(0,1)} C g.

The lifted action to M is given by

(CL, b) : (27, Y, Zap}ny) = (ZL’ + a,y,z + b7p~:c7p~y)7 (2427)
then the vertical spaceis V = span{a%, %}, with vertical complement W = spcm{%},

which verifies the vertical symmetry condition.
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The bundle gg — @ associated to S is generated by the section n = (1, #) €
g X (. On the other hand, as a consequence of the vertical symmetry condition we
have that dJ A Ky = d(J, Kyy). Moreover
YD
1492

(J, Ky) = dx A dy.

We can now compute the Jacobiator of the reduced bracket {-, -}, in the reduced
space M /G ~ R3. We get

d<J7 KW>(7Tnh(p*dy)v ﬂ-nh(p*dﬁx)a th(p*dﬁy) = 07

and therefore the reduced bracket {-,-},cq is Poisson.

2.4.2 The vertical rolling disk

We continue the study of the example described in Section 1.5.2. Recall that the
configuration manifold is = R? x S! x S and that the group G = R? x S! acts as a
symmetry of the nonholonomic system. The action of an element (a, b, «) on a point
of M is given by

(CL, ba Oé) : (x7y797¢7ﬁ97ﬁ¢) = (SE + a,y + b79 + a7¢7ﬁ97ﬁ¢)7

with orbit projection p : M — M/G given by

(l’, Y, 97 ¢7p~97p~¢>) = (¢7P~97p~¢)>

and vertical space V' = span{ 8%, §7 %}. We choose the vertical complement W as
Y
W = span{a%, a% , which verifies the vertical symmetry condition in Rmk. 2.3.1.

We compute the 3-form dJ A Ky and we get zero. In fact, (J, K)y) = 0 and use
that here dJ A Ky = d{(J, Kyy). As a consequence, by the Jacobiator formula (2.3.21),
the reduced bivector field is Poisson.

2.4.3 Snakeboard

We continue with the example started in Section 1.5.3. The symmetry group of the
system is given by the action of the group G = R? x S! such that,

(a,b,a) - (z,9,0,0,0) = (x +a,y+b,0,0,9+ «a),

which is clearly free and proper. Using the canonical basis of the Lie algebra g ~ R3,
we compute the vertical space:

o 0 0

55" By %}_ (2.4.28)

V = span{

The constraint distribution D was computed in (1.5.39). We choose the vertical
complement as W = span{a%, a%} and we observe that it verifies the vertical symmetry
condition in Rmk. 2.3.1.
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The (free and proper) lifted action to M is given by

(CL, bu Oé) : (x7y707¢7¢)ﬁ0ap~¢7p;/1> = (.I' + a,y + b,e,¢a¢ + 0171597]5;25,])2[,)7

and then the quotient M /G is a smooth manifold diffeomorphic to T? x R® with orbit
map p: M — M/G given by

p(ma Y, 97 gb’ ¢7ﬁ97ﬁ¢7p~w) = ((97 ¢7ﬁ07p~¢7p~¢)'

Using the canonical basis of the Lie algebra g, we compute the moment map J : M —
g* and get J(m) = (¢, (D), U5 (Dy), Py), With ¢y + M — T*Q the inclusion. The
W-curvature is given in our basis by Ky, = (de', de',0), and then

mr? cot ¢

mr? — Jsin? ¢

<‘]7 KW) == (p~9 - p;/})d(g A d¢7 (2429)

which is basic with respect to the bundle M — M/G. Since, as in the previous ex-
amples, d(J, Kyy) = dJ A Ky, we conclude that the reduced bracket {-,-},.q is twisted
Poisson and then it has an integrable characteristic distribution (see the discussion
after formula (2.3.21)).

2.4.4 Rigid body and Chaplygin ball

The nonholonomic system presented in Section 1.5.4 admits a symmetry group G =
{(h,a) € SO(3) x R?: hez = ez} ~ SO(2) x R? which acts on a point (g,z) € Q as

(h,a) - (g,z) = (hg, hz + a). (2.4.30)

The lifted action to T'Q) and M preserves and nonholonomic structure and the Hamil-
tonian H,,. One see easily that the action is free and proper.

The vertical space V is computed from the infinitesimal generators computed from
the (abelian) Lie algebra g ~ R x R% We get

) 0
. Ly 2 Y 1_~
(1,0,0)g ={v. X") =255 + 2 55, (2.4.31)
a ) 4.
(07170)Q :—aajl7 (O; 07 1)Q - 61'2’

where recall that -y is the third row of the matrix g € SO(3). Then, the vertical space
V' is given by

0 o o0 0
2 1
ort " 0w o 8%2}’
and the system verifies the dimension assumption (2.3.4). Moreover, the distribution
S is given by

V= Span{<77 XL> -

(2.4.32)

S = span{{y, X* + TAg%ﬂ» = span{{v, X*)}, (2.4.33)

where in the last equality we used the form of the matrix A given in (1.5.42). The
distribution S is generated using the section n € gg, such that n = (1, —y,z) and
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ng = (v, X%). The vertical complement to the distribution D given in (1.5.43) is
chosen as W = span{%, 8%2}, which verifies the vertical symmetry condition (see
Rmk. 2.3.1) and is generated by the Lie subalgebra w = span{(0,1,0), (0,0, 1)}.

Then we get the splitting T7Q = D@®W generated by {Y, -2 6%2}, with dual basis

) Ol

{\ €}, where A = (A1, Ay, A3) denotes the left Maurer-Cartan forms and € = (', €?)
denotes the constraint 1-forms. The associated coordinates on 7*Q are (M, p).

The constraint manifold M C T*Q has been computed in (1.5.46). The lifted
G-action to M is given by

(h,a) - (g,2, M) = (hg, ha + a, M), (2.4.34)

where we observe that M is left invariant. This action is free and proper and thus its
quotient space M /G is a smooth manifold diffeomorphic to 52 x R3. In fact the orbit
projection p : M — M /G is given by ((g,z, M) — (v, M).

The 2-form (J, K)y) has been computed in [5, Sec. 7.3] and it is given by
(J, Kw)le = r*m(gQT AT Agh x Alc.
Using the expression of the matrix A given in (1.5.42), we have
(J, Kw)le = r*m(2, A X A)|e — r*m{y, Q) (v, dy x dv)|c. (2.4.35)

Using the Jacobiator formula for the reduced bracker {-,-},.q we can verify that it is
not Poisson. In fact, by the vertical symmetry condition dJ A Ky, = d(J, Kyy) and
moreover it is stated in [5, Sec. 7.3] that ixd(J, Kyy) # 0, for X € I'(S). Consequently
the reduced bracket {-,-},eq cannot be twisted Poisson and, since {-,},¢q is regular
[8], the characteristic distribution of {-,-},.q is not integrable, as was proved in [46].

2.4.5 Homogeneous ball in a cylinder

We study the symmetries of the example presented in Section 1.5.5. That nonholo-
nomic system admits a symmetry given by the group G = S!' x SO(3) where the
action of an element (¢, h) of G on a point (z,6, g) of @Q is given by

(¢, h) - (2,0,9) = (2,0 + ¢, Rygh), (2.4.36)

where R, denotes a 3 x 3 orthogonal matrix representing a rotation of angle ¢ with
respect to the vertical axis. The action is easily seen to be free, and since G is compact,
the action is also proper.

The lift of the action in (2.4.36) to M C T*@Q is given by

(907 h) ' (Zaeagaﬁzaﬁ% Mn) = (279 + @,R@gh,p},ﬁe, Mn)>

and the orbit projection p : M — M /G is given by (2,6, g, p., pe, M) — (2, P2, Dg, My,).
Considering the Lie algebra g ~ Rxs0(3) of G, with the canonical basis {(1,0), (0, e;)}
for : = 1, 2,3, we get the infinitesimal generators:

)
@mQ:%+Xﬁ (2.4.37)
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and

(0,e)g = a; X[+ B XE 4+ XE i=1,2,3, (2.4.38)
where «;, 3;, 7; are the components of the vectors a, 3, v indicating, as usual, the rows
of the matrix g. Then, the vertical space V is generated as follows,

%) %)
V= spcm{% + XE X XE XY = spcm{% + X, X, Xo, X0}, (2.4.39)

where in the last equality we used that (X7¥, X2, X1t) and (X,,, Xy, X.) are both bases
of sections in T'SO(3). Recalling the basis of D in (1.5.53), we compute S = DNV =
{Ys, Xy} The vertical complement W is chosen as W = span{ Xy, X} and we observe
that it does not verify the vertical symmetry condition.

The G-invariant 3-form dJ A Ky is given by

IR
——dp, A\ By NdO) — ————
r2m " & r2m(R —r)
which is not basic. Since d.JAKyw (7, (dM,,), 7%, (dM,), 7%, (dM,)) # 0, the Jacobiator
formula for the reduced bivector (2.3.21) shows that the reduced bivector field 7%
red

is not Poisson. In fact 75" is not even Twisted Poisson because dJ A Ky is not
semi-basic, see [5, Cor. 4.7].

dpg N B N dz, (2.4.40)

2.4.6 Body of revolution on a plane

We continue with the example introduced in Section 1.5.6. The configuration manifold
Q is given in (1.5.57) and it is diffeomorphic to R? x SO(3), the Lagrangian L is given
in (1.5.56) and the constraint distribution D in (1.5.59). The mechanical system has
the symmetry group SFE/(2) acting on the left (space frame) as in the case of the
Chaplygin ball (see Section 2.4.4) and because the body has a symmetry axis, there
is a Sl-action by the right (body frame). The two actions commute (see [6, 36]) and
therefore an element (z,y, #,0) € R? x SO(2) x S! acts on a point (ay,as,g) € Q as

(.CE, Y, ¢7 9) : (ab a2, g) = (R¢(G1, aQ) + (Z’, y)? RA¢9RA—9)a (2441)

where Ry is a 2x 2 rotation matrix with angle ¢ and R¢ and R_g denote 3x3 orthogonal
matrices representing a rotation about the z-axis of angles ¢ and —#@, respectively. It
is shown in [36] that this G-action is a symmetry of the nonholonomic system.

We have seen this action in Example 2.1.5 and we observed that it is proper but
not free. The Lie algebra g of G is isomorphic to R? x R x R , and the infinitesimal
generators for the S'-action is given by

((07 O)a 07 1)Q = _X?)La (2442)

where, as usual, we denote by X* = (X[, X' XI) the left invariant vector fields for
SO(3). On the other hand the infinitesimal generators for the SFE(2)-action are given
by

0 0
((170)707 O)Q _a_alv ((07 1)70>O)Q - a_al7

9 (2.4.43)
((07 O)v L, O)Q :<77 XL) - a27 +a1—.
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As was observed in Example 2.1.5, at the point (0,0, g,) € @, where g, has a third
row (0,0,£1), the infinitesimal generators (0,0,0,1)g and (0,0, 1,0)¢ coincide, and
the action is not free. Then, the vertical space V generated by the infinitesimal
generators (2.4.42) and (2.4.43) does not have constant rank and more precisely the
rank decreases exactly at the points (0,0, g,) which have nontrivial isotropy group.
Nevertheless, the dimension assumption (2.3.4) is verified.

Using the basis of D given in (1.5.59) we compute S = DNV = span{Ys, (v, Y)},
where Y = (Y1,Y3,Y3), and observe that its rank is also nonconstant. The bundle
gs — @ is generated by 2 sections 7y,12 € I'(gs) (see Eq. (3.41) in [6]), which verifies

(m)g = Ys, and (n2)g = (v, Y).
On the other hand, we choose the vertical complement W as

0

0
W = Spcm{a—al; 8_@}’

and we observe that it is G-invariant. Moreover, W verifies the vertical symmetry
condition (see Rmk. 2.3.1) because it is generated by the subalgebra

o = SpCLTL{((l, 0)7 O) 0)7 ((07 1)7 07 0)}
Then, we have the splittings 7Q = D @ W generated by {Y, -2, -2} with dual

’ day’ Oasg

basis {A, €', €2} and associated coordinates (M, p) = (My, My, Ms, p1,p3) (recall that
A = (A1, A2, A3) denotes the left Maurer-Cartan 1-form).

The constraint manifold M C T*@Q has been computed in (1.5.60). Since G is a
symmetry of the system it leaves invariant M and the lifted action of the element
(x,y,0,0) € G on a point ((ay,a3),g, M) € M is given by

(37,97(?7 9) ' ((a17a2)7g7M) = <R¢<CL1,CL2) + (xay%RA(i)gRAHaRAOM)a

where we observe that M is invariant by the left E(2)-action. The action on M is also
proper but not free and we treat the quotient M /G as a stratified differential space.
Reducing by stages, observe that £(2) is a normal subgroup of G and the E(2)-action
is free and proper. Then, the quotient M /SFE(2) is a manifold which is diffeomorphic
to S? x R? with coordinates (v, M) (see Example 2.1.5). The S'-action on M /SE(2)
is not free and we describe the resulting differential space M /G using invariant theory,
see [6, 36]. The ring of S'-invariant polynomials in S? x R3 is generated by

T =73, To=My— M, 713="yM + My,
T4 :M?n Ts = ]\412 + M22a

and the quotient space M /G is represented by the following semi-algebraic set in R®
with coordinates (71, To, T3, T4, T5):

‘ 5 . < S0 22 (] 2
b - -
{(r1,72,73,74,75) € R” ¢ || < 1,75 > 0,75 + 75 = (1 —77)75}.

To describe the stratification of M /G, observe that the S'-action on M/E(2) ~
5?2 x R? C R3 x R3 is given by

0 - (%M) = (}%97.}%9]\7[),
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and then the points (0,0, 41,0, 0, M) are fixed and have S! as isotropy group. Thus,
the singular stratum of M /G corresponding to S'-isotropy type are the points of the
1-dimensional manifold

Msing = {(:t17 07 07 Ty, O) € M | T4 € R}, (2444)

and corresponds to the configuration where the body of revolution is spinning over
one the two poles which remains fixed on the plane. Since there are no other isotropy
types, the regular stratum is the complementary 4-dimensional manifold, i.e. M., :=
M - Msing-

To perform the reduction recall that the nonholonomic bivector field m,;, given
in (1.5.61) and its associated nonholonomic bracket {-, -}, induce a reduced bracket
{+,-}rea on M /G from (2.1.3). Since our choice of W verifies the vertical symmetry
condition the 3-form dJ A Kyy verifies dJ A Ky, = d{J, Kyy) and the 2-form (J, Kyy)
is G-invariant and semi-basic with respect to M — @ (see [5]). It has been computed
in [6, Lemma 3.2] and can be written as

<J7 KW> = <K7 dA>7

where K = (K7, K», K3) is given (1.5.62). Using the Jacobiator formula (2.3.21) it is
shown in [6, Prop. 3.3] that the reduced bracket {-,-},q is not Poisson.
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Chapter 3

Gauge transformations and
conserved quantities

Following [5, 8], we will generate a new almost Poisson bracket mp on M preserving the
dynamics so that its reduction by symmetries to the differential space M /G becomes
Poisson. In order to do that we assume that the system has first integrals and study
properties of the first integrals of the system that are horizontal gauge momenta [40]
and their relation with gauge transformations, see also [6, 47]. Our work has been
developed independently of [47], which treat generally the problem of finding gauge
transformation to induce Casimirs from horizontal gauge momenta.

3.1 (Gauge transformations

Consider a nonholonomic system (M, 5, H,,). In this section we recall the concept
of dynamical gauge transformation of m., by a 2-form [8] (see also [80]), which is
a “deformation” of m,, that generates a new bivector mp which also describes the
dynamics: ©(dH,) = — X

First, following [8], observe that a regular almost Poisson manifold (M, 7) is always
defined by a distribution F' on M (its characteristic distribution) and a nondegenerate
2-section €2 on F' such that

™ (a) = =X & ixQp = alp, for a € T*M.

Definition 3.1.1 ([80]). Consider a 2-form B on M such that the 2-section Q + B|g
is nondegenerate. The gauge transformation of the bivector field w by the 2-form B
induces a new bivector field 7z on M defined by

1h(0) = =X ix(Q+ B)|r = alp, for a € T M. (3.1.1)

In this case, the new bivector 7g is defined by the same distribution F' on M and the
2-section 2 + B|p, and we say that m,, and g are gauge related.

In particular observe that the almost Poisson manifold (M, m,;,) presented in Sec-
tion 1.4 is defined by the (non-integrable) distribution C in (1.4.23) and the nondegen-
erate 2-section Q¢ on C defined in (1.4.24). Following (3.1.1), if we consider a 2-form
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B on M such that Q¢ + B|c is a nondegenerate 2-section, we get a new bivector 7p
gauge related to m,,. Moreover, since we are interested in bivector fields g describing
the dynamics in the sense that 7 (dH,,) = — X4, we recall the following

Definition 3.1.2 ([8]). A 2-form B on M defines a dynamical gauge transformation
if Q¢ + B¢ is a nondegenerate 2-section and ix, , B = 0. The dynamical gauge related
bivector field 7 is the bivector defined by

WﬁB(Oé) =-X & lx(QM + B)|c = alc, for a € T* M, (312)
and it also describes the nonholonomic dynamics.

Remark 3.1.3. (i) If we consider a semi-basic (or horizontal) 2-form B with re-
spect to the bundle 7, : M — @ (i.e. ixB =0 if T, (X) = 0), then Q¢ + B¢
is nondegenerate, see [8]. The motivation behind this result is the standard
construction given by addition of a ‘magnetic type term’ to the canonical sym-
plectic manifold (7%Q, ). In fact, if B is a closed 2-form, basic w.r.t. the
bundle 7%Q) — @, then it induces the symplectic manifold (7*Q, Qg + B).

(17) If Q¢ + B|c is nondegenerate, then by definition the bivector fields m,, and 7g
have the same (non-integrable) characteristic distribution C, then w5 cannot be
Poisson.

(731) From (3.1.2), we see that the bivector field 75 only depends on the restriction of
B to the characteristic distribution C. Therefore, following [5], once we choose
a vertical complement W so that TM = C & W, we will also ask that

ixB=0, XeI(W). (3.1.3)

(1v) Gauge transformations can be defined in the more general context of Dirac
structures [80] and were introduced in nonholonomic mechanics for almost Dirac
structures in [8]. We give a summary of this more general construction in Ap-
pendix 1.

<

One interesting feature when considering a dynamical gauge related bivector wg of
Tnn 1s that, under the presence of symmetries, we may consider the reduction of both
bivectors and obtain, in the reduced space M /G, two brackets {-,-}2, and {-, -} 4,
respectively, describing the reduced dynamics. It was already observed in previous
examples [5, 6, 8, 47] that the integrability properties of {-,-}£, can be very different
from the original reduced bracket {-,},cq. In particular they can have different char-
acteristic distributions or even one can be Poisson while the other not. More precisely,
consider a nonholonomic system (M, m,,, Hxq) with a proper G-symmetry satisfying
the dimension assumption and let B be a 2-form defining a dynamical gauge trans-
formation. If B is G-invariant, then the gauge related bivector 7 is G-invariant and
it induces a reduced almost Poisson bracket {-,-}Z, on the differential space M /G
given, for f,g € C*(M/G), by

{f.0}racp=A{fop.gop}s, (3.1.4)
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where as usual p : M — M/G is the orbit projection, and {-,-}p is the bracket

associated to mz. Moreover, since iy, , B = 0, the reduced bracket {-,-}2, describes
the nonholonomic reduced dynamics
Xred = {'7 Hred}id S %<M/G)7 (315)

where H,.q : M/G — R is the reduced Hamiltonian. We illustrated the gauge trans-
formation by a 2-form B and reduction by the G-symmetry in Fig. (L1.3) in the
introduction chapter.

