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Abstract

In this Thesis we study two types of mechanical nonholonomic systems, namely systems
with linear constraints and lagrangian with a linear term in the velocities, and non-
holonomic systems with affine constraints and lagrangian without a linear term in the
velocities. For the former type of systems we construct an almost-Poisson bracket using
elements related to a riemannian metric induced by the kinetic energy, and we show that
under certain conditions gauge momenta exist. For the latter type of systems, we focus
on the ones possessing a Noether symmetry. To everyone of these systems we associate
an equivalent system of the former type, and we exhibit the procedure to relate them
and their gauge momentum. As a test case for the theory, we analyze the system of
a heavy ball rolling without slipping on a rotating surface of revolution: we elucidate
that also in this framework the so-called Routh integrals are related to symmetries, we
give conditions for boundedness of the motions. In the particular case the surface of
revolution is an inverted cone we characterize the qualitative behavior of the motions.
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Notations and Assumptions

Along the Thesis we assume that all manifolds and maps are smooth, except when
differently stated. Summation over repeated indices or Einstein summation convention
is used.

We also use the following notation extensively. We introduce it to make a clearer
presentation.

C*(Q) — the set of smooth real valued functions defined on the manifold Q.
X(Q) — the set of smooth vector field on the manifold Q.

(D) — the set of smooth sections of a vector bundle D, where D is the total space.
QF(Q) — the set of smooth k-forms on the manifold Q.

X*%: D* — R — the fiberwise linear function associated to X € I'(D).

(-,-) — the pairing between a vector bundle and its dual bundle.

(-,-)¢ — the pairing induced by a riemannian metric g on a manifold.
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The scientist does not study nature because it is useful to do so.
He studies it because he takes pleasure in it, and he takes
pleasure in it because it is beautiful.

Henri Poincaré

Donde dejo mi sombrero, ahi estd mi casa.

Proverb
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Introduction

The purpose of this Thesis is to study certain classes of nonholonomic mechanical systems
from a geometric and dynamical point of view. A good understanding in the subjects of
ordinary differential equations, differential geometry and Lie groups is preferred, as well
a good knowledge in analytical mechanics is rather useful to comprehend the structure
of the dynamics of the considered mechanical systems.

In the subsequent paragraphs we present a brief historical passage trying to elucidate
the importance of mechanics in mathematics, and vice versa, since both areas of study
have been nurturing symbiotically along their existence. Nowadays Geometric Mechan-
ics is a branch of Mechanics and Mathematics in which a vast range of theories and
applications live together. Even though this Thesis is about nonholonomic mechanics,
the machinery developed on the classical, or more precisely unconstrained, setting im-
pacts directly on the techniques and approaches used to analyze nonholonomic systems.
The reader can consult for example [1, 4, 3, 84, 95] for more historical and theoretical
information about classical mechanics.

Mechanical systems have accompanied humanity since the beginnings of civilization
with the inclined ramp, lever and pulley as ones of their most simple and characteristic
examples. On the nonholonomic side the wheel is arguably the first man-made example
of such kind, since in a rough terrain situation it does not slips. The systematic study
of mechanics as a branch of physics may have begun with the ancient Greeks, being
Aristotle and Archimedes the main representatives.

Later in time, between the 16th and 17th century, a major breakthrough came with
Galileo Galilei' and Johannes Kepler. In this period the study of celestial mechanics was
vastly developed and the research approach was, in a sense, from a qualitative perspective.
For example Galilean relativity is the precursor of inertial reference frames and as we
can see in Kepler’s laws of planetary motion, global information of central body systems
is obtained.

The analytical study of mechanics from 17th to 19th century arrived with Isaac New-
ton, Leonhard Euler, Giuseppe Luigi Lagrange, Jean Le Rond d’Alembert, Adrien-Marie
Legendre, Pierre-Simon Laplace and William Rowan Hamilton, among many others.
Newton’s second Law famously stated as

F =ma,

is the cornerstone of mechanics, where all mechanical theories converge as starting point.
Our approach to study nonholonomic systems is based on Euler-Lagrange equations and
d’Alembert principle. We first present both concepts and then precise the meaning of
nonholonomic constraints and their equations of motion. It is well known that Euler-
Lagrange equations are equivalent to Hamilton’s principle [1, 4]. Let ¢ : [to, 1] C R —
Q@ be a (at least) twice differentiable curve in a n-dimensional smooth manifold @, a
variation of the curve ¢(t) is a family of curves ¢(t,¢), parametrized by € € (—e&g,€o),

n [4] the author uses modern language to expose Galileo’s ideas on relativity of reference frames.

vii
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go > 0, such that ¢(0) = ¢(0,¢), ¢(0) = ¢(0,¢), q(t) = q(¢,0). The derivative

_ dq(t,e)

oq(t) : R

(1)
e=0
is called an infinitesimal displacement of the variation of the path ¢(¢). Hamilton’s
principle states that the trajectories of the system are precisely the extrema of the action
integral
d

ty
L(q,¢)dt =
s / (¢,4) 0,

to

e=0
for any smooth variation of ¢(t). This principle is proven to be equivalent to Euler-

Lagrange equations
d ( oL ) oL .
— =) —— =0 =1,..,n. 2
dt aq'l aqz 3 1 ) 7” ( )

In mechanics the smooth function L : T'Q — R is called the lagrangian, often encountered
in the literature as L =T — V o7g, where T" and V' are the kinetic and potential energies
of the system respectively. In more general cases a gyroscopic or magnetic term 7£ is
considered: L =T+~ -V o 7o- In lifted local coordinates? (g, ¢) the lagrangian reads®

L(0,d) = 3o (d'? + (0’ ~ V(). 3)
where g = g;;dq" @ d¢’ is a riemannian metric and v = ~;dq’ is a 1-form on Q. Before
continuing we clarify the terminology and notation we use throughout the thesis: we
denote by Lo =T —V o7g a lagrangian composed by kinetic minus potential energy and
say it is a natural lagrangian or of natural type. On the other hand if a lagrangian also
contains a gyroscopic or magnetic term we denote it by L = T+~ — Vorg and say it is a
gyroscopic or mechanical lagrangian or of gyroscopic type. Newton and Euler-Lagrange
formulations opened the doors to study mechanical systems in not only a case by case
fashion, but also to develop general results and techniques that gives previsions that
can be tested by experiments. Contemporaneously the translation of the principle of
virtual work from statics into dynamics, carried by d’Alembert, was also developed (our
approach essentially relies in both Euler-Lagrange equations and d’Alembert principle).
This principle states that in a constrained mechanical system the infinitesimal variations
dq of the curve ¢ must satisfy the constraints. Roughly speaking nonholonomic systems
are mechanical systems with constraints in the velocities which are not derived from
position restraints. On the other hand constraints just depending on the position are
called holonomic. Suppose that a mechanical system with lagrangian L as in (3) has
n — r nonholonomic linear constraints that we locally write as

Sei(q)d’ =0, a=1,.,n—r (4)
At the same time constraints (4) define n — r 1-forms on @
Saj(‘l)dqja a=1,...n—r,

whose point-wise kernel defines a constant rank distribution D on @ called constraint
distribution. As a note, constraints (4) are holonomic if and only if there exist n — r
smooth functions F, on @) such that

Saj =

aiqj, a:1,...,n77”,

2Lifted coordinates are in general local coordinates in T'Q induced by a local coordinate chart of the
manifold Q.
3We use the convention of summation over repeated indices.
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and then (4) can be reformulated by integration as
F,(q)=0, a=1,.,n—r

Now a curve ¢t — ¢(t) on @ is a solution of a nonholonomic problem if and only if
satisfies Lagrange-d’Alembert equations

d ( oL ) oL

dt \9qt oq’

where the multipliers A, are determined by derivation of the constraint equations (4).
The synthetic expression of equations of motion (5) was worked out by Otto Holder,
but through history its validity has been a theme of confusion and discussion, see e.g.
[87, 12, 36]. It is to be remarked that the work of Sergey A. Chaplygin [31] settled down

the misunderstandings on the correct form for the nonholonomic equations of motion.
Many of the examples in nonholonomic mechanics are related to rigid bodies, for an
ample variety of examples see [93, 92, 87, 91, 40, 12]. Euler describe the motion of a rigid
body with just its angular velocity 2 in body representation by his marvelous equation

IO =1Q x Q.