Following [5], in order to analyse the failure of the Jacobi identity of {-,-}2, we
use an analogous formula to (2.3.21) but now considering the gauge transformation.
That is, let mg be a bivector field on M gauge related to m,, by a G-invariant 2-form
B satisfying that iz B = 0, for Z € I'(W). If W is a G-invariant vertical complement
of C, then:

1. The nonholonomic bracket {-, -} on M satisfies, for all f,g,h € C>®°(M),

cyclicl{f {9, W} }o] =(d] A Koo — dB)wh () w5 do). B (@h) | o
_¢WB(dfvdgadh)7 .

where 1., is the trivector given by ¥, (a, 3,7) = eyclic[y(Kw(n% (o), 7% (8)) 1)),
for a, 3, v 1-forms in M.

2. For f,g,h € C*(M/Q),

eyelicl{F. {9, R}Ea} 2 0 o) = (4] A Koy — dB)(wE (dp” ), 7k (dp"9), 7 (dpR),
(3.1.7)
where {-,-}2  is the reduced bracket on M /G defined in (2.1.3). As in the case

of (2.3.21), we observe that (3.1.7) also works for the case where the quotient
M/G is a differential space.

By definition, the gauge transformation does not change the (non-integrable) char-
acteristic distribution C of the nonholonomic bracket {-,-},5. Consequently (and also
from formula (3.1.6)), the bracket {-,-} 5 is never Poisson. In fact, by the same argu-
ment, the bracket {-,-}p is never twisted Poisson (see Example 1.4.1).

From formula (3.1.7) one observe that the reduced bracket {-,-}2, is Poisson if
the RHS of (3.1.7) is zero. More generally, the reduced bracket {-, -}2 , is Poisson if

red
(dJ N Ky —dB)|y, =0,
where Up is the distribution on M given by
Up = span{r’s(df) : f € C®(M)C}.

On the other hand, if the action is free and proper, Cor. 4.10 of [5] shows that if 3-form
dJ N Kyy is closed and dJ A Ky, — dB is basic with respect to p : M — M /G, then
{-,-}B , is ¢-twisted Poisson, where ¢ € Q3(M/G) is given by p*¢ = dJ A Ky, — dB.

red
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Remark 3.1.4. Following [6], suppose that G acts freely and properly on M and that
the bivectors fields 7,, and wg are gauge related by a 2-form B basic with respect
to the (principal) bundle p : M — M /G, then the corresponding reduced brackets
{-, - }rea and {-,-}B  are gauge related by the 2-form B on M /G such that p*B = B.

red
Therefore, in that case the gauge transformation does not change the integrability
properties of the reduced brackets. o

Next, we present formulas in local coordinates and afterwards we see how to find
an appropriate 2-form B in such a way that the reduced bracket {-, -}2, has enough
Casimirs so that its characteristic distribution is integrable. In particular, in the

example studied in this thesis we show that {-,-}2 , is Poisson. In order to do that

we study the first integrals of the nonholonomic system induced by the presence of
symmetries, see also [6, 47].

3.2 Formulas in local basis

In this section we present formulas in local basis for a gauge transformation and see
how it affects the expression of the nonholonomic bivector field =, when we write it
in adapted bases to the constraints and the symmetry, i.e. adapted to the splitting
TQ =D @ W in (2.3.6).

If @ is n-dimensional and we have k constraints, take a basis of (local) sections of D
and W such that D = span{X;},i=1,--- ,n—k,and W = span{Z,}, a=1,--- ,n.
Then, we have

TQ = span{X;, Z,}, (3.2.8)

with dual basis {X*, €} s.t.
T*Q = span{ X', "}, (3.2.9)

and associated coordinates (p;, p,). In the rest of this section we use Einstein notation,
the indices of 4, 7, [, m vary in the range 1,--- ,n — k, and a in the range 1,--- , k.

From the basis (3.2.9) we construct a basis of 7"M using the map 7, : M — Q.
We denote X = 77, X' and € = 77,6, and we form the basis of T*M such that

"M = spcm{)%", €, dp;}, (3.2.10)
with corresponding dual basis generating 7'M, that is,
M (%, 7,2y
= Spany\Ai, Lay, 3= -
P opi
Then the distribution C defined in (1.4.23) is generated by
~ 0
C = span{ X, 3_@}
The Liouville 1-form restricted to M is given by
Ou = BiX1 + 3, (P&,
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where, as usual, we use the inclusion ¢,, : M — T*(Q). Then the canonical 2-form
restricted to M (see(1.4.24)) is

Qpe = XiAdp; — pid X+ 8 A (dpa) — 5 (Pa)dE®,
and after point-wise restriction to C we get
Qe = (Xi A dp; — pid X7 — 5 (pa)deé®) e (3.2.11)

The 2-forms dX and dé® can be written in the basis of the exterior algebra associated
0 (3.2.9). After restriccion to C they take the form

dXile = fL, X' ANX™, dele = gp, XA X, (3.2.12)

where fi = dXi(X;, X,,) and g, = dé*(X;, X,»). On the one hand, using the stan-
dard Eq. (1.2.5), we have

AX1(X;, X)) = X(Xi(X,)) —

~(X (X)) = X7([Xi, Xon]) (3.2.13)
— —Xi(c Xy + d2, Z,) =

Clm?

where we used properties of the dual basic and we denoted by ¢!, and d¢  the structure
functions of the Lie bracket associated to the basis (3.2.8) of T'Q). More precisely, we
write

(X, Xon] =, X0 + d}, Z,. (3.2.14)
On the other hand, we get
de*(Xp, Xon) = =& (e, Xy + db Zy) = —di .
Then, Eq. (3.2.12) become
dXile = —c XIAX™,  deé®le = —d% X! A X, (3.2.15)

and, replacing in (3.2.11),
Qe = X? Adp; +pi b, XEA X+ 0% (po)de, XEA X,

From the definition of the nonholonomic bivector field m,,, Eqs. (1.4.25)-(1.4.26), we
compute

(X = 5
Td) = %, = Bl — )
Tun(€*) = 0,
or equivalently
Toh = X; A aiz ﬁiij% A ap% Ury(Pa )d?mf)ip] A ap% (3.2.16)



Now we study the form of the gauge related bivector field 7g, for a 2-form B on M
semi-basic with respect to M — @ and such that ixB = 0, for X € I'(V). In the
basis (3.2.10), the 2-form B has the form

and then the 2-section ¢ + B defining the gauge transformed bivector field 7p is
written B ‘ B 3
QC + B = XiNA dﬁz + (ﬁz C;m + L*M(Ziz)d?m + blm)Xl N Xm’

hence

~ 0 0 0 0 0 0 0
—xin L g, LA e gade LAy C AL (321
o= Xi\ g PCmas N g P A g = bimgs A e (3217)

Comparing (3.2.16) and (3.2.17), we see that the gauge transformation only changes

the terms associated to % A %. Thus, 75 (X1) = a%'

3.3 Horizontal gauge symmetries and the choice of
a gauge transformation

Consider a nonholonomic system (M, m,,, H,) with a proper G-symmetry satisfy-

ing the dimension assumption (2.3.4). Recall from Section 2.3.1 that the dimension
assumption induces a splitting of the trivial bundle g x Q — @ as in (2.3.9):

(9% Q)lg = 9slq D gwlg-

The nonholonomic moment map [16] is the map J™ : M — g% defined, at each
m € M and n € T'(gs), by

Jy(m) = (" ) (m) = (J"" (), n(7(m))) := inp Osa(m), (3.3.18)

where O, is the restriction to M of the Liouville 1-form ©¢g on T*(). Observe that
the function J, on M is linear on the fibers of the bundle 7, : M — Q. However,
contrarily to the standard moment map for Hamiltonian systems, .J,, is not necessarily
a first integral of the dynamics X,,;. In fact, using the G-invariance of the restricted
Hamiltonian H ,,, we have (see [9])

th(Jn) = (fﬂM@M)(th)v

where £ is the Lie derivative. Indeed, using (3.3.18), and using Cartan’s formula we
have
Xon(Jn) = dJy(Xon) = (£ Or0) (Xnn) = (iny dOx) (Xn).- (3.3.19)

Writing n € I'(gs) as n = >_ fixi , with x; € g and f; € C*(Q), we have that the last
term of the RHS of (3.3.19) is equal to

QM(nManh) = _QM(th77]M) = —dHM(??M) = —UM(HM) = _fi(Xi)M(HM) =0,
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where in the last equality we used that H,, is G-invariant.

Following [41] we call horizontal gauge momentum of X, a function of the type
Jo = (J" () € C®°(M) such that J; is a first integral of X,;, and the section
¢ € I'(gg) is called horizontal gauge symmetry. Moreover, it was proven in [41] (see
also [9]) that ( is a horizontal gauge symmetry if and only if the cotangent lift of the
vector field (g leaves the Hamiltonian invariant, i.e. Cg (Hu)|m = 0.

Let us consider {n;}, i = 1,--- [, a basis of sections of the bundle gs — Q.

The components of the nonholonomic moment map in this basis are the functions
J; € C®°(M),i=1,--- 1, given by
Ji = (J™ n;). (3.3.20)
Therefore, any ¢ € I'(gs) can be written as ( = >, fin;, for functions fi,---, fi €
C>(Q), and its associated function J. given in (3.3.18) is of the form J. =Y. fiJ;.
Next, we show how the knowledge of horizontal gauge momenta J; can give condi-
tions on the (dynamical) gauge transformation B such that 7% (d.J;) becomes a section
of I'(V). More precisely, we look for a B so that Wﬁ(dl]c) = —(u. The importance
of the mentioned property of 77 (d.J;) is illustrated in Lemma 3.3.1. These ideas are

generalizations of the results presented in [6] to the case when the vertical complement
W does not satisfy the vertical symmetry condition (see Remark 2.3.1).

Lemma 3.3.1. If f is a G-invariant function on M such that T (df) € ['(V), then
the reduced function f is a Casimir of the reduced bracket {,-}B, where f is the
function on M/G such that f = p*f.

Proof. For all g € C*(M/G), we have
{9, /Y aop =103, f}5 =75 (df)(p"9) =0,
because 7% (df) € ['(V) and p*g is G-invariant. O
Proposition 3.3.2. Let ¢ be a section of the bundle gs — @) and J; the corresponding
associated function as in (3.3.18). Then:
(7) th(ng — AN) = —Cu, for A the 1-form given by
Ale = —ig, Qe + dJele = £¢,Oulc. (3.3.21)
(i1) Ific, B = A, where A is given in (3.3.21), then
15 (dJe) = —Cu (3.3.22)

Proof. (i) By definition of the nonholonomic bivector we have that ﬂ#h(dJC—A) = —(u
if and only if i¢,, Q¢ = dJ¢|c — Alc. The second equality in (3.3.21) holds using (3.3.18)
and Cartan’s formula.

(ii) From item (i) we get that the 1-form A satisfies that ic,, Q¢ = dJc|c — Ale. If
ic B = A then i¢,, (Qc + B)|c = dJ¢|c and hence 7} (dJ;) = —Cu. O

Note that if J; is G-invariant and B satisfies that ic,, B = A then, by Proposition
3.3.2 (ii) and Lemma 3.3.1, J; becomes a Casimir of {-,-}7;, where we denote by J;

red’

the associated reduced function on M/G (i.e. J: = p*J¢).
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3.4 Sufficient condition for the integrability of the

characteristic distribution of {-,-}2
The following proposition has been proved in [6] in the case where the G-invariant
vertical complement W in (2.3.6) satisfies the vertical symmetry condition (see Remark
2.3.1) and the G-action is free and proper. We prove here that the same conclusion is
valid without vertical symmetry condition. Let us denote by M,., the stratum of M
where the G-action is free and ./\;lreg = M,,/G the quotient manifold.

Proposition 3.4.1. Let mp be a bivector gauge related to m,p, by a G-invariant 2-form
B in M. If there are G-invariant functions Jy,--- , J; € C*°(M) such that over points
in Mg, the set {Wﬁ(dJi)}, 1=1,---,1, generates S = C NV, then the characteristic
distribution on M, of the reduced bracket {-,-}E , is involutive.

Proof. The proof follows the same idea as Proposition 2.19 in [6], but taking into
consideration the Jacobiator formula (3.1.7). We are going to show that, given two
elements (72 ,)#(df) and ( Ted) (dg) in the characteristic distribution of { }B .. the
Lie bracket [( 78 )V#(df), (7B )% (dg)] remains in the characteristic distribution. Con-
sequently, for each f,g € C®°(M,,)%, let us define a 1-form T on M,., such that
Tle = iwg(df)mg(dg)(dj/\KW_dB) and Y|,y = 0. Using that the 7% (d.J;), i = 1, " A
generate & and by the G-invariance of J; we get that the reduced functions J; are
Casimirs of {-,-}2, and hence, using (3.1.7) and the fact that the {n7(d.J;)} generates
S, we show that YT|s = 0. Therefore T|, = 0, and since T is G-invariant we have
that T is a basic 1-form, i.e. T = p*(T) for a 1-form T in M,.,. If we denote by 72,
the bivector field on M,.,, associated to the bracket {-,-}2, we have that, for each
F.3.h € C%(M,gy), (sce [6]),

[(mrea)™ (dF), (mr2a)* (d9))(h) = (my20)* (AL F. Ghrea) (R) + cyclicl{{ [, T}reas '} real-
Therefore from (3.1.7) we obtain that

(mrea)* (@f), (M) (d)] = (mre) (], G}rea) — (myea) ™ (T)-

Since the characteristic distribution of the bivector 77, is the image by (7},)# of all
1-forms in M,.,, we have shown that it is involutive. O

We remark that if the reduced bracket has regular characteristic distribution then
this distribution is integrable and the reduced bracket is twisted Poisson [59, 80]. In
that case the almost-sympletic leaves are the common level sets of the [ Casimirs J;,
i=1,---,1l.

The last proposition implies that, if we find [ = rank(gs) independent Casimirs .J;
of {-,-}B, such that the fields 7% (dp*J;) degenerate S on the regular stratum M,.,,
then the bracket {-,-}2 , has involutive characteristic distribution. This explains the
utility of Lemma 3.3.1 and Prop. 3.3.2 in order to find a 2-form B inducing a bracket
{-,-}B , with better integrability properties than {-,-},.q.

) In the regu}ar stratum Mreg the ranks of ¥V and S are constant. The dimension of
Mieg is dim(M,ey) = dim(M) —rank(V) = rank(C) —rank(S) = rank(C)—1. Under
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the hypothesis of Proposition 3.4.1 we have | Casimirs of {-,-}2, and, if the charac-

teristic distribution of {-,-}2, is regular, the almost symplectic leaves in M,., are of

dimension dim(M,.,) — 1 = rank(C) — 2l. In particular, when the almost symplectic
leaves of the reduced bracket {-,-}2 ; are 2-dimensional, then {-,-}2 , is Poisson by di-
mensionality properties and thus the nonholonomic system is hamiltonizable through
a reduction procedure. We will see that this is the case for the mechanical system
we are considering in this thesis and in the next chapter we will study in detail its
hamiltonization.

3.5 System of equations determining the 2-form B

Let us consider a G-symmetry of the nonholonomic system (M, 7, H,,) given by a
free and proper action and denote [ = rank(gs). Suppose that we have Jj, ..., J; hori-
zontal gauge momenta such that the associated horizontal gauge symmetries {(y, ..., (;}
form a set of generators of sections of gs. Prop. 3.3.2 (7) implies that the vector field
7, (dJ;) is not necessarily equal to V; := (G)u. In fact

wt (dJ) ==Y, +at (A)  for i=1,--- 1, (3.5.23)
where each A; is a 1-form on M satisfying A;|c = —iy,Qc + dJi|c = £v,0 uc.
Lemma 3.5.1. The I-forms A;, i =1,--- 1, in (3.5.23) satisfy

(1) Ni(Xpn) =0,
(@) Ni(Y;) = =A;(Ya),
(13i) A; are semi-basic with respect to the bundle Ty : M — Q.
Proof. (i) From (3.5.23) we get
A(Xn) = —dH (7, (M) = dHo(~t, (1) = Yi) = dJi(Xom) — Yi(Ho) = 0,

where in the last equality we used that J; are first-integrals of X, and H,, is G-
invariant.

(#7) Since the horizontal gauge momenta J;, ¢ = 1,---,[, are G-invariant, then
Yi(J;)=0,4,j=1,---,1. Thus

Ai(Y)) = —iyiy, Qe + dJi(Y)) = iy iy, Qc — dJ;(Yi) = —A;(Y).
(i17) Let us take X € Ker(TTy) NT(C), then

i)(AZ' = lxiyld@M + ldel

3.5.24
= iy £y, O — ixdiy, O + ixdJ,, ( )

where we used Cartan’s formula. If we write (; = g;;X;, for functions g;; € C>(Q),
and {x;} a basis of g, then we have

£Yi®M = i(Xj)MQMdgij + gij£(Xj)M@M‘ (3.5.25)
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Recall that since G is a symmetry of the nonholonomic system, then £, ), O, = 0.
Thus, using that J; = iy,0 ,, the expression (3.5.24) becomes

ixA; = i(Xj)/Vl@M (ingij) =0,

since the functions g;; are basic with respect to the bundle M — Q. m

Remark 3.5.2. The proof of (iii) of the last Proposition gives a coordinate expression
of the 1-form A;. Indeed, from (3.5.25) we have

where (; = g;;x; and x; € g. We can relate this with the results in [9] where the
authors introduced the concept of M-cotangent lift (¢;)7' of the vector field (¢;)q on
@ and proved that (see [9, Lemma 3.2])

(65" = =mi(d) = (6w = (i), Or) i (dgis).

Compare the last equality with (3.5.23). o

Following the ideas of [6], in order to obtain a (gauge related) bivector field 75 so
that 74 (dJ;) = —Y; € T(V) (recall that Y; := ({;).) we look for a (semi-basic with
respect to 7, : M — @, see Remark 3.1.3) 2-form B such that

iy, Blec = Ailc foreachi=1,--- L (3.5.26)

Moreover, since 75 has to describe the nonholonomic dynamics (1.4.31), then we have
to impose also the dynamical condition

ix,, Blc =0. (3.5.27)

Next we analyze the set of equations (3.5.26) for the case where the infinitesimal
generators Y; are linearly independent, i.e., for a free and proper G-action. In this
case, the vertical spaces V' and V are of constant rank (and isomophic) as well as
S=DNVand § =CNV. Moreover, it is clear that rank(S) = rank(gs).

Observe that Lemma 3.5.1 give conditions on the coefficients of the 1-forms A;, 1 =
1,--- I, with respect to suitable bases that we choose in the following Proposition. In
particular the properties in Lemma 3.5.1 guarantees that the system on the coefficients
of B formed by equations (3.5.26) is compatible.

Proposition 3.5.3. Consider the nonholonomic system given by the triple
(M, Tpn, Hat) with a G-symmetry given by a free and proper action. If d = rank(D)
and | = rank(S), then the system of equations (3.5.26) is a system with (g) variables
and (d—1)+(d—2)+-- -+ (d—1) equations that always has a (not necessarily unique)
solution.
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Proof. From Remark 3.1.3 we suppose ixB = 0, for any X € I'(W), then we are
interested only on the restriction B|c. Moreover since B is semi-basic with respect
to M — @, it is constructed by pull-backs (w.r.t the bundle 7, : M — Q) of 1-

d(d—1)

5 unknown

forms dual to a basis of D. Thus, by skew-symmetry, B has (g) =
coefficients.

The computation of the number of conditions is facilitated if we choose an adequate
basis of sections of C. Consider the vector fields Y; = ((;)a and complete a basis of
C with sections X,, a =1,--- ;A :=d —1[. Using indicesa =1,--- ; \; 1 =1,---
a=1,--- k,M=1,--- d, we get

0

TM = span{X,,Y;, Zq, —},
pan{ apM}
T*M = span{X*,Y", Z% dpy}, (3.5.28)
0
C =span{X,,Y;, —}.
pan{ 8pM}

The semi-basic 2-form (w.r.t. M — @) B in that basis has the form
B =a,3X*NXP 4 b0 i X*ANY 4, Y ANY, (3.5.29)

where we use Einstein convention and the coefficients a3, by and c¢;; are skew-
symmetric. First we compute

iy, Ble = —ba1 X" + C1,iYi,

withi=2--- land @« = 1,--- |\, and imposing that iy, Blc = A1|c we get [+ A — 1
conditions.