= AaSailq), i=1,..,n, (5)

Euler also studied rolling bodies without sliding ([50] is perhaps the first scientific study
of a nonholonomic system) and spinning rigid bodies (tops, which are the precursors of
the gyroscope), these two subjects are in essence the cornerstone of this Thesis.

Rolling bodies without slipping were studied extensively by Edward J. Routh [93]
and S. A. Chaplygin [30]. See [87, 19, 95, 12, 64, 63, 41] for some recent references. The
rolling with out sliding constraint for rigid bodies require that the contact point between
the rigid body and the surface has zero velocity, this condition is geometrically stated as

Um + (Ve X w) =0,

where v, and v, are the velocities of the rigid body’s center of mass and the contact
point respectively and w is the spatial angular velocity of the body. In Chapter 5 we
analyze the particular case of an homogeneous ball rolling without slipping in a rotating
surface of revolution.

The gyroscope was invented by Leon Foucault as an alternative® way to demonstrate
Earth’s rotation [60]. This mechanism proved to have several applications in navigation
and engineering, to the point that some smartphones have an electronic realization of it.
Spinning rigid bodies or spinning tops and the gyroscopic forces arising were studied for
instance by Felix Klein [73] and Harold Crabtree [37].

It is known [3, 84, 86] that in unconstrained mechanical systems with cyclic variables
the routhian has the form of (3), in rigid body dynamics cyclic variables can be realized
by attaching rotors to the system. Rotors, hence a lagrangian with linear terms in
the velocities, have proven to be very useful in stabilization and guidance techniques in
Control Theory [13, 100, 72]. Inspired by this we present the local ideas of nonholonomic
Routh reduction in the next section®.

Nonholonomic Routh reduction

We present a nonholonomic version of Routh reduction, this serves as a motivation
and a generator of physical examples where the lagrangian can have a linear term in
the velocities. Consider a nonholonomic system with linear constraints and natural
lagrangian on a configuration manifold M = @ x K, where @ is a n-dimensional manifold
and K an abelian Lie group®. Let (¢7,60”) € Q x K be coordinates on M and a natural

4The first was Foucault’s pendulum.
5For an in depth historical exposition of nonholonomic systems we refer the reader to [42, 23].
6Recall that finite dimensional abelian Lie groups are isomorphic to a product of the form R¥ x (SHr.
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lagrangian £ : TM — R such that 67 are cyclic variables, that is
) 1 i g L iG] T
£(¢,4.9) = 59i;(0)d'¢" + Gis(@)q'6” + 5G1,(0)676” =V (q).

Additionally suppose that the constraints are independent of 8 and # and are given in
terms of ¢ and ¢ by (4). That is if the constraints are written as

Saj (Q7 e)qj + Sa(n+J) (Q7 9)0..]7
then S, (n+.y(q,0) = 0 and %‘Z‘fﬂ =0,forallj=1,...,n,J=1,...;landa=1,...,n—r.
This scenario is realized in a system of rigid bodies, with [ fixed rotors, in which the
nonholonomic constraints just affect the rigid bodies, for examples see [22, 20].
Then the Lagrange-d’Alembert equations of the system are
d (0L oL .

d(@ﬁ)
e - - - =5 ]. .. l
dt 89‘] O) J Y »

(6)

where the multipliers A, are uniquely determined by the constraints (4). Then the
momenta associated to the cyclic variables

oL i i1
PJ—W—QZJ(Q)Q +QIJ(C1)9a J_lv"'ala
are clearly first integrals. Let us consider the restriction of the system (6) to a level set
of these integrals by setting p; = p; for some fixed p = (u1,..., ) € R Along such
level set we may express’

éJ = gIJ(Q)(,uI *gil(Q)qi)v J = 1""717 (7)

and we may therefore eliminate 6 from the first set of equations in (6) to obtain a
reduced system involving ¢ and ¢ only. As is well known (see e.g. [83]), such elimination
is conveniently done in terms of the classical Routhian function R* = R*(q, ¢) defined
by

Ru(qa q) = ['C(qv qs 0) - N’JGJ]

with the convention that in the right hand side @ is written in terms of (¢, ) as in (7).
One remarkable property of the Routhian is

i(aR“)_aR”_{i<%>_%} SR
dt\o@ ) 8¢  ldt \ag)  Bgi T b

Pi=KJ

pr=py’

where we again think of § = 6(q, §) in the right hand side, so the dynamics are determined
by the routhian and [ parameters. Therefore, if we write L(q, ¢) := R*(q, ¢), the reduced
system can be written as
d (0L oL )
together with the nonholonomic constraints (4).

Now note that (8) can be interpreted as the equations of motion of a nonholonomic
system on the configuration manifold @, with constraints given by (4) and with lagrangian

7As usual, we denote by G!7 the entries of the inverse matrix of the block Gy ;.
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L =R!:TQ — R. As in the unconstrained case the function L has a linear term in the
velocities. Indeed (see e.g. [84]), L = R* is given by (3) with

- 1
9ij = Gij — G1:G"7 Gyj, v = Gr;G" uy, V=V+ igIJ,UIMJ- 9)

In Appendix A we present an intrinsic construction of the nonholonomic Routh reduction
to show that it is a global procedure, where we give a geometric explanation of equalities
(9) and an interpretation of the condition that the gyroscopic 1-form v = G Ijgf Ty dg?
is not necessarily closed.

Main Contributions

Almost-Poisson formulation

Dirac structures have proved to be the general framework for constrained mechanical sys-
tems [97, 71, 67]. Using such formalism in principle we can construct an almost-Poisson
structure on nonholonomic systems regardless of the kind of constraints and the type of
lagrangian function. The almost-Poisson structure for nonholonomic systems with linear
constraints and natural lagrangian (kinetic minus potential energy) is well documented
[96, 28, 44, 12]. In this Thesis we focus on the case of a linear constrained nonholonomic
system with a gyroscopic lagrangian. This type of systems have not attracted very much
attention and the literature is not abundant. In [76, 74] some examples with gyroscope
or rotors are considered, and in [20] the authors give an almost-Poisson structure for
some classical examples with a gyroscope (in this research direction se also [48]).