Continuing the process and using the skew-symmetry of ¢; ; we observe that iy, Bl¢ =
As|c gives new [+ A — 2 conditions, until the case iy, B|¢ = A;|¢ that gives A conditions
on the coefficients of B. Then the total number of conditions is

2\ +1—1)l

I+A-D+@+A=2)+ -+ A= 5

(3.5.30)

On the other hand the number of unknown coeflicients of B is

d I+ A P42+ X —1— )\
(T (1) - Lo ton 3531

Subtracting (3.5.30) from (3.5.31) we get % which is equal to zero if A =0 or
A =1 and it is positive for A > 1.

Then, the system of equations (3.5.26) has at least the same number of unknowns
than the number of equations. We claim that given 1-forms A;, ¢ = 1,--- , [, verifying
the properties of Lemma 3.5.1, we can find exactly all the b,,; and ¢; ; in (3.5.29) and
there are no conditions on the a, 3, giving the non-unicity if A > 2.

Indeed, A; should have the form

Al = A1 X"+ Bl,iyia
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with By ; = 0. Analogously, Ay has the form
Aole = Ay o X + By;Y",

with Byo = 0, and By; = —B; 2. Continuing further we get, for i = [,
Alle = Ao X + BY",

with Bu = O, and BM = _Bz‘,l'
On the other hand, using (3.5.29), we get

1y1B|c = —ba’iXa + Ciﬂ'Yj,

with ¢;; = —c¢;;. Setting iy,Blec = Ail¢, for ¢ = 1,--- 1, we observe that given the
A; o and B;; we find the coefficients of B as

ba,i = _Az',om Cij = Bz‘,ja
and this ensures that the system has at least one solution. Hence
B=AY'AYT 4 Ao XAY +a,5X* N X5, (3.5.32)
where A; = A; ;Y" + A; o X The a,p in (3.5.32) are free. O

The special case when rank(D) — rank(S) = 1

Here we also assume that the G-action acts freely and properly on @) and thus
G acts also freely and properly on the constraint manifold M. Then, for the case
where rank(D) —rank(S) = 1 we will see that we have a unique (semi-basic) 2-form B
satisfying (3.5.26) and, moreover, under an extra (technical) assumption, this 2-form
B will satisfy the dynamical condition (3.5.27). It is worth noticing that the example
treated in this dissertation is of this type away from the singularities, but also the
examples of ball in a cylinder [5, 10], the solid of revolution rolling on a plane [6, 47],
etc.

Denote by d = rank(D) and [ = rank(S) so that d — 1 = 1 and suppose that
{J1,..., J;} are | horizontal gauge momenta (functionally independent) of the non-
holonomic system with {(i,...,(;} the associated horizontal gauge symmetries (also
linearly independent). First we will set a (local) basis of T(M/G) and T*(M/G).
Let us consider a basis of sections {((;)g, X} of I'(D). Then we have the basis of T'Q)
given by Brg = {(()g, X, Z,} for {Z,} a basis of section of W and its dual basis
Brg = {a;,ax, e’} with associated coordinates (p;, ps,pa). As we already did in
(3.5.28), we obtain that

T* M = span{&;, ax, €, dp;,dp,} and
o 0 (3.5.33)

T = Xi7X72a7_7_ )
M = span{ o, 3px}

where &; = p*ay, ax = p*ax and €* = p*e® and where the two bases are dual. Now
we can observe that the horizontal gauge momenta J; verify that J; = p; and thus
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it is straightforward to check that the functions p; and p, are G-invariant. Then, we
obtain that

T(M/G) = span{X = T7(X), aa aa 1 (3.5.34)
with its associated dual basis
T*(M/G) = span{ax, dp;, dp. }. (3.5.35)

Observe also that, in this case, dim(M/G) = [ + 2. Then, we observe that

Lemma 3.5.4. If the bivector field 72, on M/G has {Ji, ..., J;} Casimirs, then it
has the form
0

B
7Tred:‘)(/\ap ’
x

and it 1s Poisson.

Proof. Since dim(M/G) = | + 2, and 72, has | Casimirs, the common level sets of
the (independent) J;, i = 1,--- , [ are 2-dimensional submanifolds. Then, the bivector
7B has a regular mtegrable characterlstlc distribution and then it is twisted Poisson.

In fact, w2, is Poisson because the associated leaves are 2-dimensional.

To get the form of 72 ;) we start writing the bivector field 75 of the basis (3.5.33).
By the observation we made in the end of Sec. 3.2, we see that mp has the form

0 0

g =Xi N\ — 2 N+ ) G Nao
Op; i Opj Z Ops  Op;

for f;;, g: functions on M. Then, computing the reduced bivector 72
p; = J; are Casimirs of 752, we get

4 and using that

0

(xLf(dp) =0, (xf)f(dpe) =~ (mf)f(ox) = 5 -

(3.5.36)

This implies that 72, = X A 52 sz O

Proposition 3.5.5. Let (M, mun, Ha) be a nonholonomic system with a G-symmetry
given by a free and proper action and assume that {Jy,...,J;} are | horizontal gauge
momenta of the nonholonomic system. If d = rank(D) and | = rank(S) so that
d—1=1, then

(i) there is a unique (semi-basic) 2-form B satisfying (3.5.26).

(17) If B satisfies (3.5.26) for each i = 1,...,1, and the equilibrium set € of the
reduced dynamics X,.q has empty interior, then the dynamical condition (3.5.27)
15 automatically satisfied.

Proof. (i) If d =1+ 1 then in the proof of Prop. 3.5.3, we have A = 1, and we verified
than in that case () = (d — 1)+ (d —2) + ... + (d — 1).
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(13) If Xpp(m) & Sm, for all m € M, then any vector field X € I'(C) can be written
X =aX,, +bY; + CMap Thus, using Lemma 3.5.1 (i),

B(Xon, X) = 0;B(Xop, Vi) = —biAi(Xnp) = 0.

If there is some point mgy where X,,(mg) € Sy, then using the basis of C in (3.5.28)
we write X, = wXy +vY; +upy5~ ‘9 and we get

anhB — wiy, B+ vi\;. (3.5.37)

We call € the inverse image of € under the orbit map and observe that & C M has
also empty interior, then this closed set coincides with its boundary. Moreover, all
points m such that th( ) € S, are in &, then we can approximate any point m € £
by a sequence of points (m,,) where th(mn) & Sp,,- Thus from (3.5.37) we have

w(my,) ix, Blm, = —i(mn)Ailm,, -

By continuity of the functions w, v;, taking the limit when m, — m and using that
w(m) = 0, we get from the latter equation that

vi(m)A;|m =0,
which implies from (3.5.37) that for any m € € we have
ix,,(m)Blm = w(m)ix, Bl,, = 0.
U

Hence, we conclude that if rank(D) = rank(S) + 1 and we have {.J;,..., J;} (in-
dependent) horizontal gauge momenta, there is a unique 2-form B that transforms
these functions into Casimirs of the reduced bracket {-,-}2,. Moreover, this 2-form
B will satisfy the dynamical condition (3.5.26) and thus {-,-}2, will describe the
reduced dynamics (3.1.5). Finally, we observe that if B satisfies (3.5.26), then the
reduced bracket {-,-}2, is a rank 2 Poisson bracket and, in particular, for the choice
of coordinates done in (3.5.34), it has the form given in Lemma 3.5.4.

We enforce the fact that in many interesting examples, away from the singularities,
the action is free and proper, they satisfy the condition rank(D) = rank(S) + 1 and
they admit [ horizontal gauge momenta for [ = rank(S).

Remark 3.5.6. If d = [ then there is also a unique 2-form B satisfying (3.5.26) since

() = (d—1)+(d—2) +...4+ (d — ). However, this case is not interesting for us since

if d =1 then X, € I'(S) and thus X,.; =0 on M/G. o

3.6 Examples

3.6.1 The nonholonomic particle

We continue with the example treated in Sec. 1.5.1 and Sec. 2.4.1. We have seen that
the reduced bracket {:,-},.q is Poisson and then no gauge transformation is needed.
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It is known (see e.g. [6, 9]) that
1

\/me

is a first integral of the system. In fact, J is a G-invariant horizontal gauge momenta,
and verifies 7*, (d.J) € T(V), then it induces a Casimir .J in the reduced space M/G ~
R3, such that p*J = J. The symplectic leaves of reduced Poisson bracket are 2-
dimensional and are determined by the level sets of the Casimir J.

J:

3.6.2 The vertical rolling disk

We continue with the Example from Sections 1.5.2 and 2.4.2 where we showed that
the reduced bracket {-,-},q is Poisson, and then no gauge transformation is needed.

The distribution S = DNV is given by S = span{Yy = R cos ¢% + Rsin (ba% + %},
and it is induced by the bundle gs — @ generated by n = (Rcos¢, Rsing, 1), i.e.
ng = Yp. In fact nis a horizontal gauge symmetry [9] with associated gauge momentum
Jy = (R%m + 1)pp. It is easy to verify that «*,(d.J,) € T'(V), then, since J, is G-
invariant, it induces a Casimir of the reduced bracket {-,-},.s. The symplectic leaves
are the 2-dimensional level sets of the Casimir and are diffeomorphic to cylinders
St x R with coordinates (¢, py).

3.6.3 Snakeboard

We have seen in Section 2.4.3 that the snakeboard has a symmetry such that the
reduced G-action induces a twisted Poisson structure in the quotient 5-dimensional
manifold M /G ~ T? x R3.

Using the distribution D given in (1.5.39) and the vertical distribution V' given in
(2.4.28), we compute S = DNV = span{%} and hence gg = span{(0,0,1)}, where
we use the canonical basis of g ~ R3. Then, taking the constant section n = (0,0,1)
we verify that the associated component of the nonholonomic moment map J, is the
coordinates p, (see Section 1.5.3), which is also a first integral of the dynamics, and
hence a horizontal gauge momentum. We verify that me(dJn) = -Y, = —% is
vertical, and then, since py is G-invariant, we conclude that it induces a Casimir of
the twisted Poisson bracket {-,-},cq. The level sets of the Casimir p,, in M /G are the
almost symplectic leaves of the reduced bracket {-, -}, cq.

3.6.4 Rigid body and Chaplygin ball

We continue with the example of Sections 1.5.4 and 2.4.4 where we showed that the
reduced bracket {-,-},.s has a nonintegrable characteristic distribution.

Consider the 2-form B on M biven by B = —r?m (2, A x ), which is the non-basic
part (with respect to M — M/G) of the 2-form (J, Kyy) given in (2.4.35) Following
[5, Sec. 7.3], we have that B is basic with respect to M — @, G-invariant and then
induces a G-invariant bivector field mp gauge related to m,,. In fact, in [8] it has
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been verified that ix, , B = 0, so that the bivector 7mp also describes de dynamics
of the nonholonomic system. Consequently the 2-form (J, Kyy) + B is basic with
respect to M — M /G and then, by [8, Cor. 4.14] (see also the discussion after the
Jacobiator formula (3.1.7)), the reduced bracket {-,-}2, is (dB,.q)-twisted Poisson,
where p*B,..q = (J, Ky) + B. In fact, in the local coordinates (’y,M) of M/G, we
have

Brea = —r*m(y, Q) (v, dy x dv), (3.6.38)

where € is related to M by (1.5.47). Consequently, the reduced bracket {-,-}Z , has
an integrable characteristic distribution.

Using the basis of sections of gg — @ given after (2.4.33), it has been verified
in [9] that 7 = (1, —y, ) is a horizontal gauge symmetry, such that ny = (v, X"),
with associated horizontal gauge momentum J, = (J" 1) = i, xy0Ou = (v, M).

Since (v, M) is G-invariant, it has been proved in [8] that it is a Casimir of the
reduced bracket {-,-}7;. The leaves of the characteristic distribution of {-,-}2, are

the 4-dimensional level sets of the Casimir (v, M), and are diffeomorphic to T'S?.

In fact, the reduced bracket {-,-}2, is conformally Poisson, see [8]. Then, after
a time reparametrization using the conformal factor, there is a Poisson bracket on
M /G describing the reduced dynamics. On the 4-dimensional symplectic leaves there
are two first integrals in involution, the reduced Hamiltonian H,.; and the function
J = (M, M) such that the joint level sets are compact on the leaf. It follows from the
Arnold-Liouville Theorem (see [1, 3]) that these joint level sets are invariant two-tori
and the dynamics are quasi-periodic on them, i.e. the system is completely integrable

on each symplectic leaf.

3.6.5 Homogeneous ball in a cylinder

We continue with the example of Sections 1.5.5 and 2.4.5. From the expression of the
nonholonomic dynamics X,,;, computed in (1.5.55) we see that py is a first integral of
the the system. In fact, the system has two horizontal gauge momenta (see e.g. [10]),

ro~ 2r?

Ji=py, Jo=-M,— ———p,
which are G-invariant. The functions J; and Jy do not induce Casimirs of {-,},eq,
because one verifies that 7, (d.J;) ¢ T(V).

Now we perform a gauge transformation by a 2-form B, semi-basic with respect
to M — @ and such that ixB = 0, for X € I'(IW). Starting with an ansatz on the
form

B=adzNd0+bdo A B, +cl,Ndz,
and imposing ﬂ%(dJZ-) = V;, we get for ¢ = 1 that ’ﬂ'ﬁB(dﬁg) = —Yj, or equivalently
ty,B = Ay = —iy,{¢ + dpy,

which joint with the dynamical condition 2x,_,B = 0 allow us to find the coefficients
of B. We get

R - RI RI
B="M 5 — 5
= ndz A\ df + Epzde/\ﬁn+E(R—r)2p95”AdZ’
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and one verifies that 7% (d.J;) € T(V). As a consequence, J; and .J, induces Casimirs
Jy and Jy of the reduced bracket {-,-}2, in the quotient manifold M /G and, since
dim(M/G) = 4, the 2-dimensional level sets of the Casimirs define a foliation which
is symplectic by dimensionality. Thus, the reduced bracket {-,-}Z , is Poisson. See [5],

red
for another proof using the Jacobiator formula 3.1.7.

3.6.6 Body of revolution on a plane

We complete our study started in Sections 1.5.6 and 2.4.6 performing a gauge trans-
formation leading to the hamiltonization of the nonholonomic system formed by a
body of revolution rolling on a plane. Following [6, 36], this mechanical system ad-
mits two horizontal gauge momenta J; and J, which are G-invariant and associated
to two horizontal gauge symmetries (; and ¢, described in [6, Theo. 3.7 & Cor. 3.8].

In order have 7% (d.J;) = —({;)m, by Prop. 3.3.2 it is enough to look for a 2-form B
such that i¢,),, B = A;, where A; = —i«,,, ¢ +dJ;. The computations are simplified
when the vertical symmetry condition is verified and in this case A; becomes

A =iy Kw) + Jrdfin,

where we write ¢; = fume € I'(gs), with corresponding horizontal gauge momenta
Ji = J¢, = faegr and ji = i@y, Om. For this example we have (see [6]):

~ 0 ~ 0
= _—XF_— (M — M , =(v,Y),
(771)/\4 3 < 28M1 1(9]\/[2) (772>M <'7 > (3.6.39)
J1=—Ms, Jjo = (v, M),
and the 2-form (J, K)y) was computed and written as

where K is given in (1.5.62). The functions f;; depend only on 7 = 73 and verify
one explicit ODE (see [6, Teo. 3.7]) implying that J; and J, are first integrals of X,;.
The equality coming from the ODE appearing in the computation of A; and A, are

Jidfi1 + jadfis = (f11Q + f12P)ds,
J1dfor + Jodfos = (fo1Q + faaP)drys,

where dys = 71 A9 — A1 and P, Q are defined in (1.5.63).
We look for a 2-form B having the form

BZCL)\Q/\/\g—i-b/\g/\)\l—f—C)\l/\)\Q, (3641)

which is semi-basic with respect to M — @ and then induces a bivector field 7. We
have also supposed that ix B = 0 for any X € ['(W).

Writing ¢; = fiim + fiome and (o = fo1m1 + foone, we write the system of equations
for the coefficients of B,

fiigyuB + fr2igy B = M, faipu B + faip) B = As. (3.6.42)
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The system above has a unique solution given by
a=mo(v,8)Q, b=mo(vy,s)Q, c=mo(v,s)Qs. (3.6.43)
and then the G-invariant 2-form B is
B = mo(y, s)(2, dX), (3.6.44)

and since the horizontal gauge momenta J; and J, are G-invariant, they induce
Casimirs of the reduced bracket {-,-}2, on the regular stratum M,., of the strat-
ified differential space M/G. Observe that on M., we have rank(D) — rank(S) = 1
and that the dynamical condition ix,, B = 0 is verified as was proved in Section 3.5.
Moreover, the reduced bracket {-,-}2 , is Poisson on M /G as was verified in [6] using
the Jacobiator formula 3.1.7.
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Chapter 4

The homogeneous ball on a convex
surface of revolution

4.1 Qualitative description of the system

We are interested in studying geometric properties of the equations of motion of a
homogeneous ball rolling on a convex surface of revolution [24, 40, 52, 77, 79, 88|.
More precisely, consider the motion of a homogeneous ball of mass m and radius R
rolling without sliding under the influence of gravity on the interior side of a convex
surface of revolution 3 C R3. We denote by (z,y) the coordinates of the projection of
the center of mass of the ball to the plane z = 0. The homogeneity of the ball means
that the inertia tensor has the form I = I - id, where [ is a positive constant and id
the 3 x 3 identity matrix. See Fig. 4.1.

Figure 4.1: The ball rolling on the surface of revolution.

We fix a reference orthonormal frame {é,, é,, €.} in space (space frame), a moving
orthonormal frame {é;, é;, €3} attached to the ball (body frame) and denote by ¢ the
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orthogonal matrix relating both frames. Therefore the configuration space () of the
mechanical system is R? x SO(3) with coordinates (z,, g).

This mechanical system has two kinds of constraints. The holonomic one imposing
the movement of the ball over the surface ¥ C R3, and the nonholonomic one given
by the non-sliding condition described by the following vector equation relating the
angular velocity & and the velocity of the center of mass v:

§xd=—7, (4.1.1)

where x denotes the usual vector product in R?® and @ is a vector joining the center of
mass of the ball with the contact point with the surface. Denoting by 7 the exterior
unit normal vector to the surface, we have @ = Rii. Following [24], the angular
momentum with respect to the contact point is given by

M = IS+ mR%it x (& x i)

= I3 +mR*G — mR*(& - 7).

The equations of motion can be found by considering Newton’s second law for
translations and rotations:

mff = ]\7 + ﬁ ,

. . (4.1.2)
I =Rnx N,

where N denotes the reaction force at the contact point and F the external force

applied to the center of mass [24]. The force F' is the gradient of the potential energy

mayz, where a, is the acceleration of gravity, and z the height (vertical position) of

the center of mass of the ball which is constrained to lie on the surface ¥. Eliminating
N from (4.1.2) and using (4.1.1), we get

(4.1.3)

— —

where M r denotes the external moment of force. See a more complete discussion on
these equations in [24]. These equations of motion do not include the orientation of
the ball, so they can be considered as the equations after reduction by the symmetry
given by SO(3). Following [24] note that the equations of motion (4.1.3) are valid
on any smooth surface. In this dissertation we restrict ourselves to the case of a
smooth convex surface of revolution with vertical axis of symmetry (parallel to the
gravity force) which has the effect of introducing a new S!'-symmetry. The action
associated to the S'-symmetry leaves invariant the configurations where the ball is
spinning in the bottom of the surface, thus the action is not free. This fact has many
implications, e.g. the reduced space now is not a smooth manifold and the rank of
the vertical distribution defined in the beginning of Section 2.3.1 can vary.

Borisov, Mamaev and Kilin [24] have shown, in local coordinates, that the reduced
system is described by a Poisson bracket in the sense that the reduced equations of
motion are given by the vector field (I.2) (after a time reparametrization). The prop-
erties of this reduced Poisson bracket have also been studied by Ramos [77] (observing
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that, by a dimensional argument, reparametrization of time is not necessary), see also
Fasso-Giacobbe-Sansonetto [40]. However, it was not known if such reduced Poisson
bracket came from a reduction of an almost Poisson bivector. In this Chapter we will
show that there exists an almost Poisson bracket {-, -} 5 describing the dynamics of the
nonholonomic system such that, after a reduction by symmetries, induces a reduced

bracket {-,-}2, which is Poisson.

4.2 The geometric approach and reduction by sym-
metries

The (convex) surface ¥ is parametrized in Cartesian coordinates by
Y= {(z,y,2) € R®: 2 = (2> + %)}, (4.2.4)

where the smooth function ¢ describes the profile of the curve defined by the center
of mass of the ball. The function ¢ : R™ — R is related to the function ¢ : R — R
given by ¢(s) = ¢(s*), and which verifies the smoothness and convexity conditions,
¢'(07) = ¢'(07) =0, ¢"(s) > 0. To ensure that the ball has only one contact point
with the surface we ask the curvature of ¢(s) to be at most 1/R.

Denoting by 7 = 7(z,y) = (ny,ng, n3) the exterior unit normal to 3, the following
standard formulas will be used in the sequel to simplify and re-write expressions
involving the normal vector and the derivatives of the function ¢ defining X2,

ny 1

Ny
A ord. 22— oud — 4.2.
n3 ¢, ns Yo, ms (14 4(22? + y?)(¢)2)V/?’ (425)

where ¢ denotes the derivative of ¢. Observe that ng is never zero.

Recall that the configuration manifold () is given by the projection to the plane
z = 0 of the coordinates of the center of mass of the ball and an orthogonal matrix
indicating the orientation of the ball, thus Q = R? x SO(3).

Using the holonomic constraint (4.2.4) and relations (4.2.5), the mechanical La-
grangian L : T'(Q) — R becomes

I
L =% (L4 ¢%42%)d + ¢8eyig + (1 + ¢™4y)i) + S(f + w3 + )

— mayd(z® + y*)
_m
- 2n2

— mayp(z® + y?).

I (4.2.6)
((1 — n%):pQ + 2nynoty + (1 — nz)gf) + §(w% + wg + wg)

4.2.1 The constraints and the nonholonomic bivector field

Let us denote by (wq,ws,ws) the coordinates associated to the right invariant frame
{X1, Xs, X3} of TSO(3), i.e. the w;, i = 1,2,3, are the components of the angular
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velocity & in the spatial frame. Then, the non-sliding constraints (4.1.1) are written
& = —R(wyng — wsny),
y = —R(wsny — wing),
inducing therefore the constraint 1-forms
¢! = dz — R(psng — pans),
&y Rl o) w21

where we have denoted by {p1, p2, ps} the right Maurer-Cartan forms in 7*SO(3),
dual to {X1, Xo, X3}. The constraint distribution D on @ is the annihilator of ¢! and
€2 and is given by

9 1 o 1
Dzspan{Yz ::7+£X”_373X2’ Y= = L X

X, X, b, (4.2
Oxr  Rns Oy  Rns Rng » } (4.2.8)

where X, := Zf’:l n; X;.
Consider now the basis of T'(Q) given by
%TQ = {}/17}/;/7)(71721722}7 (429)
where Z; and Zs are vector fields defined by

7, = Rz?’XQ . ];Zan, Zy = —Ringxl + %X”' (4.2.10)
Observe that the dual frame of (4.2.9) is
Brq = {dv, dy, Bu, €', €}, (4.2.11)
with
B = anﬂi, (4.2.12)
with associated coordinates (&, 9, w,,v1,v) for w, = & -7 = > nw; the normal

component of the angular velocity .

Remark 4.2.1. The vector fields Z; and Z; induce a splitting T'Q) = D @& W where
W = span{Zy, Zs}. The fact that W chosen in this way is adapted to the symmetries
will be shown in Section 4.2.3. o

Remark 4.2.2. The sections Z; and Zy in (4.2.10) where computed so that they
complete a basis of TQ dual to {dx,dy, 3,,€,e*}. The choice of {dz,dy,3,} as a
basis of the annihilator of W was motivated by [40], which uses coordinates (&, ¢, wy,).
o

Remark 4.2.3. Using

n1N9 1 1-— n% 9
=183, dr — dy — €2),
p1=mp +Rn3<x €)+ Rng(y €)
2
ny —1 1 —NNo 9
= » dr — dy — 4.2.13
NaoNg 1 —ning 2
= - dr — dy — €7),
p3 = n3f3 +Rn3(x €)+ ng(y €)
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one also verify that df3, is not in the differential ideal generated by {dx, dy, 5, }, then
W is not integrable. On the other hand, the following formulas will also appear in the
computations:

p1 A pr= BB, A (dv — ') + A(dy — €*) A B, — (dy—e ) A (do — €'),
1 B

p2 N\ p3 = —}—%(dq: — ) A B, — E(daz — ) A (dy —€%), (4.2.14)
1 A

pspr=—F(dy =€) A By = Z(dy — @) A(de =€),

Computation of the constraint manifold M and the distribution C
In this section we use the notations:
a, =1+ ¢%42*,  a, =1+ ¢”4y*, b, = ¢*4ay.

Therefore in the basis {dx,dy, p1, p2, p3} the kinetic energy metric is written in
matrix form

ma; mby, 0 0 0
mbg,, ma, 0 0 0
k= o0 0 I 0 0], (4.2.15)
0 0O 0110
0 0O 00 I
or equivalently,
1 mag @y Mbyy I
3h = (dz®dx)+ (dy @ dy) + 5 (dx@dy)—l—§(p1®p1+p2®P2+P3®P3).

We now compute the constraint manifold M = x’(D) = Leg(D) C T*Q defined
n (1.4.22). Using the basis of D given in (4.2.8), we have

k(D) = irx’ (V) + 9K’ (Yy) + &Gk’ (X).
Writing £°(D) in the basis (4.2.11) of T*Q,
lib(D) = podx + pydy + M, (3, + Mye' + MyGQ,

we get the relations

Pr = 26(Ys, Ya) + yr(Yy, Yo) + wnk(Xn, Ys)

Dy = ar(Ys, Yy) + y’{(yya Y;J) + dn“(*xm Yy)
M, = k(Y X0) + 96(Yy, X)) + Gpr( X, X,0)
M, = #6(Yy, Zo) + 9k(Yy, Za) + Gnti( X0, Zo)

1, = ik(Yy, Z1) + 9r(Yy, Z1) + Gnk(Xn, Z1).
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The components of the matrix (-, -) can be computed from (4.2.15). Denoting E :=
I +mR?, we get the relations between velocities and momenta:

T lk = —ﬁyR2n1n2 +p~xR2(1 - n%)a
yE = —p,R’ning + p,R*(1 — n3), (4.2.16)
Wl = M,.

On the other hand

Mx = _p~z + jjmaz + gmbzya

; e _ (4.2.17)
M, = —py + zmbgy, + ymay,
and using (4.2.16) we have
: : R*m _
Tmag + ymbyy = — P
5 (4.2.18)
. . R*m _
xmbxy + yma, = pr
Then, from (4.2.17) and (4.2.18), the constraint manifold M is given by
e ~ I _. - I
M = {(x7yagapxapya MnaanMy) : Mx = _pra My = _Epy}a (4219)

where recall that £ = I + mR2.

Next, we compute the constraint distribution C on M. Consider the basis of T* M
given by

%T*M = {dZL’,Ciy,Bn, g17g27dp~x7 dﬁden}v (4220)
where dx = Tydx, d~y = 75,dy, B, = % By € = Thel, € = 756 and, as usual,

Tam : M — @ is the canonical projection.
Dualizing the basis in (4.2.20) we get the associated vector fields in M, which we
denote with a tilde to distinguish them from the corresponding fields on @),

s e e s s 0 0 0
Iy, v, X, 71,7y — 2 91 42.21
Brm { y R R o Mn} ( )
Hence, the constraint subbundle C defined in (1.4.23) is given by
s s o 0 0 0
C=s (m{Yx,Y X, 2 2 9 } 4.2.22

Computation of the nonholonomic bivector 7,;, and the dynamics X,

Now we are ready to we compute the nonholonomic bivector field ,; (1.4.26), and
afterwards the nonholonomic vector field X,,;, = —Wflh(dH ) describing the dynamics.
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Proposition 4.2.4. The nonholonomic bivector field mw,, on M defining the nonholo-
nomic dynamics is given by

0 0 0
=V Ao+ Yy Ao + X A —=—
Op ap, oM,
+ M, D" i—i—i( D! +p,D! ) — /\i (4.2.23)
Ty ~ aﬁy E n py a ’ 8]\/[ /N
9, 0
— —=(p=D; oy DY) ——— N\ —,
where Dy, , D;”jn, Dy, DY, and Dj, are basic functions on M (with respect to the

bundle Ty, : M — Q) given by

Dy, = Rn3 (n1 +nh + E) ,

nin2
T _ Ny _nY
D;,=-D;, =R ( ning +ninj + >

Rn
- ° (4.2.24)
ny+n
DY = R n®ns —nnt — = 3,
xn ( 1793 1783 Rn3 )
n3 + n3
D* =R —ning +nonf + 2—2
yn ( 2743 2183 Rns
with n¥ and n! the partial derivatives of n;, i = 1,2,3, with respect to x and y,

respectively.

Proof. First observe that the L10uv1lle 1- form in 7*@) in the basis (4.2.11) is written
as Og = podr +pydy + M,f3, + M,é" + M €2, and its restriction to M is

I I
—Puf + ——=p, & (4.2.25)

Using the definition of Q,, given in (1.4.24) we obtain that

Qu = —dp, A dz — dp, A dy — dM, A f,

I
—pNyde,

I
~Id~1
+ e +

I I .
+—dpx/\61—|—Edpy/\e2—Mndﬁn 7

E

and its pointwise restriction to C gives

- - ~ ~ -~ 1 I
Qe = (—dp; ANdx — dp, A dy — dM, A B, — M,dp, + —p.de" + —pfyd€2> e

E E
(4.2.26)
Denoting by n* = (nf,n%, n%) (respectively n¥ = (n{,nj,n})) the component-wise

partial derivatives of 77 = (ny, ng,n3) with respect to x (respectively to y), we have

the following relation
<ﬁ7 nx> - <ﬁ7 ny> =0,
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To compute df3,, using (4.2.13) we obtain at first

1 1
dng A p1|c + dng A P2|C + dns A p3|c = (ngf% + ngﬁ> dx N dy|c.
3 3

On the other hand, to compute ). n;dp;|c, we use formulas (4.2.14) restricted to C
and we get

(nadpr + nadps + nadps)|e

1
= Rem, dx A dylc.

Consequently,
- 1 1\ - .

Moreover, from (4.2.7) we also get

nmng\ - -
dé'lc=—R (—n‘l{ng +nynd 4+ — 2) dz A Bule
ng

2 2N\
— R ( n2n3 + 712713 + 2 i ng) dy A ﬁn’Ca
Rn3
(4.2.28)
ni+nd\ - =
d€2|c——R(n ng —ning — )dx/\ﬁn\c
RTLg
— R (n ng — ning — n1n2> dy A Bnlc
n3
Therefore, using (4.2.27) and (4.2.28), the expression (4.2.26) becomes
Q¢ :(—d];xAd};—dﬁyAJy—dMn/\ﬁn
I, .. . ~
- E(p}D;n + 5y Dy )dy A Ba)le,
where D;‘y, D3, DY,, Dy, and DY, are given in (4.2.24). Finally, the nonholonomic

bivector is computed using (1.4.26), and we get the desired expression (4.2.23).
[

Equivalently, we can write the nonholonomic bivector as

%7 9 %7 9 %7 9

Top(dz) = op, Ton(dy) = a_p;/’ Ton(Bn) = 8_]\7[,17
) = =Y, + M,Dl e + LD + 5, D0) S
) = =Y, = NDly i+ E D+ B, D)5
L) = =X = F (505 + 5, D%) 5 = E0 D+, D)
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Moreover, since €'

implies that

¢ = 0 and é|¢ = 0, the definition of the nonholonomic bivector

W#h(gl) = th( ) =0.

Now, using Prop. 4.2.4 we compute the nonholonomic dynamics X, = —ﬂfh(dH M)
associated to our example. From the Lagrangian (4.2.6) the restricted Hamiltonian
H,, is given by

R? . .
HM ((1 - nl)px2 + (1 - n%)pr - 2pxpyn1n2)
2F
. (4.2.30)
A (o 4 2),
or Ty

and therefore the nonholonmic vector field X,,;, is written

S 1
+ (yMany (pxnl +pyn2)<pxn1 +pyn2) + Wn E( D:L"n +py ))

A, - - - - I
+ (_anDij + (pa:nl + py”?)(pa:n:ll/ +pyng) +w E( IDyn +py

a y
L (a0, 4 5,0 — 95D, + g, DY)~
0 0
— ) —
g0 ( " Opa 3ﬁy) ’
(4.2.31)

where, by Legendre transform, we have the following relations between velocities and
momenta,

R . - M,
x :E (pm<1 - n%) _pyn1n2) y Wp = 77
(4.2.32)
R2

Y= B (Py(l - nz) ﬁxnlnz) .

4.2.2 The G-symmetry and the reduced bracket {-,},.q

Consider the compact Lie group
G = 8'x S0(3), (4.2.33)

where SO(3) acts by right action and S! by left action on @Q = R? x SO(3). More
precisely, the action by an element (p, k) € S x SO(3) on (z,y,g) € Q is given by

(0, h) - (2,9,9) = (Rp(z,y), Ry g h), (4.2.34)

where R, denotes the 2 x 2 rotation matrix of angle ¢ and Rp denotes the 3 x 3
rotation matrix of angle ¢ with respect to the z-axis.
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We show that the G-action is a symmetry of the nonholonomic system. It is enough
to show that the action preserves the Lagrangian L and the distribution D. It is easier
start with the Lagrangian

1

1
L=—||z|*+ =
121" + 5

: ol ? — mayg(a + 7).

with & = (x,y, z) taking in consideration along the computations the holonomic con-
straint for z given in (4.2.4). First, we observe that the right SO(3)-action only acts
on w by an orthogonal transformation which preserves the norm. Second, the left S!
action leaves invariant the (spatial) angular velocity w (which is left invariant) and
preserves z° + y? and ||&||. Then, the Lagrangian L is G-invariant.

On the other hand consider the expression of Y,,Y, and X, which generate the
constraint distribution D (see (4.2.8)). Observe that the vector fields Y,,Y, and X,
are SO(3)-invariant because the vector fields X;, ¢ = 1,2,3 are right invariant by
definition and the right SO(3) action does not act on the (x,y)-coordinates. Now, for
the left S'-action, consider a rotation matrix R, with respect to the vertical axis and
angle o, then

(Re)«(Ye))|Ryq = COSQYe|R,.q +sin Y[R, 4,
((Rg0>*(yy))|R¢~q = —sin SOY:z:|R¢-q + cos Yy|R¢~q’
(Rp)«(Xa))|rpq = XulRpas

then the distribution D is G-invariant.

The Lie algebra g of G is isomorphic to R x R? and thus we work with the following
basis of g,

{(1,0),(0,e;)}, i=1,2,3, (4.2.35)
where e; denotes the i-th canonical basis vector of R3. The infinitesimal generator
with respect to the S'-action is

0 0

Up:=(1,0)g = Yo + xa—y + X;.

If we denote by a = (a1, e, 3), B = (P1, B2, 83) and v = (71,72, 73) the rows of
the matrix g € SO(3), then the infinitesimal generators associated to the SO(3)-action
are given by

(O, ei)Q = CYZ'Xl + ﬁZXQ + ")/ng, 1= 1, 2, 3. (4236)

Denoting U = ((0,e1)q, (0,e2)q, (0,e3)q), we see that X; = (a, U), Xy = (8, U)
and X3 = (7, U), consequently the vertical (generalized) distribution V' is given by

V= SpCLTL{Uo,Xl,XQ,Xg}, (4237)

and the G-symmetry satisfies the dimension assumption (2.3.4). We observe that the
rank of V' is 3 for (z,y) = (0,0) and it is 4 elsewhere, showing that the action is not
free (not even locally free).
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Remark 4.2.5. We express the vector fields appearing in (4.2.37) in the basis associ-
ated to the splitting T(Q) = D & W, see Rmk. 4.2.1. Recalling the expressions for X,,,
Zy and Zy in (4.2.10), we get the relations

ny Uz n3 X X,
—An, —Any + R+13 —Ans Xl =1% |
—Bn, — RLW —Bny —Bns X3 Z
with inverse
N 0 —Rns X, Xy
ny Rns 0 Zy | = | Xo
ny —Rnoy Rny Z X3

On the other hand, from the definitions of Y, and Y,, in the basis of D given in (4.2.8),
we have

0 0
ax + 1 ay y+ 2

Consequently we can write
Up=(1,0)g = —y(Yo + Z1) + (Y, + Z3) + n3 X,, — RnoZy + Rny 23,
and then the vertical distribution (4.2.37) is also written
V = span{Uy, Xy, Z2, Z1 }.
o

Now we describe the reduced space M /G as a stratified differential space and write
the reduced dynamics. The reduction of M by the symmetry group G = S! x SO(3)
is performed by stages as in [40, 52]. The reduction by SO(3) gives the smooth
manifold M/SO(3) and results in the elimination of the coordinate g of M. Fur-
thermore, from (4.2.49) we see that S* acts on M/SO(3) by ¢ - (2,y, Ds, by, M,) =
(Ry(2,y), Ry (Pa, Dy), My).

Since (0,0,0,0, M,) is a fixed point for any rotation R,, the S*-action is not free
and the reduction is performed using invariant theory as in [40, 52, 77]. The S’-
invariant polynomials on M /SO(3) for this action are given by

po="Ds"+ p~y2:

p =2+ 97

P2 = TPz + YDy, (4.2.38)
P3 = TPy — YPa,

s = M,.

Since the S'-action is not free but it is proper the reduced space M /G is a stratified
differential space and the ring of smooth functions on M /G is identified with the
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ring C°°(M)% of G-invariant functions on M, see Section 2.1.3. By invariant theory,
the p;, i = 0,--- ,4, form a basis of C*°(M)% and hence the polynomials p; can also
be considered as coordinates on M /G in the sense that M /G is described by the
following semi-algebraic subset of R®,

{p = (o, p1, 2,13, 1) €R® :pg >0, p1 >0, pop1 = 3+ p2}.

The stratified orbit space M /G has two strata corresponding to the orbit types. The
1-dimensional singular stratum associated to the S! isotropy type is given by

My = {p = (po,p1,D2,p3,p4) € R® :po =p1 = P2 =p3 = 0}, (4.2.39)

and corresponds to the situation where the ball lies at the bottom of the surface and
is spinning about the vertical axis.

The other 4-dimensional stratum, called reqular stratum, is the complement of M,
in M/G and is given by

M4 = {p = <p07p17p2ap37p4) € R5 - Do Z Oa b1 Z Oa

(4.2.40)
pop1 = ps + 3, o +pi > 0}

It can be understood as the manifold which is the orbit space of the submanifold M,
of M where the action is free. Hence My = M,.,/G and we use the notation ./\;lreg
instead of My. It has been observed that the regular stratum /\;lmg is diffeomorphic to
S? x R?, see [40, 52]. Observe that possible trajectories in the regular stratum include
the case of the ball passing by the bottom of the surface ¥, (z,y) = (0,0), but with
non-zero velocity. On the other hand, from (4.2.32), we obtain the following relations

- 1 —n3 n1N9
Pz =T 232E+yn2R2E’
’ M (4.2.41)
- nin9 1-— lE
x Y
Py n2R? n2R?
and rewriting the polynomials p;, ¢ = 0,--- ,4 in the velocity coordinates, we observe

that trajectories with p3 = 0 are those where the ball moves only in the radial direction,
i.e. in the intersection of the surface with a vertical plane passing by the origin, while
when ps = 0 the ball moves in a circular trajectory at a constant height. The variables
p3 and py will be important when we will consider first integrals in Section 4.3.1.