In Chapter 3 we present an intrinsic construction of an almost-Poisson bracket for
nonholonomic systems on a configuration manifold ) with linear constraints and gy-
roscopic lagrangian. This Chapter is based on a project in collaboration with J. C.
Marrero, D. Martin de Diego and L. Garcia-Naranjo. The main contribution we add to
the existing results in the field is the construction of an almost-Poisson bracket for non-
holonomic systems with linear constraints and mechanical lagrangian, for the formulation
we use elements given by the kinetic energy metric instead of more sophisticated elements
coming from symplectic or Dirac geometry. This material is developed in Section 3.3.
The construction of an almost-Poisson bracket can also be important for hamiltonization
[65, 16, 6, 5, 64] of this type of nonholonomic systems. As noted before the appearance
of such almost-Poisson brackets in the literature exists just for certain examples but to
our knowledge not in a general setting. Our construction is made in the dual bundle
D* instead of the image of D (recall D is the constraint distribution) under the legendre
transform of the lagrangian L. This choice is made because the former bundle is a vector
bundle and the latter is an affine subbundle of T*@Q, in this way D* serves as the phase
space for the almost hamiltonian description of the equations of motion, nevertheless the
affine nature translates into the almost-Poisson bracket. We prove that the bracket is
linear if and only if the 1-form ~ (related to the gyroscopic term of the lagrangian) is
closed, i.e. dy = 0. We also prove that Jacobi identity is satisfied if and only if the
constraints are holonomic, or equivalently if the distribution D is integrable.

We also consider the scenario where symmetries are present. We perform reduction of
the bracket to the quotient space D* /G via standard construction [78, 84, 38], the reduced
bracket turns out to be again of affine nature and linear if and only if dy(X,Y) = 0, for
all equivariant vector fields X,Y on Q.

Role of symmetry in nonholonomic systems

In unconstrained mechanical systems as wel as in nonholonomic mechanics symmetries
have proven to be fundamental to decrease the degrees of freedom of the system: influ-
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ential works on this direction are [77, 14, 15]. A general reduction process by means of
symmetries is treated in [11, 81, 27, 29], when the systems have a Poisson structure [78],
and in the special case the configuration space is a Lie group [66]. In holonomic systems
the existence of a symmetry guarantees the presence of first integrals (Noether’s Theo-
rem), however in nonholonomic systems this is not directly the case: if the symmetry
are related with the constraints then a nonholonomic Noether Theorem can be stated
[94, 82, 54]. A possible generalization is given by gauge-symmetries which may generate
conserved quantities [10, 53, 58, 7, 64, 9, 8] (see in particular [8] for a recent detailed
study of this aspect). In the particular case of nonholonomic systems with affine con-
straints the energy is in general no longer conserved, but in case has a Noether symmetry
is present then the so-called Moving energy is a first integral of the system [56, 57].

In Chapter 3 we also present a way to construct a system with gyroscopic lagrangian
from a natural lagrangian, this construction is somehow artificial but in some cases is
physically meaningful [57]. The formulation goes as follows: suppose we are given a
nonholonomic system with linear constraints as in (4) and natural® lagrangian Lo, a
vector field N on @ and a real parameter v € R. We define a mechanical® lagrangian L,
defined as L, (vq) = Lo(vq + Ny), vq4 € TqQ. Our contributions are presented in Section
3.5 and are the following: assume that the momentum p% generated by a vector field Z
on @ is a first integral for the system with lagrangian Ly, then under certain conditions
we extend Z to a vector field Z, on Q such that its associated momentum '° p% is a
first integral for the system with lagrangian L, and p) = p%.

Dynamical behavior of a ball rolling without slipping in a rotating surface of
revolution

The nonholonomic system of a homogeneous ball rolling without slipping on a rotating
surface of revolution is well known and has been studied by several authors [93, 30, 19,
57, 41]. The case in which the surface is a plane [31, 17] is by far the most studied, other
particular cases such as the cylinder [56], cone [21] and paraboloid [20, 41] are studied as
well. This family of nonholonomic systems are known to have a SO(3) x SO(2) symmetry
group which can be used to perform reduction. Additionally these systems posses three
functionally independent first integrals, the Routh integrals [41] and the moving energy
[67]. The authors in [41] study the qualitative dynamics for a generic superquadratic
surface’s profile f (a function f: R — R is said to be superquadratic if satisfies the limit
lim, o0 fr(,';) = 00). In [57] using Routh integrals and the so-called moving energy the
authors prove that all motions are bounded independently of the surface rotation.

By means of the theory developed in Chapters 3 and 4 we prove that these type of
systems admit two gauge momenta affine in the velocitites which are SO(3) x SO(2)-
invariant first integrals functionally dependent with Routh integrals, the nature of Routh
integrals was missing in the literature. Furthermore we analyze the nature of gauge
sections generating such first integrals and we see that in general they (its tangent lift)
are not symmetries of the lagrangian.

In Section 5.6 we focus on the particular case where the surface of revolution is an
inverted cone. We analyze the reduced dynamics and we see that the rotation of the
surface has a stabilizing effect, in the sense that if the surface is rotating then all motions
are bounded. We furthermore analyze the reduced system restricted to the level sets
of the Routh integrals, which is proven to be a lagrangian system of dimension 2 [41]
with the moving energy restricted to the level sets as the energy of the system. We

8Kinetic minus potential energy.
9Kinetic minus potential energy plus a gyroscopic term.

10A vector field Z generates the momentum py = (%Lq"

,Z), for the nonholonomic system with
lagrangian L, .
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qualitatively characterize the reduced equilibrium and in particular we prove that there
exist asymptotic and quasiperiodic motions in both when the surface is still and rotating.

Structure of the Thesis

The Thesis is divided into three parts, two theoretical and one dynamical. The first part
is composed by Chapters 1 and 2, in which the background material is introduced. In
Chapter 1 we expose the general theory of nonholonomic systems with symmetries, with
constraints affine in the velocities and gyroscopic lagrangians. We derive the equations of
motion in both lifted bundle coordinates and quasivelocities. Chapter 2 compresses the
theory for linear constrained with natural lagrangian systems and serves as a test case.
Particular descriptions of what is done in Chapter 1 are given, the construction of an
almost-Poisson structure, and the pertinent reduction process in the case of symmetries
are presented.

The second part is composed by Chapters 3 and 4. Chapter 3 starts with the general-
ization of the almost-Poisson structure presented in Chapter 2 to nonholonomic systems
with gyroscopic lagrangians, and it ends with the characterization and existence condi-
tions of first integrals affine in the velocities which are gauge momentum, Propositions
3.11, 3.12 and 3.13 and Theorem 3.14. Chapter 4 is devoted to the relations between
affine constrained systems with natural lagrangian possessing a Noether symmetry and
linear constrained systems with gyroscopic lagrangian. These relations are constructed
in terms of the equations of motion and on the gauge momentum perspective, the main
result is Theorem 4.4.

The third part is Chapter 5, where a systematic dynamical analysis of the system
formed by a heavy homogeneous ball rolling without slipping in a rotating surface of
revolution is given, existence and nature of three functionally independent first integrals
is derived, Theorem 5.4. In the particular case in which the surface is an inverted cone,
analysis and classification of the relative equilibria and reduced motions are also carried
out, Propositions 5.8 and 5.10.