Remark 4.2.6. Equivalently, we can understand the dynamics by studying the re-
duced equations of motion obtained by Hermans [52]. We recall the reduction in the
form presented in [40] and then relate it to our variables p;, i = 0,...,4 defined in
(4.2.38). Consider the invariant polynomials in positions and velocities:

24yt 2ty L
Do = , D= , D2 = xx + Yy,
2 2
ﬁszﬁy—yia ]9_4:an'
In these variable de reduced dynamics is given by,
0 0 0 0 0
Xred = py F F Fy—. 4.2.42
nh = P2 080+p28p + 28p + P2Pa4 38p + P2p3 464 ( )
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The functions F3 and Fjy depend only on p;. Adapting the formulas of [40] to our
notations we have

o I B B 3 mRR? B 3 B _
Fy(po, p1, D2, D3, Pa) = [4(5293194—2p22¢’(p1))¢”(p1)—2% z ¢’(p1)—8po¢’(p1)2} 9(p),
e = i—— mRQ—/— — 2 I =\ M= —
F5(po, p1, D2, D3, P1) = | 2P0 Q(Ep3p4+2ag—E p1)¢ (1) + 16p1p2"¢' (1) 9" (p1) | 9(p1),

Fy(51) = 5 (26/(7) + 856" (71)) a7,
Fy(p) = (8¢'(m)° — 49" (p1)) 9(p1),
1

T 12V (p)?
(4.2.43)

Observe that g(p;) is equal to n3, the square of the z-component of the unit normal
vector 7. Using Eqs. (4.2.41) one can find the relations between the p; and p;. We
get:

2E? Jog . .
Po = —57P0 — 557 (1 + n3) (nad: — n1y)®
nslt nslt (4.2.44)
E E I -

:27’ :—7’ :—7’ :—7.
D1 P1, P2 2 R2p2 D3 R2p3 D4 Rp4

From the latter relations and the chain rule we compute the relevant terms of the
reduced dynamics X,..4 in our variables p;. o

The reduced dynamics is computed projecting the nonholonomic vector field X,
given in (4.2.31) by the quotient map p : M — M /G and has been presented in [52]
(see also [40]). In our reduced variables p;, i = 0,--- ,4, the reduced nonholonomic
vector field X, .4 has the form:

d 2R*$nZ 0 d  Rn? - d  R3In?

_ _ - 0
Xyed = Fo=— — R — 3R —t— Fy—, (4.2.45
d D + IR ops + 12 op + L [3P2Pa op + 2 P2psta 9pa ( )

where ng, F3, Fy are basic functions with respect to the bundle M /G — Q/G (thinking
of Q/G as a differential space) given by

1
(14 4p1¢' (p1)?)V/%
f?s = }?3(]71) = (2¢/(p1) + 4p1¢” (p1) )3,
Fy = Fy(p1) = (8¢'(p1)* — 4¢" (p1))n3,

and Fy and F, are functions on M /G that are computed from (4.2.43) and (4.2.44).

As it has been remarked in [40], the interval of continuity of the F; contains a
neighbourhood of zero, so the reduced dynamics is well defined for p; = 0 (and py # 0,
in the regular stratum), that is for orbits passing at the bottom of the surface with
non-zero momentum. Note that X,.4 is a vector field in R®> which is tangent to the

ng = n3(p1) = -
(4.2.46)
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space M /G as a stratified space, that is X,.q is tangent to each strata [40]. In the
singular stratum M, it reduces to the equation p, = 0 with trivial solution and on the
regular stratum it defines a smooth vector field on the smooth manifold M.

The equilibria of the reduced equations of motion (or relative equilibria) are of
two types: the singular equilibria which are all the points of the singular stratum
with M, constant, and the points of the regular stratum verifying p» = 0 and
Fy(po, p1, 2, p3, pa) = 0, which describe circular motions at constant height, see [40,
52, 79, 88]. Hermans [52] has shown that away from the equilibrium points all the
orbits of the reduced dynamics are periodic. The qualitative study of the relative
equilibria was started by Routh [79], where he gave necessary conditions for the sta-
bility of the relative equilibria by linearizing the dynamics. Afterwards Zenkov [88]
proved that linear stability imply nonlinear (orbital) stability. This implies that orbits
that are close to one stable relative equilibrium evolve around the periodic circular
motion given by the relative equilibrium. Finally, the case of a ball rolling inside a
circular cylinder (see Sections 1.5.5, 2.4.5, 3.6.5), can be considered as a limit case of
a surface of revolution, and for that example the Routh/Zenkov stability condition
always verified (see Eq. (2.2) of [88]). In fact, the equations of motion in this case
can be completely integrated and the oscillation of the variable z (height) has explicit
formulas, see e.g. [70, 77].

Figure 4.2: Equilibrium in the singular stratum

Figure 4.3: Relative equilibrium in the regular stratum

Remark 4.2.7. Since the surface ¥ is of revolution we observe that the functions F;
and I can be expressed in terms of the principal curvatures A; and Ay associated to
Y. In fact, since

2¢' + 4p1¢”
(1 4 4]71 (¢/)2)3/2’

24’
(1 + 4p1(¢/>2)1/2’
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the we obtain that \ ) )
By(p) =22, Fy(p) =222
ns3 n3p1

<

In the next section we will compute the 3-form dJ A Ky defined in (2.3.19) and
prove that the reduced bracket {-,-},cq is not Poisson based on formula (2.3.21).

4.2.3 The vertical complement of the constraints and the re-
duced bracket

We begin by showing that the distribution W generated by the vector fields Z; and
Zy defined in (4.2.10) is G-invariant and is a vertical complement of the constraints:
WcCcVandTQ =D& W (see (2.3.6) and Rmk. 4.2.1).

Proposition 4.2.8. For the mechanical system we are considering, the distribution
W = span{Z,, Z>} where Z; and Zy are given in (4.2.10) is a G-invariant vertical
complement of the constraints induced by an Ad-invariant subbundle gw — @ of

gx0Q—Q.

Proof. From (4.2.9) we see that T7Q = D & W. To see that W C V, we observe that
Zy = (&) and Zy = (&), where & and & are sections of the bundle g x @ — @
given at the point ¢ = (z,y, g) by

§1|q = <Ag7 (an»? §2|q = <Bg: (Ove)>7 (4247)

where (0,e) = ((0,e1), (0, e2),(0,e3)) with (0,e;) given in (4.2.35) and A, B are the
vectors

1 1
A= g (e, md =1 o) B= g (1, mna, mna).

Next we verify that W is G-invariant. First observe that, from (4.2.10), the vector
fields Z; and Z, are SO(3)-invariant(the right action of SO(3) does not involves the
(x,y)-coordinates and the fields X;, i = 1,2, 3 are right invariant). On the other hand,
in order to show that Z; and Z, are S'-invariant, consider a rotation R, of angle ¢
with respect to the z-axis and observe that

((Ry)(21)) |Rpq = €08 ©Z1|Ryq + SN 9 20| g € Wheg,
((Ry)«(22)) |Ryq = —sinpZi|R,q + cOs ©Zs|R,q € Wheq-

Therefore the subbundle W of T'Q) is G-invariant. Consider now the vector subbundle
gw — @ of the trivial bundle g x @) — @) generated by the sections & and & defined
in (4.2.47). It is straightforward to see that W is induced by gy as in (2.3.10) and
that gy — @ is Ad-invariant. m

Remark 4.2.9. The complement W does not satisfy the vertical symmetry condition
of [5], in fact W is not even integrable. Moreover, there is no complement satisfying
that condition since the Lie group SO(3) is simple and therefore does not have any

normal subgroup which could act on the system as a symmetry group, see [6, Remark
2.4]. o
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The bundle g5 — @) and the distributions § and W on the manifold M

Following (2.3.5) we compute S = span{S; := yY, — zY,, 5S> :== X,,}, and we observe
that it also has nonconstant rank, it is equal to 1 when (z,y) = (0,0) and is equal to
2 elsewhere. The subbundle gg — @ of g x Q — @ defined in (2.3.8) is generated by
the sections

Mmlg = (1,0) + y&ilg = 26alg = (7, (0,€))lg,  12lg = (7ig, (0, @)y, (4.2.48)

where we consider the normal 77 as a row vector, and the section & and & are given
in (4.2.47). Then we have that (n;)g = 51 and (12)g = Sa. As we observed in Section
2.3.1 (see also [6]), the bundle gg — @ has constant rank (here it is equal to 2) while
the distribution S varies its rank.

On the other hand, using analogous notation as in (4.2.34), the cotangent lift of
the G-action to M is computed to be

~ A

(@, h) - (2,9, G, Pus Pys M) = (R(2,9), Ry g hy Ry (Bs By), M) (4.2.49)

The infinitesimal generators of the action on M in the basis (4.2.35) of the Lie
algebra g are

0 o - 0 )
1,0)y = —Y— + 22— + X3 + Py — Ppe—, 4.2.50
(0,€) = ;X1 + 3 Xo +7: X3, i=1,2,3, (4.2.51)

with X; = 7o X; and T,y : M — @ the canonical projection. Therefore, using the
basis (4.2.21) of T M, the vertical distribution ¥ on M is given by

5 5 9 o - . .
V= —yY, Y, +py=——=— —Pome—, Xpn, Z1, Lo ¢ . 4.2.52
spcm{ Y +:Ey+pyapx p@py 1 2} ( )
The basis of sections {n;, 72} in (4.2.48) generating the bundle gg — @ induces a set

of generators (11), and (12) of the distribution S on M defined in (2.3.14),

S = span{(n) s, (12) s},

where

5 5 9 P 5

=yY, —aY, +py=—— — Pr=— d = X,. 4.2.53

(M) = yYs — zY), Thigs P o, (72) ( )

Now, from (2.3.12), the G-invariant vertical complement W is induced by the basis

of sections of the bundle gy — @ given by {{1,&} where & and & are defined in
(4.2.47). That is

W = span{(&1) m, (E2)m},

and observe that, in this case, (&;)y = Z and (&) = Z,. From Proposition 4.2.8
the bundle gy — @ is Ad-invariant and then W is also G-invariant.
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The 3-form dJ A Ky,

Next, using Lemma 2.3.7 we compute the W-curvature Ky, in the adapted basis
(4.2.20) of T*M.

Lemma 4.2.10. For the vertical complement VW = span{Zl,ZQ}, the W-curvature
Ky written in the basis of constant sections of g, {(1,0),(0,€;)}, i = 1,2,3, is given
by,

where (0,e) = ((0,e1),(0,e2),(0,e3)).

Proof. By Lemma 2.3.7 (using a = 1, 2 to match with our notations) the W-curvature
Ky in the basis {&1, &} of sections of gy — @, given in (4.2.47) is written,

Kwle =dé'le @ & 4+ déle @& and Kyl =0,
which is equivalent to
Kwle = d&'|c @ (Ag, (0,e)) + dé*lc @ (Bg, (0,e)), and Kyl = 0.
Finally from (4.2.28) we obtain,
Ky =(—=D2,dx A 3, — Di,dy A B,) @ (Ag, (0,e))

+ (=D¥,dx A B, — DY,dy A B,) @ (Bg, (0, e))
—dz A B, ® (=D}, Ag — D%,Bg, (0,€)) +dy A B, © (—~D;,Ag — D4,Bg, (0,e)).

]

The next step is to compute the 3-form dJ A K,y using Proposition 2.3.8. As we
saw in Section 2.3.1, this 3-form is the key tool in order to prove whether the reduced
bracket {-,-},eq is Poisson or not (see (2.3.20) and (2.3.21)).

Following the notation of Prop. 2.3.8, the basis of sections of g x ) adapted to
the splitting g X Q = gs @ gw is given by

Boxq = {1, M2 3,8}, (4.2.54)

where 7y and 7 are sections of gg — @ given in (4.2.48) and &3 and &, correspond to
the sections & and & of gy — @ given in (4.2.47), respectively. The components of
the moment map J in the basis (4.2.54) are denoted

Ji = i(m)M@M’ Jo = i(n2)M®M’

and
J3 =iy Om  Jo =i Oum (4.2.55)
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Proposition 4.2.11. For the choice of the vertical complement W = span{Zl, ZQ}
to the constraints C, the G-invariant 3-form dJ N Ky, verifies

I I
dJ A Kyle = (—Edp; A det — Py A d&® + Vg A (REdE* + hfd€2)> e, (4.2.56)

where Vi is a semi-basic 1-form (with respect to the bundle T, : M — Q) given by
Uy = Jidhj, + Jodh3, — ép}dh% — éﬁydh‘}(, with h% the entries of the matriz h, the
wnverse transpose of the 4 x 4 matriz h given by

’r]z:th'XKU i:]-???

éa:thKa CL:3,4,

where we used the basis of g given by {x1 = (1,0),x:41 = (0,e;)}, i = 1,2,3, and
hE € 0°(Q)%; K,L=1,--- 4.

Proof. Consider the basis of sections {{,}, a = 3,4, of gw — @ using the convention
of (4.2.54) and recall that Z; = (&), and Zy = (§4)m. Then, the components J,,
a = 3,4, of the moment map defined in (4.2.55) are written

. I _ . I _
J3 = 121@M = _Epam Jy = 1Z~2®M = _Epw

where we used the expression of ©,, given in (4.2.25). Consequently from Proposition
2.3.8, using that there €%, a = 3,4, corresponds to (the pull-back of) the constraint
1-forms €' and €2, we have

dJ A Kyle = (dJs Ade' + dJy A de® + b Jpdhy A dé' + hy Jpdhy A de®) |e
I I -
— (—Edp; A dét — =Py A dé* + (Jpdh) A (hEde* + hfd?)) le.
Finally we denote by Wy the expression Jydhk = Jidh}, + Jodh% + Jsdh3. + Jydh3,
which gives the formula in the statement of the Proposition. The fact that dJ A Ky,

is G-invariant is a consequence of the G-invariance of the complement W (see Prop.

4.2.8 and [5]). O
In other words, using (4.2.28), the 3-form dJ A Ky can be written as,
dJ A\ Kywle = 91 + Usle, (4.2.57)

where

I - -
I (Dggndp; Adx A By + DY, dp, A dx A 5n)

E ; o 7 (4.2.58)

+ <D§ndp~x Ndy A B+ DY, dp, A dy A ﬁn> ,

and WUy is a semi-basic 3-form (with respect to M — Q) that verifies
Uole = U A (b dE" + hif dé?)lc. (4.2.59)
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Remark 4.2.12. We give a second proof of the last proposition. Here we use the ex-
plicit formula of the W-curvature Ky, in Lemma 4.2.10. Using the canonical Liouville
1-form restricted to M, © = p,dx + p,dy + M, (3, — ép} 1 _ ép},eQ, we can compute
the moment map J : M — g*, by (J(m),&) = i¢,,© in our chosen basis of g. We
obtain for i = 1,2, 3,

J = (Jo, Jl),

where Jy = i(1,0),,0x Will not appear in the computations, and J; = i(g¢;),,Om. We
have:

Ji =Pai(0,e0) AT + Dyl(0,e0) p 1Y + Mni(o’ei)Mﬁ”
I I (4.2.60)

~ . 1 2
- prl(qei)ME - Epyl(o,ei)ME .

Denoting K* = hide' + hide? the coordinates of the W-curvature in our basis of g,
the 3-form dJ A Kyy can be written,

, 0J; - 0J; - Od; .~ .
dJ; NK'e = =—dp, N K" + —dp, N K" + ——dM, \ K"
e =55, % ap, oM, (4.2.61)

+ Y, (J)de A K"+ Y, (J)dy AN K+ X, (J3) B A K'e,

where in the last equality we have used that C annihilates ¢! and €. By the form
of K' we observe that the last three terms of (4.2.61) are semi-basic with respect
to M — (@, hence they are of the form ¥ dx A dy A 3, for some function ¥ as in
the statement of the Proposition. The function W is G-invariant because the 3-form
dJ N Ky is G-invariant. The other terms can be computed using (4.2.60),

0J; I

a5, = ER(’sz - n3ﬁi>7

0J; I

a5, = ER(O%'”?, — M%), (4.2.62)
9J; = a;ng + Bing + yn
aMn /vl 1102 /71 3.

We use the explicit formula of Lemma 4.2.10 to perform the scalar products in the first
three terms of the right hand side of 4.2.61. The computations are straightforward
and can the shorten using matrix notation in formulas 4.2.62. By instance:

aJ; |~ , g
—dM, N K" =(—D* Ag — DY Bg) - (¢"7)dM, N dx A (3,

n

+ (—=Di,Ag — DY, Bg) - (¢"71)dM, Ndy A B, =0,

since B-7 = A -7 = 0. In the last formula we considered A, B as row vectors and
the unit normal 77 as a column vector. Analogous computations gives:

aJ; i I
——dp, NK' = —=D? dp, \d —DI dp. Nd
aJ; . . ;1 - I .
Replacing the latter formulas in (4.2.61) proves the proposition. o
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The reduced bracket {-,-},.; is not Poisson

Finally we arrive to the conclusion of this section:

Theorem 4.2.13. The reduced bracket {-,-},eq on M /G induced by the nonholonomic
bracket {-, -}, on M and the orbit projection M — M/G is not Poisson.

Proof. Note that

. _ 0 _ 0
th(dp p2) = pw% ‘H%;%
z Yy

~ ~ 0 I 0
=Y, + M, D" — (p D% y DY) ———

v op, .
N R ST 9

0 0

W#h(dp*p?)) = ny% - Px%
z y

L o I, . 0

L o I )
—y =Y, + M,D" + =y, D%, +p,DY )—— |,
y( E(p Py )aM>

zyap~y n
0 I 0
— — —(p,D* +p,DY )—.

* % I . T ~
T (dp*ps) = =X = = (5D, + 5,D})

We compute d.J A Ky (7, (dp*ps), 77, (dp*ps), n (dp*ps)) evaluating each term of the
decomposition (4.2.57). Observe that the semi-basic 3-form W, appearing in the ex-
pression of dJ A Kyy, when restricted to C has the form F(z,y) - dz A dy A (3., where
F e C®(M). Then

* * * I ~ NI ~ I ~ & ~

i ((dp"p2), mhy (dp™pa) Wiy (dp"pa)) = -y (Pe Dy + 5y D) = (6D + 5, D3)
I . I

+ Ex<pyng - prDgn) + Ey<pyD:(:n - prin)?

and
Wole((dp*ps), 7, (dpps), mi, (dp*pa))) = F(z,y) - (2% + 7).

By the Jacobiator formula (2.3.21) of the reduced bracket {-,-},eq wWe conclude that
{*, }rea is not Poisson.
]

Remark 4.2.14. The reduced bracket {-,-},.q does not admit leaves. In fact, the
existence of 2-dimensional leaves should imply, by dimensionaly, that the bracket
{*, *}req is Poisson, in contradiction with Thm. 4.2.13. o

For completeness we compute the reduced bracket {:,-},.q. It is given in our
reduced variables p; in the following table:
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{5 Frea | Do p1 | P2 p3 Y2

Do dpa | 2po + 2paps Dy, | —2papaDy, —2pCon — 2D, Cyn,
D1 —4p, —2p1 0 0

P2 —2po — 2paps Dy, | 2 2ps — papo Dy, | —2Chp — yClyy

Ps3 2papa Dy, 0 | —2p3 + papo Dy, YCun — xCyp

D4 20:Con + 2Py Cyp | 0 2Ch + yCyp, YCon — 20y,

We used the shorthand notations

r, . _

and verified that the entries of the table are G-invariant. In fact, the three expressions

1
Con = E(p;:D;:n +ﬁyDgn)a Cyn =

ﬁxcxn + p~yCyn7 l’an + yCyna ycxn - nyn

are rewritten in function of the G-invariant variables p;, @ = 0,--- ,4, after a long
computation using the complete expressions (4.2.24).