There are two Appendices A and B. In Appendix A we present an intrinsic construc-
tion of the (abelian) nonholonomic Routh reduction, we opted to include this material
since it is a procedure which in principle yields several possible examples of the kind
treated in Chapter 3. In Appendix B we include a brief introduction of Poisson mani-
fold, emphasizing the properties of the canonical Poisson bracket on the cotangent bundle
of a smooth manifold.
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Chapter 1

Background of nonholonomic
systems

This Chapter is intended to present an introduction to the study of nonholonomic sys-
tems. In this work a nonholonomic system is determined by three objects: the configura-
tion space, the lagrangian and the constraints. Along this chapter we consider the most
general scenario that is a lagrangian of gyroscopic type, namely given by kinetic minus
potential energy plus a generalized gyroscopic term, and the constraints are affine, that
is linear non-homogeneous, in the velocities.

To compute the equations of motion of a nonholonomic system we use Lagrange-
d’Alembert approach (with reaction forces), and its derivation is done locally. We follow
the exposition of [87, 15, 51]

1.1 Geometry of nonholonomic systems

A nonholonomic system is determined by a triple (Q, L, M), where @ is a n-dimensional
smooth manifold called configuration space, L is the lagrangian, which is a smooth func-
tion L : TQ — R on the state space played by the tangent bundle of the configuration
space. We consider L to be of a gyroscopic lagrangian, meaning that

L=T+~"-Vorg (1.1)

where T : TQ — R is the fiberwise quadratic form associated to a riemannian metric g
on Q, g is called the kinetic energy metric, v* : TQ — R a smooth function linear in the
velocities, associated to a differential 1-form v on @, by the relation v¢(v,) = (v(q), vq)
for all v; € T4Q and ¢ € Q and V : @ — R a smooth function. From a physical
perspective, T' corresponds to the kinetic energy, 4 to a generalized gyroscopic energy
and V to the potential energy of the system. Finally, M is the constraint manifold: an
affine subbundle of the tangent bundle T'Q) modeled over a vector subbundle D, with the
property that D is not the tangent bundle of any submanifold of (), that is D is not an
integrable distribution. In other words, every fiber M, of M is an affine subspace of
T,Q and D, is the vector subspace of T,() that models M,. This means that locally,
there exists a vector field Y € X(Q) on @ such that

My =A{vg € T4Q : vy =Y, + wy, wy € Dy} (1.2)

for all ¢ € Q. The affine distribution M has rank r at ¢ € Q if D has rank r at ¢ € Q. We
often write M =Y +D or M, = Y, +D,, to formally highlight the affine structure of M.
The subbundles M and D are at the same time submanifolds of the tangent bundle T'Q,

1



2 CHAPTER 1. BACKGROUND OF NONHOLONOMIC SYSTEMS

in the rest of the work we make no distinction in notation between both representations.
As a submanifold M is described by n — r functionally independent and affine in the
velocities smooth functions f1, ..., fn—, on T'Q, called the constraint functions, such that

Let (g, ¢) be lifted bundle coordinates in T'Q), since the functions f1, ..., fn—, are affine
in the velocities we can construct the 1-forms

o afa

X d¢t, a=1,..n—r,

and therefore we have relations fo(q,qd) = (x*)*(q,q) + fa(q,0), @ = 1,....,n — r. Equiv-
alently, the subbundle M can be thought as a regular affine distribution modeled over a
regular non-integrable distribution! D where

n—r
D, = m ker xg -
a=1

One of the thesis’ objectives is to give a hamiltonian-like description of a nonholonomic
system (@, L, M), to this end we need to introduce objects to relate the tangent and
cotangent bundles of () and as well for the vector bundle D and its dual D*. This theory
is mainly used in Chapters 2 and 3, but it helps to remark certain properties of (Q, L, M).

Consider the orthogonal decomposition

TQ =D ® D+, (1.3)

induced by the kinetic energy metric g, where D+ C T'Q is the subbundle whose fibers
are the orthogonal complement of D, in T;Q. In symbols

’Dj‘ ={vg € T4Q : (vg,wq)g =0, Ywy € Dy} .

For a nice expression in coordinates, let {X;};_, be an adapted local frame of X(Q)
associated to the decomposition (1.3), with X, € I'(D) and X, € I'(D4), a = 1,...,7,
a=r7r+1,.,n Foral v, € T,Q we have v, = v°X;(q), such frame induces local
coordinates (¢, v) on TQ, note that (¢*,v*) and (¢, v®) are local coordinates for the vector
bundles D and D+ respectively, we use this coordinates in the following. Associated to
the submanifolds D and D+ of TQ we have the inclusions

ip:D—=TQ, ip.:D-—TQ. (1.4)

In local coordinates (¢°,v?%) and (¢*,v®), of D and D~ respectively, the inclusions (1.4)
read

iD(via) = (q,’l)a,O), ipL (q,va) = (Q707va)'
The decomposition (1.3) of T'Q also induces the projectors of TQ) onto D and D+

Pp:TQ — D, Pp.:TQ— D, (1.5)

related to the inclusions (1.4) by Pp oip = Idp and Ppi oips = Idp.. In (¢!, v*) and
(¢*, v®) coordinates

PD((L/Uaava) = (q7va)7 PDJ- (q’va7,uoc) = (Q7/Ua)‘

1The language of distributions helps in the case the distribution D is not regular, see for example
[35].
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Since the inclusions (1.4) and projectors (1.5) are bundle morphisms we can consider

their dual, see [80]
i T°Q — D*, ihH. :T*°Q — (DH)*, 1.6)
P D" = T*Q, P : (DY) < T*Q, '

where D* and (DJ-)* are the dual vector bundles to D and D+ respectively.

Observation 1.1.1. The mentioned inclusions are monomorphisms and the projectors are
epimorphisms so their dual are epimorphisms and monomorphisms respectively. As a
consequence D* is not only an abstract vector bundle on @, but it is a subbundle of
Q.

A direct implication of the tangent bundle splitting (1.3) is the following presentation
of an affine subbundle of T'Q.

Proposition 1.1. Let (Q,g) be a riemmanian manifold and M an affine subbundle of
TQ then, locally, there exists a unique & € T'(DL) such that M = & + D. Moreover
the vector field & is the orthogonal projection of any Y € T'(M) onto D+, ie. & =

ips (Pp(Y)).

Proof. We know that locally an affine bundle M can be written as M =Y + D and a
point v, € T,Q is in M, iff Y, — v, € D,

Using equations (1.4) and (1.5) we can write Y = ip1 (Pp1(Y)) +ip (Pp(Y)), then
define { = ipr (PpL(Y)), by construction Y, —¢, € D, therefore My =Y, +D, = {,+D,
for all points ¢ in Q.

O

We consider three ways to relate the tangent and cotangent bundle of @, one is
given by the riemannian metric g, other by the Legendre transformation induced by the
lagrangian L and the third is given by a choice of a local frame of X(Q) and considering
its dual frame on 2*(Q). First, the kinetic energy metric induces the bundle isomorphism

by : TQ — T7Q,

defined by (hg(vq),wq) = (v, wq), for all vy, w, € T,Q and ¢ € Q. Using the isomor-
phism b, the lagrangian L can be rewritten as L = T+b,(N)*—V, where N is the unique
vector field on @ such that v = by (V). Moreover, consider the? annihilator subbundles
D° and (D1)° of the cotangent bundle 7*Q, whose fibers are

Dy = {B, € T;Q : (By,0g) =0, Vv € Dy},
(DH)g = {By € T;Q : (By,vq) =0, Vv, €Dy},

we then get D} = (D+)? and Dy = (D). Then we have the following vector bundle
isomorphisms

(1.7)

D* = (D), (DY)* =De. (1.8)
The second way of relating the tangent and cotangent bundle of ) is by using the fiber
derivative of L, see [46, 84],

Definition 1.1. The fiber derivative of L € C*°(T'Q) is the bundle transformation, over
the identity in @, FL : TQ — T*(Q defined by

d
(FL(vq), wq) = o L(vg +twy), vg,wy € T,Q.
t=0

2This representation of the 1-form « is useful in some context such as in Proposition 1.10 or in Section
4.2.
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In local bundle coordinates (g, )

(FL(g,v), w) = <%§<q,v>,w>, vow e T,Q.