4.3 Horizontal gauge momenta and hamiltoniza-
tion

Continuing with the example in Section 4.2, now we compute a dynamical gauge
transformation of the bivector m,, given in (4.2.23) such that the reduction of the
gauge related bivector mp gives a Poisson bracket {-,-}2, on M/G.

In this section, we find a 2-form B based in the techniques of Proposition 3.3.2.
That is, first we study the existence of two horizontal gauge momenta and then we
compute a 2-form B so that (3.3.22) is satisfied. Since these horizontal gauge momenta
are G-invariant they induce two Casimirs of the reduced bracket {-,-}2 , and then we

show that this reduced bracket is Poisson with symplectic leaves given by the common
level surfaces of the two Casimirs.

4.3.1 Horizontal gauge momenta associated to gg — @)

Following the ideas of Section 3.3, we look for G-invariant horizontal gauge momenta
of the system. Recall from Section 4.2 that the bundle gg — @ is generated by two
sections 77 and 7, defined in (4.2.48) and consequently an arbitrary section of gg — @
is written as

¢ = fim + fana, (4.3.64)

for functions fi, fo € C*(Q). The nonholonomic moment map associated to the
section ( is
Jo = <Jnh7C> = fili + fada,
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where, following (3.3.20), the functions J; and J; are the components of the nonholo-
nomic moment map in the basis {9y, 2} of gg — @, that is,

Jl = i(T]1)M@M = _yﬁl‘ + xﬁy = D3,
Jy = .(7’]2)/\4@./\/[ =M, = D4,

(recall that S; = (1), and Sy = (72)r Were computed in (4.2.53).
Since, in this case, the functions J; and J, are G-invariant, in order to have a G-
invariant horizontal gauge momentum of the form J: = fips + faps we impose that f;

and f, are G-invariant as well. In this case, the function J; defines a reduced function
Je on M /G such that p*J. = J;. Therefore J; is a first integral of X, if J. is a first

integral of X4, i.e. X,,ed(JC)iz 0. More precisely, the reduced function jg has the
form J: = fips + fops, where f1 = fi(p1) and fo = fo(p1) are functions on Q)/G (seen
as a differential space) satisfying

Xred(j) = p3f1/dp1 (Xred) +p4f2/dp1 (Xred) + .fldpS(Xred) + f2dp4(Xred) = 0. (4365)

Using the reduced dynamics X, given in (4.2.45), the functions f; and f, satisfy the
following ODE:

- - RI _ _ 1
f1/+f2ﬁF4(pl) =0, f2/+f1§%F3(p1) =0, (4.3.66)

where I3, [y € C*(Q/G) are given in (4.2.46). The solutions of the linear differential
system (4.3.66) exist and are unique in the domain of continuity of the functions
F3 and F,. Moreover starting with two independent initial conditions, the solutions
remain independent as long as they exist.

Using the following notation for the two independent solutions,

pr— (filpr), fo(p1)), o= (Ga(p1). 2(p1)),

which verify fi(p1)g2(p1) — g1(p1)f2(p1) # 0 on an interval containing the origin, we
have two first integrals in M /G of the form

JO (p1, ps,pa) = fi(p1)ps + fa(p1)pa,

5 5 (4.3.67)
J@ (p1,p3,04) = G1(p1)ps + G2(p1)pa-

It is straightforward to see that the first integrals (4.3.67) are functionally independent
in M,.,/G (as it was observed in [40]).

Hence the corresponding G-invariant horizontal gauge momenta on M are:

J(l)(x7yagap~ac7p~y’Mn) = fl : (mp~y - yp}) + fQ . Mn,

o o v ; (4.3.68)
JNx,y, 9, Dy, Pys My) = g1 - (xDy — yPz) + g2 - My,

where fi = fi(z> + y?) = p*fi(p1), and g; = gi(2® +9?) = p*Gi(p1), i = 1,2, and
thus we have recovered in a constructive way the first integrals of this mechanical
system which where known since the work of Routh [79], see also [40, 52]. In fact
by construction, J® and J® are not only first integrals but are horizontal gauge
momenta. We summarize the results of this section by the following
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Proposition 4.3.1. The functions J and J? are G-invariant horizontal gauge
momenta associated to the horizontal gauge symmetries

G = fim + fane and G = g1 + gano, (4.3.69)
where n; and 1y are given in (4.2.48).

In general these first integrals are not explicitly known except for some particular
cases such as the circular paraboloid [24].

4.3.2 The dynamical gauge transformation and the reduced
Poisson structure

In this section we use Proposition 3.3.2 and Lemma 3.3.1 to seek for a 2-form B having
the property that it induces a dynamical gauge transformation of the bivector ,; such
that each of the G-invariant horizontal gauge momenta J®* and J® in (4.3.68) define
Casimirs J1) and J® of the reduced bracket {-,-}2 .. Studying the properties of the
bracket {-,-}2, we show that it is a Poisson bracket on the differential space M /G.

Let us consider a 2-form B on M
B=adxNdy+bdyA B, +c B, Adz, (4.3.70)

for a, b, c arbitrary smooth functions on M. Observe that B is semi-basic with respect
to the bundle M — @ and thus it induces a new bivector field 7, see Remark 3.1.3
(i). On the other hand, following Remark 3.1.3 (ii), we observe that iz B = 0 for any
Zel(W).

Recall that J) and J® given in (4.3.68) are the horizontal gauge momenta with
associated gauge symmetries (; and (s given in (4.3.69) where f;, g; are the pull-back
to M of the functions f;, g; which are solutions of (4.3.66). Using Proposition 3.3.2
we will find the corresponding functions a, b, ¢ so that 7% (dJD) = —(¢)u € T(V),
1 = 1,2. The infinitesimal generators associated to the horizontal gauge symmetries
¢; and (s in (4.3.69) are given by

(COm = fi(m) s + fo(m)a and  (Co)re = g1(171) a0 + G2(02) a,

where the infinitesimal generators (1), and (12) . where computed in (4.2.53).
Following Proposition 3.3.2 (i), each section ¢; and (5 induces 1-forms A; and As,
respectively, defined by

Ay = — fiigg) Qe = foiip) e + Jidfy + Jodfo + frdJy + fad Ty,

. . 4.3.71
Ao = —g1ig) Qe — G2iny) Sl + J1dgy + Jodgs + g1dJy + god Js, ( )
and then imposing the condition i, B = A;, 1 = 1,2, we get
N . _ 1
a = Mn (ny + FSE) ,
r, . . _ N _
b=+ (Fe(Dy, — Ry’ Fa) + 5, (D}, + RayFy)) (4.3.72)
I _ _
¢ = =% (9:(DZ, = ReyF) + (DY, + RaFy))
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where we used that the functions f; and f, associated to f; and f, satisfy the differ-
ential equations (4.3.66).

Therefore the 2-form B can be written as
B =(z,y) (wn d}c/\d~y+i:d~y/\ﬁ~n+?)6~n/\d~x>, (4.3.73)

where the function ® is given by

P(z,y) = (1 — ¢'2Rn3) (4.3.74)

R2n3’

and is S'-invariant because the surface is of revolution. Recall that i, ¥ and i, are
related to the coordinates in M using the formulas in (4.2.32). Then we arrive to the
following result:

Proposition 4.3.2. The 2-form B given in (4.3.73) satisfies that
(7) i) B = A1 and i), B = A, where A; are 1-forms on M such that
7 (dJD) = —(G)m + 7l (A)  for i=1,2.
(i1) ix,, B =0, i.e. B defines a dynamical gauge transformation.

Proof. 1t only remains to show (i7). This is verified by direct computation using the
the expression (4.2.31) for X,,,. The computations are simplified using the fact that
B is semi-basic with respect to M — Q. Indeed, ix,, B =i,y 4y |, x, B =0, where

we have used (4.3.73) and the relation M, = Iw, from (4.2.32). O
Remark 4.3.3. We observe that our mechanical system is an example where the dif-
ference between the ranks of D and S'is 1 (in the regular stratum). Using Proposition

3.5.5 we have that the semi-basic 2-form B is uniquely determined by the conditions
(3.5.26) and that it induces a dynamical gauge transformation. o

Using (4.2.29) and (4.3.72) the gauge transformed bivector is given by

- 0 ~ 0 5 0
7TB apl’ Y 8py 8M'n,
~ 1 0 0 I 0 0
— M, Fs—— A — — —R(xp, — yp,) Foy=—— N —=— (4.3.75)

ROp, 0Op, K dp,  OM,,

I 0 0
_R Dy — ~33 F — A .
t 5 (xpy — ypa) Fax o o,

As a consequence of Proposition 4.3.2 (i7) the nonholonomic system is also de-
scribed by the triple (M, mp, Hy). Moreover since B is G-invariant, we obtain a
reduced almost Poisson structure (M/G, {-,-}£,) on the differencial space M /G as
in (3.1.4).

Recall that the G-invariant horizontal gauge momenta J® and J ) on M induce
the functions J®) and J®? on M /G given in (4.3.67). Then, from Prop. 4.3.2 (i) we
have the following
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Corollary 4.3.4. The functions JO and J® on M /G given in (4.3.67) are Casimirs
of the reduced bracket {-,-}E , on M /G induced by the gauge related bivector field 7.

Proof. Since B is defined so that i), B = A; where A; is given in (4.3.71), then by
Proposition 3.3.2 (ii) we have that 7f(dJ®) = —(¢;)u, @ = 1,2. By the G-invariance
of J®, Lemma 3.3.1 implies that J@ are Casimirs of the reduced bracket {-,-}2,. O

red*

Next we show that the bracket {-,-}2 , is Poisson using two different arguments.
The first one, Theorem 4.3.5, works away from the singular stratum and has an easier
and more conceptual proof. On the other hand, Theorem 4.3.6 shows that the Jacobi
identity of {-,-}2, is zero over the differential space M /G based on the jacobiator

formula (3.1.7).

Theorem 4.3.5. On the manifold M.y, = M,ey/G, {-,-}B, is a regular (rank 2)
Poisson bracket.

Proof. On the manifold M,.,, the G-action is free and proper and thus the basis of
sections {1, (2} of the bundle gg — @ defines a basis of S given by {(¢1)u, ((2)ar}-
Since 7% (dJM) = —(¢1) 0 and 77 (dJ2) = —((2) ae (see (3.3.22)), then by Proposition
3.4.1 the characteristic distribution of {-,-}Z , is involutive. Moreover this distribution
is also regular, since the leaves are the level sets of the functions J() and J@) (where
as usual, J@ € C*°(M/G) such that J® = p*J@), and thus it is integrable. Finally,
since the reduced bracket {-,-}2, on M., is regular, we conclude that {-,-}2, is
twisted Poisson on M,., (see [80] and [8, Cor. 3.7]) and hence it has an associated
almost symplectic foliation. On the other hand, since dim(./\;lmg) = 4, we observe
that this foliation has 2-dimensional leaves and thus they are symplectic. This implies

that {-,-}2, is a (rank 2) regular Poisson bracket on M,.,. O

red

Note that the argument used in [40] first constructed a Poisson bivector outside
of the equilibria of X,.; and then, using a specific transversality condition (which is
verified by the example), then they extended the result to M,.,.

Theorem 4.3.6. On the differential space M /G the reduced bracket {-,-}2 , is Pois-
son.

Proof. Now we use formula (3.1.7) that encodes the failure of the Jacobi identity of

{-,-}B, on a differential space. We begin computing the relevant terms of the 3-form

dB, where B is the 2-form given in (4.3.73). The coefficients of B have the form
a = a,M,, b = byp, + byp, and ¢ = ¢;p, + ¢,p,, where a,, b, by, c;, ¢, are functions
in C*°(@Q) which can be read directly from (4.3.72). Therefore the 3-form dB has the
form
dB = a,dM, A dz A dy + bydp, A dy A By + bydp, Ady A B,
+ codpy A B A dx + cydpy A By A dx + Z,
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where Z is a semi-basic 3-form (with respect to M — Q). Consequently, using the
expression of dJ A Ky in Proposition 4.2.11 and formulas (4.3.72), we have,

I - ~ ~ ~ -
(dJ N Ky — dB)|e = = ZREy(wy dp, A B A di — 2? dp, A B A dx

—y2dp, Ady A B, + zy dpy Ady A By)le
1

- fq)(% y)dM, A dx A dyle + (U3 — E)le,
where @ is given in (4.3.74) and W, in (4.2.59).
Recall that the invariant functions p;, ¢ = 0,--- ,4, given in (4.2.38) are seen as

coordinates on M /G and thus we have to compute the expression

(@] A Ky — dB)(xE (dp'p:), 7 (dpp;), T (dpp) (4.3.76)

for all the combinations of distinct p;, p; and pg. Since JM) and J?) depend linearly
on p3 and py, see (4.3.67), and using that they are Casimirs of the reduced bracket
{-,-}8,, it is enough to check the formula of the Jacobiator in (4.3.76) on py, p; and
po. We have

10
+ 2pyM F3

. R = .~ -1 0
ﬂ-g(dp pO) = - 2pl‘Yx _2pyY;/ - 2ponF3__ R0~

R Op,

I _ 0

— Z9R(xp, — yp. )P 5 ) By ———

z R(xpy — yp.)(xps + ypy) TR
8

4 (dp*pr) =2 (4.3.77)

0
8~

_ 0 ~ 8 - - _1 9

19 I
Y ( Y, + M, Fs— ) =R(zpy — ypa)(2® + y*) Fy

R 0p, E oM,

First observe that the vector field 7% (dp*p;) is in the kernel of ®(z,y)dM, A dz A dy
and of the semi-basic form ¥ — =. Then, we observe that the vector fields in (4.3.77)
do not depend on X,, and thus we conclude that

(dJ A Ky — dB) (7% (dp*po), mh (dp*p1), 78 (dp*ps)) = 0.

Hence the reduced bracket {-,-}5, is Poisson on M /G.
O]

For completeness let us compute the reduced bracket {-,-}2, on M/G. Using
(4.3.77) and

1 0 ~ ~ _1 0
Wg(dp*pg) = yY a:Y + (py + M, F3— ) 7. ( . — yMan—) —
. ~ I 0 ] ~ -
mh(dp*ps) = — X, + g Rz, — ypyc)Fz;a =ty R(2py —ypo) Fig =,
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we get
{p0>p1}7~€d = 4dpy, {P(),Pz}f;d = 2po — 2F3%p3p4 )
{po,p3}Ey = 2Fs1pops,  {po,patly = £2RFypsps,

{p1,p2}E = —2p1, {pi,p3}, =0,

o

{pl,p4}f’;d =Y, {Pz,]?s}fed = F’aémm )

{p2.ps}E = LRFipips, {ps,pa}E,=0.

4.3.3 Conclusion

In conclusion, we have shown that the mechanical system describing the dynamics of
a homogeneous ball rolling without sliding on a convex surface of revolution modelled
as the nonholonomic system (M, m,, H,,) having the symmetry group S* x SO(3),
admits a gauge transformation by a G-invariant 2-form B, semi-basic with respect
to the bundle M — @, such that the reduced bracket {-,-}Z, on the differential
quotient space M /G is Poisson. The reduced Poisson bracket {-,-}2 ; has two Casimirs
which come from two G-invariant horizontal gauge momenta that are computed using
the solutions of the linear differential equation (4.3.66). The common level sets of
both Casimirs of {-,-}2, are the symplectic leaves of the reduced Poisson structure
(M/G,{-,-}B ) which is rank-two in the regular stratum of M /G. From the bracket
{-,-}B, computed above we see that the Poisson structure on the singular stratum
(4.2.39) is trivial.

Nonholonomic bracket | dyn. gauge trans. | Almost Poisson str.

{-,-}.n not Poisson 7L (dTDY = —(G) u
red. by symm. red. by symm.
Reduced bracket {-, -} eq Poisson bracket {-, i
not Poisson JM) J@) Casimirs
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Remark 4.3.7. Following [47], which was worked independently, we see that B can
be written as a contraction of the 3-form

= ®(x,y) do Ady A B,

with the nonholonomic vector field X,,;, where ®(x,y) is given in (4.3.74). That is,
B =iy II, which implies immediately that B defines a dynamical gauge transforma-
tion. o

4.4 Integrability

As mentioned in the introduction, the nonholonomic system treated in this thesis has
being studied by several authors without reducing a bivector in M but instead working
directly with the properties of the reduced dynamics in M/G. Fasso, Giacobbe and
Sansonetto [40] utilize a specific dynamical property of the reduced system in order
to find a Poisson bracket in M /G. Outside the equilibria, the orbits of the reduced
dynamics are the fibers of a (locally trivial) fibration with fiber S*, and the period of
the flow is a continuous (and smooth) function of the initial data.

Let M,,, denote the complement of the equilibrium points of the dynamics X, 4
in the regular stratum /\;lreg of M/G. Calling E the reduced energy H,.q, in [40]
it is shown that the map F = (E JOJ@) © My, — R? is a submersion. Given
the foliation F by level sets of JM) and J? | that is F = {Fuierbr Feres = {J
c1, J@ = ¢y}, which is transversal to the level sets of £, and observing that F does
not have critical points on M,,,, Theorem 2 of [40] allows to conclude that there exist
a rank-two Poisson bivector m, with symplectic foliation F, such that the dynamlcs
is Hamiltonian with Hamiltonian £. Moreover, by construction, JO and J®@ are
Casimirs of the Poisson structure 7. Under these conditions there exists a 7semlilocal
(i.e. in a neighbourhood of a periodic orbit) system of coordinates (E,JMD, J@ ¢)
such that the reduced dynamics takes the form X, .4 = w and the bivector has the
form 7 = Wa% A a%, with w a non-vanishing function. Some work is required to get
a global bivector in M,,,. Under more specific hypothesis on the equilibrium set of
X,eq, which are verified in our mechanical example, it is also shown in Theorem 3
of [40] that there exists a rank-two bivector 7 in all M,., which is Poisson, verifies

7#(dE) = —X,cq and has F as symplectic foliation.

4.5 Simulation

We performed a simulation of the unreduced dynamics X,,;,. We used the expression
in polar coordinates obtained in (B.1.2). The parameters used where:

% Parameters

m = 1; % mass

R 8; % ball radius

I 0.4*m*R"2; % inertia homogenous ball
tmax = 12; % time of simulation
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We use standard methods on numerical integration includes in the routines of
the software (GNU Octave v4.2.1). Following the online reference, the routine ode45
integrates a system of non-stiff ordinary differential equations using second order
Dormand-Prince method. This is a fourth—order accurate integrator therefore the
local error normally expected is O(h®). By default, ode45 uses an adaptive timestep.
The tolerance for the timestep computation may be changed by using the options

“RelTol” and “AbsTol”.

The parameters used in the simulation of Fig. 4.5 are presented afterwards. The
vector of initial conditions X0 uses the variables (0, r, ¢n, Py, pr, My) used in Appendix
B, Eq. (B.1.2) and ¢, is the angle associated to M,,.