In mechanics literature [1, 4, 84, 95] qui is commonly referred as the ith-generalized

momenta and is denoted as p;, it = 1,..,n.

Observation 1.1.2. FL is a bundle isomorphism if and only if Hess(L|r,q) is non sin-
gular for all ¢ € Q. If the lagrangian is of mechanical type, natural or gyroscopic, this
hypothesis is always satisfied.

In our case, that is when L is a gyroscopic lagrangian, we have a more explicit
expression for FL

FL(vg) =bg(vg) + 74, Yvg € T,Q. (1.9)

Clearly FL is an affine bundle transformation if and only if the 1-form ~ is non zero.
The third option is of local nature, let {X;}” | be a local frame of @ then we can
consider its dual frame [80] {x'}._, defined as®

<Xi(CI),Xj(q)> =65, t,j=1,..,n.

This assignation induces a l_ocal bundle diffeqmorphism between T'Q) and T*(@), it is given
fiberwise by v* X;(q) — pix*(q), where p; = v*, and we can obtain a coordinate description
of (1.6):

ip- (¢, PasPa) = (¢:Pa)s  i(D1y+ (¢, PasPa) = (4, Par)-
Pp(¢;pa) = (¢,04,0),  Pp1y-(¢,pa) = (¢,0,Pa)-

1.2 Local form of the equations of motion

To compute the equations of motion of a nonholonomic system (@, L, M) we follow the
treatment of [51]. We assume the validity of d’Alembert principle of ideal constraints: the
reaction forces that the constraints can exert annihilate the virtual displacements, that
are infinitesimal variations of curves satisfying the constraints. Consider a smooth curve
q: I — @, where I C R is an open interval, take qo € @ and sg € I, such that ¢(sg) = qo
and ¢(s) € M.y, then Lagrange-d’Alembert principle ensures that dq(s) € Dy(s), where
dq is a smooth infinitesimal displacement of the variation of the curve ¢ (see (1)), and
the reaction force is then a function R : TQ — D°, trivially (R, dq) = 0 [84, 36].

We perform the calculation of the equations of motion of the nonholonomic system
(Q, L, M) in lifted bundle coordinates (g, ¢), where ¢ = (¢*,...,¢") and ¢ = (¢*, ..., ¢").
The equations of motion have the familiar expression of Lagrange-d’Alembert equations
2
. ( d oL OL

dt 0¢  0Oq
where the reaction force R : T'(Q — D° is a smooth function on the state space. Roughly
speaking the reaction force arises from the constraints and d’Alembert principle and is
not an external force to the system. Our approach to obtain the nonholonomic equations
of motion is local, so we need to give coordinate expressions for the lagrangian and
constraints. The lagrangian L writes as

) ’M = R|um, (1.10)

L(g,d) = 34~ AW@i + (@) -4 - V(o) (111)

3Where 6;; = 0iff i # j and &;; = 1 iff i = j.
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where A(q) is a non singular, symmetric and positive definite matrix that represents the
riemannian metric g, i.e. A4;; = <aiqi7 %}Q. ~v(q) € R™ is the coordinate representation
of the 1-form v € Q(Q) and - represents the classic dot product in R”. The constraint
manifold M =Y 4 D is a rank r affine subbundle of T'Q) each fiber M, can be defined
as the kernel of an affine, linear non-homogeneous, system of equations that we write as

S(q)q + s(q) =0, (1.12)

with S(gq) a full rank (n — r) x n matrix and s(¢) € R*". Since ¥; € M, we get
s(q) = —S5(q)Yq, and

Dy ={q € T,Q|S(q)q = 0},
M, = {4 € T,Q|5(q)(¢ —Yy) = 0}.

By d’Alembert principle the reaction force R is a linear combination of the rows of S,
then there exist n—r functions A = (A1, ..., A\,—,-) of (g, ¢) called the Lagrange multipliers,
such that R = STA. All the ingredients are set, we just need to determine \, rewrite
(1.10) using (1.11) to obtain a coordinate expression

A(@)i +n(g.4) = STA (1.13)
where 0i(q,4) = gorgmd’ — G i =1,
Observation 1.2.1. Consider the vector function = (11, ...,7,), using the local form of
L (1.11), the contribution of the 1-form 7 on the equations of motion is the function
((Dy)T — D7v)q which is precisely the coordinate expression for i4dy, where the matrix
(D7), ;= 9% So if dy = 0 then the gyroscopic term does not play a role in the motions

dq7 *
of the system.

ey M

Now we derive the constraint equation (1.12) along a curve and get

S(q)i+ (g, q) =0, (1.14)

8S1j

with Ul(qa q) = B¢k

@k + %qk, l=1,..,n—r. Using relations (1.13) and (1.14) we get
SATISTN - SA 1= —0.
Now the matrix SA~1ST is invertible since S has rank n — 7 then
A= (SATISTYy"H(SA ™y - o), (1.15)
and the reaction force in coordinates is therefore given by
R=ST(SA1ST)"Y(SA 1y — o). (1.16)

Observation 1.2.2. From equation (1.16) note that the reaction force R restricted to M,
is not in general a linear function in the velocities.

Then the Lagrange-d’Alembert equations write

ﬂaj_aj) QT qA-1aT\~1( 4—1,
<dtaq dq ’M_S (SATIST)TH(SAT I = o) |- (1.17)

This system of equations define a vector field X,, € X(M) on M which determine the
dynamics of the nonholonomic system (Q, L, M), see [2] for the linear and [56] for the
affine constrained cases.
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Observation 1.2.3. The function A depends on the choice of S, but this choice ensures
that each of the constraints equations (1.12) is a first integral of the system. This implies
that the equations of motion are well defined on its level sets, which their intersection is
the submanifold M.

Another important topic in mechanical systems is energy conservation, in Proposition
1.3 we give conditions on when the energy is conserved, we use the fiber derivative FL
to define the lagrangian energy

Definition 1.2. Consider a lagrangian L on a manifold . The lagrangian energy
Er, : TQ — R is the smooth function defined by

Ep(vg) = (FL(vq),vq) — L(vg), Vvg € TyQ.

In bundle coordinates (g, ¢) of TQ the lagrangian energy is represented as

) oL .
Er(q,q4) = 29 L(q,q)

. . (1.18)
=54 A(g)q+ V()

note that the gyroscopic part does not play any role in the lagrangian energy.

We derived the nonholonomic equations of motion locally,we now prove that this is
a globally defined vector field on M. We do it in coordinates, nevertheless the non-
holonomic vector field has intrinsic nature, some references for this construction are

[46, 43, 36].