% parameters for numeric integration

odeopt =
0.08, ’MaxStep’,0.08);

% integrate, for t=[0,tmax], with given initial conditions and ’parameters’

X0 = [0.0 1.0 1.0 10.0 0 1];

odeset (’RelTol’, 0.00001,

’AbsTol’, 0.00001,

’InitialStep’,

[t,y] = ode45(dydt, [0 tmax], X0, odeopt);
A Figure 1 - - @E‘@ A Figure 1 ‘: @@iﬁj

File Edit Help

) z+ z- +p InsertText [; Axes Grd Autoscale

(1.2208, -4.6045)

File Edit Help

9 7+ z- b InsertText [y Axes Grid Autoscale

(-1.7797, -4.9292)

Figure 4.4: ‘Homogeneous ball rolling on the paraboloid z = 1.2 * (2 + »?). Line in
red indicates the trajectory of the center of mass (left). Integrated trajectory seen

from “above” (right).
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Appendix A

Twisted Dirac Structures and
Gauge Transformations

A basic property of a Poisson bivector is that the characteristic distribution is inte-
grable and defines a foliation by even dimensional leaves which are endowed with a
symplectic 2-form. On the other hand almost Poisson and almost Dirac structures do
not have any associated foliation in general, however there exist 'intermediate’ struc-
tures having a foliation carrying leaf-wise 2-forms which are not symplectic. This is
the case of twisted Poisson and twisted Dirac structures defined in Section A.3. We
start by describing the main properties of the distributions and foliations associated
to those twisted structures. One way to generate examples of twisted structures is
by means of gauge transformations, see Section A.4. Finally in table A.1 we give an
overview of the effect of gauging on the involved distributions and foliations. The
main references for this appendix are [8] and [48].

A.1 Almost Dirac and H-twisted Dirac structures

As usual let ) denote a smooth manifold. We start presenting the properties of
(almost) Dirac and twisted Dirac structures because they provide a natural framework
for defining gauge transformation. Afterwards we will be more interested in the case
of almost Poisson and twisted bivector fields.

Definition A.1.1. An almost Dirac structure is a subbundle L of T'Q) ® T*() that is
maximal isotropic (i.e. L = L*) with respect to the pairing

(X, a), (Y, 0)) = a(Y) + 5(X). (A.L1)

Let H € (A T*Q) be a closed 3-form. We say that L defines a H-twisted Dirac
structure if, in addition, L is involutive with respect to the following bracket on
TQ & T*Q,

(X, ), (YV,08)]g = ([X,Y], £x0 — iyda+ix,y H), (A.1.2)

where XY € I'(T'Q) and &,n € ['(T*Q). In this case @ is called an H-twisted Dirac
manifold. If H = 0 then L is simply called a Dirac structure and QQ a Dirac manifold.
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Remark A.1.2. Observe that (A.1.2) defines a bracket which not skew-symmetric
and it is called a Dorfman bracket. It is known that it coincides with its skew-
symmetrization (called the Courant bracket) on a maximal isotropic subspace. The
Courant bracket was introduced by Courant in [34]. Dirac structures were studied
by Courant and Weinstein to unify Poisson and presymplectic geometry. For more
details see for instance [26] and [27]. o

The Courant bracket itself already gives some constraints on the type of involutive
subbundles L.

Proposition A.1.3. /48] If L C TQ ® T*Q is involutive then L must either be an
isotropic subbundle, or a bundle of type ABT*Q for a nontrivial involutive subbundle

A of TQ.

In the maximal isotropic case there exist an equivalence between the involutivity
of L and the vanishing of the following operators: for A, B,C € T'(TQ ® T*Q) define
the Nijenhuis operator

Nij(A, B,C) = %cyclic{([A, Bl.OY)

and the Jacobiator:
Jac(A, B,C) = cyclic{[[A, B], C]},

which verifies (see [48, Prop. 3.16])
Jac(A, B,C) = d(Nij(A, B,(C)).

Proposition A.1.4. [/8] Let L be a mazimal isotropic subbundle of TQ ® T*Q, then
the following are equivalent:

1. L s involutive.
2. Nij|p =0.
3. Jac|p = 0.

Let L be an H-twisted Dirac structure. Denote by 7 the projection of L C
TQ & T*Q onto the first component, 77 : L — T'Q and by [-,-|g|. the restriction
of the bracket to the subbundle L. It can be shown that taking 7 as anchor map,
the triple (L, 7r, [, -]g|z) verifies all the axioms of a Lie algebroid and it is a general
result in the theory on Lie algebroids that the characteristic distribution, (L), is
an integrable distribution [68]. If the distribution 7r(L) has constant rank, we say
that L is a regular Dirac structure and the induced foliation is regular. In the same
way as a Poisson manifold has a foliation by symplectic leaves, each leaf of a Dirac
manifold carries a presymplectic 2-form (closed but in general degenerate), and each
H-twisted Dirac manifold has a foliation where the induced 2-form on each leaf could
be degenerate and non-closed, where the non-closedness is controlled by the 3-form

H.
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A.2 Examples

1. Let Q be a closed 2-form and consider the map €’ : TQ — T*Q given by
Q(X) =ixQ. Then Lq = graph(?) = {(X,a) e TQ & T*Q : ixQ = —a} is a

Dirac structure.

2. Let m be a Poisson bivector field and define the map 7! : T*°Q — TQ by
B(r*(a)) = w(a,3). In this case L, = {(X,a) € TQ ® T*Q : 7*(a) = X}
is also a Dirac structure. Note that the projection mp+«q : Ly — T™() identifies
T*Q with L,. Thus L, induces a Lie algebroid structure on 7@, with anchor
map 7 : T*Q — T'Q), and bracket

[a7ﬁ]ﬂ = "€7rﬁ(a)ﬁ - iﬂ-ﬁ(ﬁ)da- <A23)

This bracket is R-bilinear, skew-symmetric and satisfies the Leibniz property for
Lie algebroids. Note that it is uniquely characterized by [df,dg|, = d{f, g} and
the Leibniz property for Lie algebroids.

Now let 7 be a bivector field (not necessarily Poisson). The failure of the involu-
tivity of the Courant bracket on L. is measured by %[ﬂ', 7| and the distribution
7(T*Q) = nr(Ly) is in general non-integrable. Indeed the map 7 does not
necessarily preserve the bracket but the following formula holds [26]:

([, Ble) = (@), 7 ()] ~ Ganslm, ), (A2.4)

for a, B € T*Q.

It is known from the original work of Courant [34] that the subbundle L C
TQ ® T*Q is the graph of a bivector 7 if and only if

TQN L = {0}. (A.2.5)

3. Another very important example for us is the following. Let F' C T'Q) be regular
distribution, €2 a 2-form on @) and define the subbundle L depending of F' and
QF, L= L(F, QF), by

L={(X,0) eTQ®TQ:X € F,ixQr = —a|r}, (A.2.6)

where | means the pointwise restriction to F. If F' is integrable and €2 is closed
then L is a Dirac structure.

In the case of regular almost Dirac structures, the last example characterizes
uniquely all regular almost Dirac structures in Q).

Proposition A.2.1. [8] There is a one-to-one correspondence between regular almost
Dirac structures L C TQ @& T*Q and pairs (F,Qr), where F is a regular distribution
on Q and Qp € D(\* F*).
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Proof. Let L C TQ & T*Q be a regular almost Dirac structure. Define F' := pri(L),
which is also a regular (perhaps non integrable) distribution. On the other hand define
the section Qp € T(A* F*), at each = € Q, by

QF‘I(anYx) = _Oéa:(yjr)a <A27)

for X, Y € I'(F) such that (X,,a,) € L,. Using the fact that L is maximal isotropic
we can show that (g is well defined, i.e. it is independent of the choice of a.

Conversely, given a regular distribution F' and the section Qg in I'( /\2 F*), define
the subbunble L as the pairs (X, «) whenever X € F' and ixQr = —alr. O

Using a complement to the distribution F'in T'() it is possible to show that there
exists a (non-unique) 2-form Q on @ such that Q|r = Qp. From the definition of Qp
it follows that Ker(Qr) = LNTQ. As a consequence, L is the graph of a bivector
field 7 if and only if 2 is non-degenerate.

A.3 Twisted Poisson and Twisted Dirac structures

Poisson structures have two kinds of integrability. On the one hand, their charac-
teristic foliation 7#(T*Q) is integrable and on the other hand each leaf O carries a
non-degenerate 2-form (2» which is closed. Twisted Poisson structures retain the in-
tegrability of 7%(T*Q) but allow the leafwise 2-form Qp to be non-closed. For twisted
Dirac structures even the nondegeneracy of {2¢ is lost.

Theorem A.3.1. [8] Let L C TQ ® T*Q be a regular almost Dirac structure such
that mr(L) is an integrable distribution on Q. Then there exists an exact 3-form H
such that L is an H-tuisted Dirac structure.

Proof. Using Proposition A.2.1, take the pair (F,Qr) corresponding to L. Since F' is
integrable, it defines a foliation F tangent to F'. For each leaf O of the foliation F, Qp
defines a 2-form » which, by the remark after Proposition A.2.1, is the restriction
of 2-form Q on ). We claim that L is a d§2-twisted Dirac structure.

Indeed, if (X, «) and (Y, 3) are sections of L, the involutivity condition of the
twisted bracket is equivalent to

iy Qe = —(£x0 — iyda +ixaydQ)|r. (A.3.8)
Indeed, by the integrability of F' we have that
—(£x0 —iyda +ixaydQ)|r = —£x(B|F) +ivd(alr) —ixayd(Qr),  (A.3.9)

but using that iyQr = —f8|p, ixQr = —a|p, it is an straightforward calculation to
show that the right hand side of (A.3.9) is equal to ijx y|Qp. O

A bivector field 7 such that graph(z*) is an H-twisted Dirac structure is called
H-twisted Poisson bivector. The associated bracket {-,-} verify the relation:

cyclicl{ £, {g, h}}] = —H(X}, X, X), (A.3.10)
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for f,g,h € C*(Q) and X; = {-, f}. That means that the failure of the Jacobi
identity is controlled by the closed 3-form H.

Let m be an H-twisted Poisson structure. Note that 7' does not preserve the
bracket [-, -], but if we define a new bracket |-, |y by

[, Blr := Lr2(a)B — int(gyda + inz(ayamt() H, (A.3.11)

then it can be shown that 7 verifies [7*(a), 7%(8)] = 7*([a, B]g). This implies that
(T*Q, [, ], 7*) is a Lie algebroid. The characteristic distribution 7*(T*Q) is then
integrable and each leaf O carries a non-degenerate 2-form €2» which is not closed, in
fact we have dQ0p = H|p.

Therefore Theorem A.3.1 specializes to:

Corollary A.3.2. Let m be a bivector field on () with an integrable reqular charac-
teristic distribution. Then there exists an exact 3-form H with respect to which w is
H -twisted.

A.4 Gauge transformations

Let B be a 2-form in ) and let L C TQ & T™*( be an almost Dirac structure. Consider
the map 75 : L — TQ & T*Q given by (X, a) — (X,a +ixB), i.e.

(L) = {(X,a+ixB) : (X,a) € L}. (A.4.12)

It can be show that 75(L) is also an almost Dirac structure. If B is closed and
L is a Dirac structure then 75(L) is also Dirac. Moreover if L is a H-twisted Dirac
structure, then the gauge transformation of L by the 2-form B is (H — dB)-twisted
Dirac, see [80]. Observe that L and 75(L) have the same characteristic distribution,
mr(L). Consequently, when both L and 7p(L) are involutive, they have the same
associated foliation.

The presymplectic form on each leaf is modified by the restriction of B to the leaf.
In fact if L is the almost Dirac structure which corresponds to the pair (F,{r), then
T5(L) corresponds to the pair (F,Qr — B|p). It is also shown in [8] (Proposition 3.11)
that two regular almost Dirac structures L; and L, are gauge related if an only if
7TT(L1> = 7TT(L2).

Consider now an almost Poisson manifold (P, ) with associated Dirac structure
L, = graph(r*) and a 2-form B on Q. The gauge transformation of L, by B is given
by 78(L;) = {(X,a+ixB) € TQ ® T*Q : X = 7*(a)}, which does not necessarily
correspond to the graph of a new bivector 7%. We recall that this last condition is
true if and only if 75(L,) NTQ = {0} which is equivalent to the fact that Id+ B’ o 7*
be invertible [34].

Indeed if 72 is a bivector then we must have
(ﬂ-ﬁ(a% o+ iwﬂ(a)B) = ((ﬂ-B)n(a + iwﬁ(a)B>a o+ iﬂﬁ(a)B)' (A413)
In that case the relation between 7 and 7 is given by

(7B =nfo (Id— B o m¥) 1, (A.4.14)
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Table A.1: Foliations associates to the different structures.

Poisson Dirac

Symplectic foliation Presymplectic foliation
dQo =0 dQp =0

0o non-degenerate 0o non-degenerate
H-twisted Poisson H-twisted Dirac
Almost Symplectic foliation Foliation

dQo = Hl|p dQo = Hlo

Qo non-degenerate Qo non-degenerate
Regular almost Poisson Regular almost Dirac

(with integrable characteristic distribution) (with integrable characteristic distribution)

3 closed 3-form H s.t. 3 closed 3-form H s.t.
dQo = H|o dQo = Hlo
0o non-degenerate 0o non-degenerate

It is shown in [80] that if an H-twisted Poisson bivector 7 is gauge related with another
bivector 78 via the 2-form B, then 77 is (H — dB)-twisted. Recall that twisted
structures have integrable characteristic distributions, then the induced 2-form Qo
on a leaf O is non-degenerate and d2p = (H — dB)|p. Note that in particular, if 7
is Poisson, then 7% is (—dB)-twisted, so that if B is closed 7% is also Poisson. We
present the characteristics of the different structures in Table A.1.

All the work done so far in mechanics involves real Dirac structures. Analogously,
a maximal isotropic and involutive complex subbundle L C (TQ & T*Q) ® C is called
a complex Dirac structure. Note that the definition still works if T'Q ®T*() is replaced
with any real or complex Courant algebroid thus one may speak of Dirac structures
in an arbitrary Courant algebroid.
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Appendix B

Example in Polar Coordinates

This appendix can be read almost independently of the main text. We use references
to the main text only for the theoretical sections, but some definitions are recalled
along the presentation. The style is less formal than the main text and some details of
computations are presented. Since polar coordinates (7, 0) are not a diffeomorphism in
the origin, the result are valid away from the origin, that is when the radial coordinate
verifies r > 0.

B.1 Example: the homogeneous ball in a convex
surface of revolution

Consider the mechanical system presented in Chapter 4. Recall that the configuration
manifold () is given by the position of the center of mass of the ball and an orthogonal
matrix relating a fixed frame in space and a frame attached to the ball. In consequence
we have Q = ¥ x SO(3), where ¥ C R? is the surface of revolution where the ball
rolls. The surface ¥ is parametrized in cylindrical coordinates by

Y ={(r0,2):z=o¢(r")}.

An orthonormal frame {é, T} on 7Y is obtained by normalizing the vectors of the
frame {%, %} associated to the polar coordinates (r,6) on the plane {z = 0}, and
then induced to T by the map T'¢.

Using the symmetry of revolution it is also possible to construct the frame {é, T}
from the canonical basis using 2 rotations. Indeed, let us consider the cylindrical
orthonormal moving frame {7, 6, 2} with coordinates (v,,vg,v,). It is related to the

canonical frame (denoted (z, 7, 2)) by

=>

cosf sinf 0

>

>
Naht

= | —sinf cosf 0

0 0 1

Q>
N>

with dual basis {7, W? W#} verifying
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yr cosf@ sinf 0 dz
U0l =1|—<sinf cosf 0| | dy
VG 0 0 1 dz

Remark B.1.1. We remark that if A is a matrix relating two ordered basis (v;) and
(w;), with dual bases (v') and (w'), the coordinates of vectors with respect to those
basis are related by (AT)~!, the dual basis (v') and (w?) are also related by (AT)~!,
and the coordinates with respect to the dual basis are related by A. In particular if
A is orthogonal, the same matrix A is used in all cases. o

Let v denote the angle between the exterior normal to the surface and the hori-
zontal. By means of an extra rotation we construct the new frame (N 0, T) such that
6 and T are tangent to the surface ¥ in the ”horizontal” and ”vertical” directions,
respectively, and N is normal to the surface, see Fig. B.1.

The relation between v and the parametrization ¢ of the surface is given by

) 1 2r¢’
Siny = ————————,  cosv =

and the change of frame by

N cosv 0 —sinv T
ol=1 0 1 o 0
T sinv 0 cosv z

Aira2)
]
N
(r.8)

Figure B.1: The ball rolling on the surface of revolution in polar coordinates.

By right trivialization we have a frame of right invariant fields (X, Xs, X3) of
TSO(3), and then get a frame for T'Q,

TQ = span{, T, Xy, X5, X3}.
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Analogously, we perform an orthogonal transformation on the right invariant fields
(X1, X2, X3) in order to get a new frame adapted to the surface,

X, cosv 0 —sinv cosf sinf 0 X
Xo | = 0 1 0 —sinf cosf 0 X9
Xr sinv 0 cosv 0 0 1 X3
cosvcosf cosvsinf —sinv X
= —sind cos 0 X5
sinvcosf sinvsinf cosv X3

Since we performed the same rotations this matrix is equal to the matrix relating the
frame (N, 0,T) with the canonical frame (z, 7, 2).

Therefore, the new frame for T'Q) is
TQ = sp(m{é,T, X, Xo, X7}
with coordinates (vg, v, wy, wy, wr), with corresponding dual frame
T*Q = span{¥’, ", B, By, Br}

with coordinates (pg, pr, My, My, Mr), where the (co)frame (3,, Gy, Br) is obtained
from the components of the right Maurer-Cartan form, (p1, pa, p3), dual to (X, X, X3).
We have

B cosvcosf) cosvsinf —sinv p1
Go | = —sinf cos 0 P2
Or sinvcosf sinvsinf cosv 03

Non sliding constraints

In our rotated frame the non-sliding condition (4.1.1) takes the form

Wn R Un

wp X 0 = | vg | >

wr 0 vr
which gives the relations

vg = —Rwr, vr = Rwy.

Therefore, the constraint 1-forms



define the constraint subbundle D which is the kernel of e and ¢y, and is given by
D = span{Yy := — X + Ré, Yy = X, + RT, X}

We choose a complement W to the constraint distribution D such that T'Q) =
Dae W,
W - {Xg, XT}

In Section B.1, where we introduce the G-symmetry of the system we will see that
the complement is vertical, W C V', and verify that it is G-invariant.

Therefore we work with the following frame of T'() adapted to the constraints and
symmetries, T'Q) = D & W with D and W G-invariant distributions, i.e.

TQ = Span{YG, YTa Xna X@v XT}7
with coordinates (vy, Uy, Wy, Wy, wr), with dual frame
T*Q = span{Y?, YT B,, e, er}, (B.1.1)

and coordinates (py, pr, M, My, MT).

Constraint manifold and nonholonomic bivector

Lagrangian of the system L : T(Q — R is
L=T—mayz

where a, is the acceleration of gravity, z = ¢(r?) the height (vertical position) of the

center of mass and T = %Ii is the kinetic energy. In our adapted coordinates we have

2T = Evp? + Evp? + I(\G,? + @p* + wr?) + 21 (Vpdp — Gpuir),

where E := I +mR?. The kinetic energy metric x is written in the adapted frame
(B.1.1) as

1 E 1
g =Y @Y +28,® 6, +

1
5 > YT 2ag+6aY - Y@ —eaoY?).

2

The constraint manifold M defined in (1.4.22) is given in the local coordinates
associated to (B.1.1) by:

O " ~ Y i
M = {(T70797p97pT7MnaM97MT> : MT = —DPo M9 :pT_}

E’ E
The constraint subbundle C defined in 1.4.23 is given by
o 0 0
C=s an{Y,Y 7Xn7_~7_~7_~}
b oot Ope’ Opr’ OM,,

Now we compute the nonholonomic bivector field m,,. First observe that the
canonical 1-form in 7*@) in the adapted coordinates (B.1.1) is given by

Og = poY? + prY T + M, B, + Myeg + Mper.