Proposition 1.2. The form of equations of motion (1.17) is invariant under change of
coordinates. Equivalently, let (U,q) and (U,q) be two coordinate charts in Q such that
U=0¢U) and q = ¢(qG), then q(t) = ¢(4(t)) is an integral curve if and only if G(t) is.

Proof. First note that if ¢ = ¢(§) then ¢ = T¢§, where T'¢, in vector notation, is the
jacobian matrix of ¢, additionally we denote ¢(G) = (¢1(q), ..., #n(q)). We define the
lagrangian and constraints in coordinates § = (¢', ..., §") as

L(q,q) = L(6(q), T$q),

S(9)§+5(9) = S(6(2)TH(G) + s(6(9)),
then in vector notation

£66) = 54+ A@i+39(@) - § - V(@)

where the following relations hold

A=T¢"(A0d)T9, 5=T¢"(yo0), V=Voo.

S=(Sod)Tp, 5=s00.
Now we relate the functions 7 and & with 1 and o respectively. Recall from lagrangian
mechanics the following relation on change of coordinates of Euler-Lagrange equations

doL oL jjT(daL 8L)O¢

at oG 0§

dt 0¢  0Oq
A straightforward but cumbersome computation using the chain rule shows

~ 5 ag';‘; ag 2
51(4,4) = 8(.;,3 7" aq,iqk

82¢i i ik
0T0F 7q,

= 0(6(9), Toq) + Sii(6(q))
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where [ =1,...,n —r. And

. 0L . 0L
(09) = 3557 ~ 5
= (L6715 (0@, To) + (T67 )y AG(@) - P
ig 'l ; i jkaqmaqnq q,

where the index i = 1,...,n. Therefore we derive the equality 5’[1_177 —6=8A"1n-¢,
and the reaction forces in both coordinate systems are related by

R=§" [(SA157) " (§A 5 - &)]
=T¢TST(SATIST)y 1 (SA 'y —0a) o ¢
=T¢"(Ro¢)
O
Remark 1.2.1. A consequence of the above proposition is that if we have two nonholo-
nomic systems (@, L, M) and (Q, L, M) and a diffeomorphism ¢ : @ — @ such that

(T$)*(L) = L and Tp(M) = M o ¢, then the nonholonomic vector fields X?h and Xf?h
are T'¢| -related.

1.3 Reaction annihilator distribution

We now introduce the so called reaction annihilator distribution R°, first introduced in
[54]. The importance of R° arises from two main situations: on one hand the energy is
not generally conserved in nonholonomic systems with affine constraints, and R° plays
a crucial role in this fact as made explicitly in Proposition 1.3, on the other hand on the
conservation of momentum (see Section 1.6).

To construct the reaction annihilator distribution R° we first consider the fibered
subset R C T*(Q defined as follows: let R(q, M,) C Dy be defined as

R(q,My) = {R(q,v) : veE M,}.
Then R is the disjoint union over ¢ € @ of the sets R(g, M)
R=| | Rlg. M) CT*Q.
q€Q

Finally, the reaction-annihilator distribution is conformed fiberwise by the annihilator of
the fibers of the reaction distribution R

R® = | | R(g, My)°,
q€Q

where R(g, M,)° is the annihilator of the set R(q, Mg). R(g, Mg)° is a linear subspace of
T,0Q, and so R° is a distribution on @, but not necessarily of constant rank nor smooth.
However by construction we have the inclusion D C R°.

Observation 1.3.1. We anticipate here that we encounter three behaviors for R° in Chap-
ter 5 when we study the system of a ball rolling without slipping in a surface of revolution.

e R° = D; this happens when the surface is a cone.

o D C R°; this happens when the surface is a vertical cylinder.
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e R° =TQ); this is the case of the plane.

Even more, in the case of the cylinder M C R°, this aspect is relevant in the following
Proposition 1.3.

The reaction annihilator distribution helps to place an obstruction for energy conser-
vation, we now present conditions on when the lagrangian energy, of an affine nonholo-
nomic system, is a first integral.

Proposition 1.3. [51] Consider a nonholonomic system (Q,L, M) with affine con-
straints M =Y + D. The lagrangian energy Eppm = Epjm @ M — R is a first
integral of the nonholonomic system (Q, L, M) if and only if Y € T(R°).

Proof. Using the invariance on the structure of Lagrange-d’Alembert equations we prove
this result in coordinates. Let (¢(t), ¢(t)) be a solution curve in M = £ + D. Then the
local expression of equations of motion (1.17) and lagrangian energy (1.18) imply

d doL. OL. OL. OL.

P L,Mzﬁaquﬁi‘aqu—aqu—aqu
_(d(?L 8L>.
“\dtog  ag)?

since ¢ € M, then we can write § = &; + wg, with w, € D, therefore %EL’M =0 iff
R(q,q) - & =0, ie. £ €T(R®).
O

1.4 Quasi-velocities and Hamel-d’Alembert equations

It is well known that in lagrangian mechanics tangent lifts of diffeomorphisms of the
configuration space preserve the structure of Lagrange equations, see [92, 91, 4]. However
from a mathematical perspective, we are dealing with the vector bundle T'Q, so tangent
lifts of diffeomorphisms are not the only ones which preserve the bundle structure of T'Q).
From a physics viewpoint, the velocities induced by the coordinates might not be well
suited to analyze a given system, for example in rigid body dynamics it is useful to use
the angular velocity to write the equations of motion instead of lifted bundle coordinates
[4, 84]. The other kind of diffeomorphisms that we consider and preserve the vector
bundle structure of T'Q) are the bundle automorphism of T'Q over the identity of ). In
natural bundle coordinates (g, ¢) correspond to transformations (g, ¢) — (g, ®(q)g), with
® : @ — GL(R™). Such bundle transformations correspond, on each fiber, to a basis
change transformation, so if X, ..., X,, is a local frame of X(Q), then there exist smooth
functions B;; : Q@ — R, 4,5 = 1,...,n such that

0

Xi =Bij@»

i=1,..n. (1.19)
We denote by B = (B;;) the matrix associated to the frame change. Let v = (v, ...,0")
be the local fiber coordinates induced by the frame {X;}? |, then

¢ =Bv!, i=1,..,n, (1.20)

or in matrix notation ¢ = BTv. If the local frame {X;};_, is not a coordinate frame*,

that is if [X;, X,;] # 0 for some ¢, j, then the fiber coordinates v® are the so-called quasi-
velocities [87, 77, 15, 39]. We pay attention to the (local) structure functions C7} : Q —

4Non coordinate frames are also called nonholonomic frames.
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R associated to a nonholonomic frame, because they are useful in the computation of
directional derivatives in terms of the local frame {X;};_; [80]. The structure functions
C}; are defined by relations

[Xs, Xj] = Ol Xim,

We can give explicit expressions for C77 in terms of B, its inverse and derivatives. From
(1.19) and the Jacobi-Lie bracket in coordinates we then have

) )
[Xian] = {Bikaiqkaleafql}
_ <B'k% N ,k%> 9
“ogk TV ogk ) g
— (BuS - Ba St ) B X, ik Lm = 1m,

here B'™ denotes the Im—entry of the inverse B~! of B. So

0B aBil> .
ik—— — B, B™.
k dqk Jk dqk

Cr = (B (1.21)
This functions are crucial in the determination of Hamel-d’Alembert equations, done in
Subsection 1.4.2. More precisely they are related to the so-called transpositional symbols
in Hamel equations (see for example [87, 77, 15]), that is the equations of motion (1.13)
in terms of quasi-velocities.

1.4.1 Constraints

In various examples the nonholonomic constraints are obtained in terms of quasi-velocities
or physically adapted coordinates [87, 12], and we follow this approach in Subsection
5.1.4. The constraints (5.6) are easily written in quasi-velocities using (1.20), by which
we can write S¢ = SBTv. Therefore by definition the matrix S = SBT, the constraints
in quasi-velocities write as

Saiv' + 8y, a=1,..n—r

A powerful application of quasi-velocities realizes when one chooses X1, ..., X, as a local
frame of I'(D) and X1, ..., X,, as a local frame of I'(D+). If Y € I'(D+) is such that
M =Y +D, then the constraint equations in quasi-velocities can be written as v* = Y%,
a=mn—r,..,n, where Y are the components of the vector field Y € I'(D+) written in
terms of the local frame X;, i =1,...,n.

1.4.2 Hamel-d’Alembert equations

Hamel equations are Lagrange-d’Alembert equations of motion (1.17) expressed in quasi-
velocities or, equivalently, in terms of moving frames, for a more in depth exposition see
[87, 39, 77, 56]. Its coordinate derivation is done by applying of the chain rule. Let

L(q,v) = L(q, ¢(q,v)) be the lagrangian written in quasi-velocities then

L(g,v) =v-AqQ)v+7(q) -v - V(q),

where A(q) and 5(q) are the kinetic energy metric and the gyroscopic 1-form, respectively,
in v coordinates and they are related to A(q) and ~y(q) by

A=BAB!, 5=~+B' (1.22)
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Proposition 1.4. Consider the nonholonomic system (Q, L, M). The Hamel-d’Alembert
equations in quasivelocities (q,v) are

oL -
m "ol + By Ry (1.23)

doL_, oL
dtovi  * gk i Gym

Proof. We first notice

oL oL OL 0L 0L dBy;

avi 9oy M og T oag oy ag ¢

(1.24)

where again we think ¢ as a function of ¢ and v. Finally to express the reaction force
R in terms of quasi-velocities, set 5(gq,v) = o(q,q4(q,v)) and 7(q,v) = n(q, ¢(g,v)) then
their expressions in such fiber coordinates are

agam m asa )

o . .
Go = qkT (SajqJ + 3(1) = Bikvz (

=1,. —
94 " v 0" ey — T
And
w( 0°L 0B™ PL oB* 9BM\ OL
~i:Blk —qq" —q’ — — —— 77, ].7 )
K (61}’@1}’“ O¢’ rar 6q18vkq ) + ( O¢’ gt ok ! "

Then R(q,v) = R(q,4(q,v)) is defined by
R=B'8 (SA15) T (SA ' Bij—5).
Before computing Hamel-d’Alembert equations use (1.13) to get

d oL d OL = 9L 9B

diov  C*aag o og ¢

oL ) OL OBy,
= Bip | — S kG
k(aqk+Rk 55 o ¢

Now using relations (1.24) and the structure coefficients expression (1.21) we substitute
to get the Hamel-d’Alembert equations

d oL oL oL "

%% = B»Lkaiqk — ﬁl‘av?nv + B'LkRk

1.5 Symmetries of nonholonomic systems

In unconstrained mechanical systems, the presence of symmetries plays a crucial role in
finding first integrals, Noether’s Theorem, see for example [92, 84, 4], being the corner-
stone that relates symmetries with conserved quantities. With the arise of geometric
mechanics different types of reduction, such as symplectic or Poisson [85, 101, 83], and
ways to find constants of motion were developed. However the case of nonholonomic
systems is not so simple and completely understood, nevertheless for some particular
nonholonomic systems analogous ideas to those of unconstrained mechanics serve as an
inspiration (we treat such cases in Chapter 2 additionally see [81, 94, 53, 44, 59], the lin-
ear case has been better understood bt [8]). However for general nonholonomics systems,
e.g. with affine constraints, the question if first integrals arise from symmetries remain
unsolved.
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The main objective of this Section is to introduce group actions and reduction in
nonholonomic systems. Later, on Sections 1.6, 2.5 and 3.5 we use symmetries to construct
functions which are candidates to be first integrals.

Consider the nonholonomic system (@, L, M), and let G be a Lie group that acts on
Q@ by a free and proper action, denote such action by ¥ : GXxQ — Q,and TV : GXTQ —
TQ be the associated lifted action. And denote by ¥y, : Q — Q and TV, : TQ — TQ
the corresponding diffeomorphisms related to the group element h € G.

Definition 1.3. Consider a Lie group G acting on a smooth manifold ). The orbit of
an element ¢ in @, denoted by Orbg, is

Orbg(q)={peQ :FheGst. p=T(h,q)}.

The orbit of a point ¢ € @, Orbe(q), is a closed submanifold of Q. Denote by T,0rbg
the tangent space of Orbg(q) at g. The distribution TOrbg is on each point spanned by
the infinitesimal vector fields at q.

Let p: Q — Q := Q/G be the quotient map associated to the group action, it defines
a principal bundle [62]. Similarly, we denote by prq : TQ — TQ := TQ/G the quotient
map associated to the lifted action of G on T'Q. And by properties of quotient maps we
have the bundle isomorphism T'(Q/G) = TQ/G, as a consequence 1,Q = (TQ/G), as
vector spaces. To give a coordinate description we choose adapted coordinates (z%,y")
to the principal bundle p : Q — @ such that p(z¢,y*) = (z?). For the tangent case
additionally to the adapted coordinates we consider an equivariant frame {Xi},?zl of
X(Q) then TQ has coordinates (z¢,y*,v?) and prqg(z?,y*,v") = (z¢,v).

Let g be the Lie algebra of the Lie group G. To each vector £ € g, we associate the
infinitesimal generator £€9 € X(Q) defined by

d
Q — i}
g (Q) ds o exp(sg) (Q)a

where exp : g — G is the Lie group exponenial map.

Proposition 1.5. The map g — X(Q), sending an element of the Lie algebra g to its
infinitesimal generator, & — €9, is a Lie algebra anti-homomorphism,

[§Q7CQ] = - [faC]Q :

Consider a given nonholonomic system (Q, L, M) and a Lie group acting on the con-
figuration manifold ), we care about when certain objects and functions being invariant
under the group action.

Definition 1.4. e Let f: @ — R be a smooth function on @, we say that f is
G-invariant if ¥} o f = f for all h € G.

o Let F': TQ — R be a smooth function, we say that F' is G-invariant if TU} o F' = F'
for all h € G.

 Let P be a distribution on Q, we say P is G-invariant if T, ¥}, (P;) = Py, (), for all
he€GandgqgceQ.

o Let Z € X(Q) be a vector field on @), Z is called G-equivariant if U Z = Z, for all
hed.

Observe that if the constraint submanifold M is given by constraint functions Fj :
TQ — R, I = 1,...n —r, then M is G—invariant if and only if the functions Fj,
l=1,...,n —r, are G-invariant.
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Definition 1.5. We say that a nonholonomic system (Q, L, M) is invariant with respect
to a Lie group G action if and only if the lagrangian L and the constraint manifold M are
G-invariant. In this case we also say the system (Q, L, M) is G-invariant or G-symmetric.