Using that a4 verifies Q¢ = —di’O¢, we obtain the following:
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Proposition B.1.2. The restriction of Qxq to C for the homogeneous ball rolling on
a convex surface of revolution is given by:

Qc=—dpg NY? —dpr ANYT —dM, A 3,
— Am)YTAY? + Bm)Y? A B, +C(m)B, ANYT,

where, for m € M,

~ / //2 2
A(m) = (ﬁgsinyﬁ - M, <1 + cos VE + cos v sin? V%E>) ;
r r r

I
B(m) = p}E (1 + cos 1/?) ,

C(m) = poe

¢/ + ¢N27“2§
E —_— .

o
Proof. This along but straightforward computation (following the steps in Prop. 4.2.4)
based in formulas:

(1 + cosv sin® v

R
dY®le = —sinv=Y? A YT,
r

dYT|c =0,
R 1 "9r2 R

dBulc = — (1+COSV—+COSVSin2V¢ 5 ! )YT/\Y9
r r

R
degle = — (1 + cos 1/—) YO A B,
r

/ //2 R
d€T|c:(1—|—cosysm2y¢ qZ? ! r)ﬁn/\YT

Corollary B.1.3. The nonholonomic bivector m,, is given by:

0 0 0

Tnh = Yg A 89+YT/\0_T+X AaMn
0 0 0 0 0 0
— A(m)— A — —B L O(m) e A ——,
(m)ape Opr (m Apy - OM, <m>8p} oM,

where A(m), B(m) and C(m) are given in Proposition B.1.2.

Or equivalently:

0 0 0
#yvoy Y #yTy — 2 # -
7T'nh(}/ ) - aﬁ97 7T’nh(}/ ) ap}7 ﬂ'nh(ﬁ”) aMn7
- 0 0
W#h<dp9) =Yy - A(m>(317} — B( )W:
0 0
™ h(de) - _YT + A(m>8_p~9 + C(m) 8M s
7 (dM,) = —X,, + B(m)i - m)ﬂ.
AT " Ope Opr



Since €lc = 0 and ep|ec = 0, the definition of the nonholonomic bivector implies
that:
# #
ﬂ-nh(eT) = ﬂ-nh<€9) =0.

From Legendre transformation we get the following Hamiltonian restricted to M:

~ 2 ~2 72
M,
HM:pL_Fpi_F

2
2F Tap T op Tmasd(r).

The nonholonomic vector field X, describing the dynamics is given by X, =
—n? (dH ). Using that dr = U" = RsinvY7 we get

p~9 p~T Mn
Xoph==Yy+—=Ypr — X,
=Rt T
P’ R . poM, R 0 0
— | ——=—sinv + —cosV | == — magy cos vR—
E r E r opr opr
(B.1.2)
N ) p~TR ~ M ) /_|_ ”27“2 a
sin v—— — M, cosv smy—— | —
E T Pe (25, 8p9
. IR .9 &+ ¢"2r? ] 0
— — —cosv | sin® v — —.
Prpe 027 Py oM.

Symmetries and the 3-form dJ A Ky

The system has the symmetry Lie group G = S x SO(3). In the coordinates (r,0, g)
of @, the action of GG is given by

(o,h)-(r,0,9) = (r,0 +¢,R,gh),

where IR, denotes a rotation of angle ¢ with respect to the z-axis. The canonical lift
of the G-action to 7@ is given by

(W? h) ’ <T797g7p1“7p97M) = (T76+ P R(pghapTupeaRwM)-

Note that M is right invariant to it is unchanged by the right action by SO(3). The
restricted action to M is given by

(¢, 1) - (r,0,9,pr,p0, M) = (r,0 + @, Ry g h, pr, po, Moy).
Since the Lie algebra g of G is isomorphic to R x R? we choose the basis
{(1,0),(0,€;)}, i=1,2,3, (B.1.3)

where {e;} denotes the canonical basis of R3. Then, the infinitesimal generator with
respect to the St action is

(1,0)Q :Té—i-Xg
= }%Yg —sinvX, + <% + cos V) Xr.
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We use the following notation for an element g of SO(3),

a; Qg O3

g= 15 B2 B3
Mo 72 73
Then, the infinitesimal generator with respect to the SO(3) action is given by:
(0,e1) = a, X| + BiX5 +vX;, i=1,2,3.

Recall the matrix
cosvcosf cosvsinl —sinv
C = —sin b cos 0

sinvcos sinvsin@ cosv

which relates the frames (X,,, Xy, X7) and (X, Xo, X3) as:

Xn X1
X | =C1 X, (B.1.4)
Xr X3
In matrix notation the SO(3)-infinitesimal generator can be written
(07 el)Q Xn
(0,e2)0 | =9"C" | X, (B.1.5)
(07 e3>Q XT

The matrices g and C' being orthogonal, the vertical space V is also generated by

V= spcm{%Yg + (% + cos V) Xr —smmvX,, X,, X, XT},
and we see that the symmetry verifies the dimension assumption (2.3.4). Recall that
D has constant rank, rank(D) = 3. We will first consider the case r > 0, where
rank(V) = 4 and a vertical complement W C V has rank 2. In this case the subdis-
tribution S = V' N D has rank 2, and is generated by

S = span{%Yb,Xn} = span{Yy, X,,}, r > 0.

We choose the vertical complement W C V as following and verify that it is
G-invariant,

W - {X@, XT}
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Indeed, W is invariant by the right action SO(3) because the fields {X;, Xs, X3}
related to { Xy, X7} by (B.1.4) are G-invariant. On the other hand, we can verify that
both X,, and Xy are S'-invariant (left action). We observe that the complement W
does not satisfy the vertical-symmetry condition, see Rmk. 2.3.1.

The projection Py, : T'(Q) — W, associated to the splitting T'Q) = D @& W is given
by Py = €9 ® Xy + €7 ® X7. The associated g-valued map Ay can be computed from
Aw (vm) =& & Pw(vm) = Eu(m).

From (B.1.5) we can write the rotated frame (X,,, Xy, X7) in function of the SO(3)-
infinitesimal generators:

Xn (0,61)@
Xg = Cg (0,62)Q 5
Xr (0’63)62

we get

= (—aysin 0+ [1c0s0)(0,e1)g + (—aasin @ + B2cos0)(0, e2)q
—asin + B3cos0)(0,e3)0,

(
(agsinvcos@ + Prsinv sin 0 + yicosv)(0,e1)q

+

Xy
Xr

+ (agsinv cos 0 + Posinv sin 0 + vc0s5v)(0, e2)g
+ (agsinv cos O + Pysinv sin 0 + vy3cos v)(0, e3)q.

We introduce some notations to write vector expressions in short form. Using the
notations a = (aq, g, a3), B = (b1, P2, 03) and v = (71,72,73) for the rows of the
matrix g, we define the following vectors A = acosvcosf + Bcosvsinf — v sinv,
B = —asinf + Bcosf and C = asinvcosf + Bsinvsinf + vycosv. Note that
(A, B, C) are orthonormal.

In that notation X, and Xt can be written as

Xy = (C, (0,e)0). (B.1.6)

where (0,e) = ((0,e1),(0,e2),(0,e3)). Define the following sections of the bundle
gw — @ written in the chosen basis:

§o = <B7 (0,8)),
€T = <07 (O,e)>,

then the expression of the g-valued 1-form Ay is
Aw = €g @& +er @ &
By Lemma 2.3.7 we compute the W-curvature,

Ky = degle @ & + derle @ &
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Using the formulas for the differentials, dey|c and der|c , we obtain

Ky =— (1 + §COSV> YA B, ® (B,(0,e))

¢/ + (b”27'2 R

+ (1 + cosvsin’v & ?

) B, ANYT®(C,(0,e)).

Our next step is to compute the 3-form, dJ A K.

Theorem B.1.4. The choice of the vertical complement W = {X,,, Xy} induces the
expression for G-invariant 3-form dJ N\ Ky,

! R
dJ N Ky = ~z <1+cosy—) dpr NYO A B,
r
—i—p}’E <1 + cos vsin® VF(’/’)?> <— sin y?) B, AYT AY?

I R
- (1 + cosv sin’v F(T’)—) dpe A B, NYT,
r

where F(r) = %7%2

Proof. Using the canonical 1-form Qg = poY? +prY T + Mnﬁn + Myey + MTET, and
canonical basis of g, we compute the moment map J : M — g*, by (J(m), &) = i¢,,O¢.
We obtain

J = (Jo, My A + MyB + MC),

where Jy = i(1,0),,0¢ will not appear in the computations of dJ A Ky . In order to
compute d.J|c, we use the following formulas:

dae = yp2 — Bps
dB = —vp1 + ap;
dy = Bp1 — aps.

Using dv = —cos v sin? V%W%YT, and computing dA, dB and dC we get
~ ~ I I I I

dJ|c = (0, AdM,, + M, dA + B—dp; r—dB + C(——=)dpg — pe—=dC.
Jle = (0, + +Bdpr + prozdB + C(=5)dpo — po

The final expression is complicated but some of the terms will disappear when com-
puting dJ A Kyy, giving at the end the formula in the statement of the theorem. [

Reduction by symmetries

Let us consider the reduction of M by the symmetry group G = S' x SO(3). First,
observe that the reduction by the free action of SO(3) eliminates the coordinate g. In
order to perform the S reduction in M /SO(3) we use invariant theory as performed
in the literature, see [40, 52]. The standard reduction uses the following coordinates for
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M/SO(3): (a,a,w,) where a = (z,y) denotes the Cartesian coordinates of the center
of mass projected to the horizontal plane, the derivatives a denotes the corresponding
velocities and w,, is the component to the angular velocity normal to the surface. The
Lie group S! acts in the above coordinates by

0 - (CL, d, wn) = (R9a7 Rgd, wn)y

where Ry is the 2 x 2 rotation matrix of angle € in the (x, y)-plane. The action is not
free, indeed the point (0,0,0,0,w,) is fixed by the S'-action. Consider the following
invariant polynomials as in [40]:

flil
0 27 1 27

17_3:$?)—y$'> Dy = Wn.

P2=a-a

The invariant polynomials are written in our coordinates in M/SO(3) as

_ 2R% . - 1 _ 2Rr _ .

Do = _E2 (pT2 511'12 v +p92)’ p1 = 57“2, P2 = TpT sin v (B17)
2Rr R -

) = ——— D )y = _Mn B].8

b3 B Do, P4 i ( )

The S*-reduced space is describes by the following semi-algebraic set of R,
MG ={p = (po. p1,P2:P3,01) ER* : py > 0,p1 >0, dpopr = p2° + p3°}.  (B.1.9)
The singular 1-dimensional stratum, is given by
Si={peR®:py=p1=pr=p3 =0},

and it corresponds to the situation where the ball is at the bottom of the surface and
spinning about the vertical axis. The 4-dimensional regular stratum M} is given by

My = {p = (o, 1, 2,3, 1) € R® : oo > 0,1 >0, dpopy = po° + ps?, po° + pi> > 0}.

The reduced bracket is not Poisson

In Theorem B.1.4 we have computed the 3-form dJ A K,y which is used to verify if
the reduced brackets {-, -},¢q is Poisson using the Jacobiator formula (2.3.21).

Proposition B.1.5. The reduced bracket {, },cq is not Poisson.

Proof. We compute dJ A Ky (7, (dp*p2), 77, (dp*p3), 77, (dp*p4)) # 0. Then, by the

Jacobiator formula (2.3.21) we conclude that the reduced bivector 775% is not Poisson.

]
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B.2 First integrals and dynamical gauge transfor-
mation

It is known since Routh [79] that the mechanical system we are studying admits two
first integrals J; and Jy (besides the energy). In this section we recall the construction
of those first integrals using the ad-hoc methods of the literature, see [40, 52]. We
remark that in Chapter 4 we found the mentioned first integrals using the theory of
the nonholonomic moment map and horizontal gauge momenta.

In M /G the reduced energy is given by

_ A 1
E(po, 1, P2, ) = Po + 51542 + 519*22\1”(191)2 + BY(py),

where A = %, B = magr ,and W(Z) = ¢(r?). The other integrals of motion J; and .J,
are constructed from solutlons of the system of equations (B.2.10), which comes from
the reduced dynamics on the regular stratum M, given in [52] and [40]:

j—f’ — Fy(p)ps. j% — (), (B.2.10)
where
Fs( ) =AWV ( ) + 2510 (p1)) 9(p1), (B.2.11)
Fy(pr) = (Y'(p1)* = 9" (1)) 9(pr), (B.2.12)
9(p1) = : (B.2.13)

1+ 21?_1‘1’/(17_1)2
Using the following notation for two independent solutions of (B.2.10)

p1 = (03(p1),04(p1)),  p1— (73(01), Ta(p1)),

which verify o3(p1)74(p1) — 03(p1)74(p1) # 0 in some interval containing the origin,
one can verify that the two functions

J1(P1, D3, Pa) = P304(p1) — Paos(pr), (B.2.14)
Jo(P1, D3, Pa) := P37a(p1) — Pa7s(pn), (B.2.15)

are constant of motion of the reduced system on M/G. In general these integral are
not explicitly known except for some particular cases. In Section B.3 we consider the
case of the circular paraboloid where J; and J; can be explicitly computed.

Hermans [52] has proved that the orbits of the reduced dynamics are only equi-
librium points or periodic orbits. In fact, the periodic orbits are the connected com-

ponents of the fibers of the submersion (E,.J;,J5) : M\ — R®, where £ is the
equilibrium set of the reduced dynamics, see [40].
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The J; are gauge momenta

For each conserved quantity J;, i = 1,2, in (B.2.14) we look for a vector X; € I'(S)
such that ix,©, = J;. Using the formulas for J; and the fact that the respective X;
belongs both to I'(C) and T'(V) we get

2Rr 2R

X1 = ?04(]?71)% — TUg(pl)Xn, (B216)
2Rr 2R

X2 = TT4<]9_1)Y:9 — TTg(ﬁl)Xn. (B217)

Using the formulas of the infinitesimal generators of the action on M,

(1,0) :EYQ —sinvX, + (R + cos V) Xr,
(07 ei)/\/t :Cle{ + ﬁng + ﬁYnga 1= 17 27 37
we can write X; and X, in function of the infinitesimal generators. Indeed, since

S = span{Yy, X,,}, it is generated by sections 7,7 of the bundle gg — Q, i.e

(771>M = Y’97 (772)/\/( = An,
then defining

2Rr _ 2R 2Rr B 2R

G = TU4(P1)771 - 703(]51)772, G = Tu(pl)”l - 773(]51)772’

we have that ((;)n = X and () = Xo. This shows that the J; and J, are
horizontal gauge momenta in the sense of [41] (see algo [9]). Indeed we have found
sections &; € I'(gs) such that X; = (&) m

The dynamical gauge transformation and the reduced Poisson structure

Define the G-invariant 2-form:

~ I I
B= Mn(l+COS<I/)§)Y0/\YT+]7~QE(1+COS(V)§)YT/\ﬂn+p~TE(

This form B is semi-basic with respect to the fibre bundle M — @) and verifies that
ix ,B =0, ie. it a dynamical gauge transformation.

1+cos(u)§)ﬁn/\Y9

The 2-section 2¢ + B is given by

Qe+ B=—dpg NY? —dppr ANYT —dM, A 3,

R ~ l /12 R
— <]595in v— — M,cos vsin® 1/¢ o2 ) YT AY?
T Q' r
/ //2 2
+ pp—=—cosv cosysinum —1 ﬁn/\YT.
Er 4
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and the gauge transformed bivector is biven by

RO = e O = w8 =
Wﬁ(dpe) =Yy — (ﬁgsm V? — M, cos v sin® 1/¢/ +$ﬂ 2 E) a]afT,
T (dpr) = —Yr + (ﬁasm 1/17—? — M,cos v sin® I/%R) 8(27
—i—ﬁeé%cosu (sin2 1/¢, (;;?”27” — 1) 8]?/[
rh(dM,) = — X, — ﬁgé <cos v sin? ng’ ;5”% ? - gcos 1/) 8;%
We verify that nf (dHa) = 77 (dHpg) = — X, that is the dynamics is preserved.

First integrals and how to find the gauge transformation

In this section we will study how to compute the 2-form B giving the gauge transfor-
mation from the knowledge of first integrals.

We compute 7’ (dJ) =V, + W, for i = 1,2, with V; € I'(V) being the vertical
part.

2Rr 2R

T (dT) = Vi + W, = —T@(pl)ye + 703(]71))( + W
2Rr 2R

W#h<d‘]2) =Va+ Wy = —Tu(pl)Y@ + 77'3(291))( + Wa.

The gauge transformation B is constructed so that the new bivector mg keeps only
the vertical part. More precisely for a B of the form B = aYAY T +bY T AR, +cB, Y,
imposing the condition iy, (¢ + B) = —dJ;, for i = 1,2, determines a unique B, such
that

a= M, <1 + cos(u)§> ,
r
1 R
b= Pog (1 + COS(I/)?) :
1 R
c=prg (1 + cos(u)?) :

By construction 7g verifies

2Rr 2R
Wg(djl) =V = —T@L(pl)ya + 703(]91))(

2Rr 2R
Th(dT) = Vo = _Tﬂl(pl)yé + 773(?91))(

Theorem B.2.1. The reduced bracket {-,-}2 , in the differential space M /G is Pois-
son.
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Proof. We get:

1 -
(dJNKw—dB)|c = E_]i cos® vdpy A B, NY T — (1 + cos ug) dM, AY AYT. (B.2.18)

Recall that the invariant functions p;, i = 0, - -+ , 4 are generators of C*®(M)%, so we
can verify the following equality:

(dJ A K + dB)(xl, (dp"p;), miy, (dp";), mi, (dp™pi) ) = 0,

on all the combinations of p; using their expression in our adapted coordinates (B.1.7).
By the formula of the Jacobiator of the reduced bracket we conclude that the reduced
bracket {-,-}2 , is Poisson. O

red

Theorem B.2.2. The first integrals J; are casimirs of the bracket {-,-}E

red

Proof. As the vector fields associated to the conserved quantities J; are vertical w.r.t
p:M— M/G, ie. Wﬁ(d]l) = Vi, both J; and J5 are casimirs of the reduced bracket

{'7 '}Fed' u

In Section B.2 we observed that the J; are gauge momenta, i.e. here exists sections
& € F(gg) such that i(&.)M@M =J;.
From (B.2.16) we observe that the (§;)x = —Vi, @ = 1,2, which shows:

5 (dJy) = = (&) m-

B.3 Particular case: the homogeneous ball on a
paraboloid of revolution

In the particular case where the surface of revolution is a circular paraboloid the
conserves quantities J;, ¢ = 1,2 can be explicitly integrated. Indeed, in that case take
U(p1) = 2p; = r? In that case the functions F3 and Fj in (B.2.11) are given by

21 8

Fi(py)) = ——, Fip) = i
3(p1) E(1+8p_1>’ 4(p1) 1—}—8[)_1

From the system of differential equations (B.2.10) we get the following equation,

8,2 8
118 ® T EQ et

— /!

p3 +

where ’ denotes the derivative with respect to p;. This Euler equation can be solved
using the ansatz: p3 = (1 + 8p;)*. Replacing this in () we get u?> = %\/%, and the
general solution of the system () is:

ps =A1(1+ 8p1)" + Bi(1 +8py) ™

4AE
a (A1(1+8p1)"* — Bi(1+8p1) ™),

P
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where A; and Bj are integration constants. Plugging the initial values (1,0) and (0, 1)
we get two solutions (03,04) and (73, 74), respectively. Computing the Wronskian we
see that they are independent. Recall the formula for the first integrals.

Ji = psoa(pr) — paos(pr)
J2 = paos(p1) — paoa(pr).
Two explicit solutions are:

- 4Rru R

Ji=——"1y ((1+8p1)" — (1 +8p1) ") — YM” ((1+8p1)" + (14 8p1) ™)
T2 =%p~e (1 +8p1)" + (1 +8p1) ™) = %Mn (1 +8p1)" = (1+8p1) ™).

Now we can perform the same computations to find the gauge transformation B at
the end of the last section. The general computation performed gives a B which does
not depend on the form of the surface. Actually, this work started analysing this
particular case before considering the the general case.
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