As we see in the next Proposition, the G-invariance of a nonholonomic system as in
Definition 1.5 implies several consequences in the geometry of the system.

Proposition 1.6. Let (Q,L, M) be a G-symmetric nonholonomic system, with L =
T+~ — V1q a gyrsocopic lagrangian, let g be the kinetic energy meric induced by L,
and M = & + D with € € T(D4) then

1. Uy, is an isometry of (Q,g), for all h € G.

2. The 1-form v € QYQ) and the potential energy function V. € C*(Q) are G-
invariant, hence the lagrangian energy E, is also G-invariant.

3. The vector field ¢ € T'(DY) is G-equivariant.
4. The distribution D+ is G-invariant.

Proof. The proof of 1. and 2. are rely on comparing the homogeneity degrees, on the
velocities, of L and L o TW. That is, let v, € T,Q and h € G, then

L(TWh(vq)) = (TWn(vg), TUR(vg)) g + (v(¥n(q), TWn(vg)) — V(¥n(q))
= (vg,Vg)g + (7,0¢) — V(q)
= L(vg),

this implies the following relations (T'W,(v,), TU(vg))g = (Vg, Vq) g,
Y(Ur(q), TUL(vg)) = (v,vq) and V(¥ (q)) = V(g), for all ¢ € Q and v, € T;Q. There-
fore

TV T =T, VYiy=+v and UV =V,

the riemannian metric g is G-invariant since the quadratic form, 7', associated to it is.
And the lagrangian energy E, is clearly G-invariant since 7" and V" are.

3. and 4. follow from the following assertion, the distribution D is G-invariant, i.e.
TVU,(D) = Do ¥y, To prove it note that 70y, is a linear bundle isomorphism, then
TV, (D,) is a vector subspace of Ty, ()@, and by hypothesis TW;(M,) = My, (o) then
TV(Eg +wg) — &w,(q) € Dw,(q), for all wy € Dy, this implies TV, (D,) C Dy, (4 for
every q € @, hence D is G-invariant. Using 1. we clearly get that D+ is also a G-invariant
distribution, and T, (§g + wg) — &w, () = 0. O

The following result is a direct consequence of the invariance of a nonholonomic
system.

Proposition 1.7. [12] Let (Q, L, M) be a G-invariant nonholonomic system. Then the
nonholonomic vector field X, of (Q,L, M) is G-invariant and so it defines a vector
field X, on M/G which coincides with the nonholonomic vector field of the system
(Q/G, I, M/G), where L =10 prq.

Remark 1.5.1. Apart from the previous Proposition, we consider different kinds of re-
duction and restriction of the equations of motion to invariant submanifolds related to
symmetries. In particular, in Sections 2.4 and 3.4 we present reduction of the almost-
Poisson bracket of nonholonomic systems. Such formulation is given on the cotangent
bundle T*@Q in which we consider the dual action T¥* : G x T*Q — T*Q of TV defined
by

<T‘I’Z(/8q)v Vg, 4 (Q)> = <ﬂqa T\Ph(v‘l’h—l (Q))>' (1'25)

The dual action TW* inherits the properties of TW, so it is a free and proper smooth
action.
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Definition 1.6. Suppose there is a given free and proper action of a Lie group G on a
smooth manifold @, with quotient map p : Q@ — Q/G. The vertical subbundle ¥V C TQ
is defined fiberwise as

V, = ker T p.

In [14, 59] the authors use the vertical bundle V to perform reduction using a principal
connection adapted to the action, one of the main differences between the two approaches
is the dimension assumption

Definition 1.7. We say the dimension assumption holds for a nonholonomic system
(@, L, M) if
TQ =V + M.

Observation 1.5.1. As proven in [14], if the dimension assumption is valid then the
nonholonomic connection [12, 14], coincides with a principal connection and one can
project the nonholonomic dynamics into M/G.

1.6 Momentum generated by a vector field

Noether theorem for unconstrained mechanical systems gives conditions on when certain
functions, linear on the velocities are first integrals, so the importance of such functions
is well established.

Definition 1.8. Let Z € X(Q) a vector field on @ and L : TQ — R be a lagrangian
function on T'Q). The momentum generated by Z is the function pz : TQ — R on TQ
defined by

pz(vg) = (FL(vy), Zg).

When L is a lagrangian of gyroscopic type then the momentum pz in bundle coordi-
nates (¢*, ¢*) is

pz(q,4) =Z - AQ)q+ Z -~

If X is a vector field on T'QQ a natural question when one has a vector field X is to
see if there are any invariant submanifolds along the flow of X. The existence of such
submanifolds is important because the dynamics can be restricted to it. One way to find
such submanifolds is to look for smooth functions ' on T'Q, such that Lx F = 0. If this
condition holds we say that F' is a first integral of the vector field X. By definition of
Lie derivative, see for e.g. [80], it is easily seen that the level sets of the first integral
F' are invariant under the flow of X. This notion is general, but here we give a specific
definition for a nonholonomic system (Q, L, M).

Definition 1.9. Let X,,;, be the nonholonomic vector field of (Q, L, M) and F' : M — R.
We say F is a first integral of X, if

Lx,,F=0.

nh

The conservation of a momentum or when a momentum is a first integral is related
to the following Proposition, the proof of which is given in coordinates, since that way
is a straightforward computation, however it has intrinsic nature as we can see from
Porposition 1.9.

Proposition 1.8 ([56]). Let Z € X(Q) be a vector field on Q and pz the momentu-
massociated to Z then the derivative of pz along a curve of the nonholonomic system
(Q,L, M) is

d
Sps =7 (L) + (R, ).
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Proof. The proof is given in bundle lifted coordinates (g, ¢) of TQ

d . d,dL
apz(q,Q) = a<afquq>
d OL oL d
- <§87q’zq>+ <87q’%zq>
OL oL 0Z
_ oL N 7 JL 0Z .
<8q + R(q,4q), q>+<aq, an)

= Z"C L] + (R(q, ), Zq)-
O

Recall the following result from [54], which is clearly inspired from Proposition 1.8.
We include a proof for completeness.

Proposition 1.9. [54] Consider a nonholonomic system (Q, L, M) where L is a gyro-
scopic lagrangian and M is an affine distribution on Q. Let Z € X(Q) then any two of
the following conditions imply the third.

1. Z € I'(R°). Where R° is the reaction force annihilator distribution.
2. ZTQ L] |pm = 0.
3. pzlm s a first integral. Where pz(vy) = (FL(vq), Zy)-

Proof. We may prove this in coordinates. Let (g(t),¢(t)) be an integral curve of X,
then

d . doL oL d AL _ oL d

-—Z
dt dt 0q G dt

qs

since (£ Z,)" = ‘ggj ¢’ we get

Sp2(a®) () = Z7(L)a,0) + Rla,d) - 7o

The above expression has three monomials, each one is related to one of the conditions
and the result clearly follows. O

We now give a characterization of when two vector fields Z, Zs € X(Q) have the same
associated momentum restricted to M, generalizing a result in [2], where the authors give
a characterization in the case of linear constraints and natural lagrangians.

Proposition 1.10. Two vector fields Zy, Zy on Q) define the same momentum, pz, M

pZZ|M, on M if and only if the following conditions are satisfied.
7y — Zy e T(DY),
(Z1,Y + N)y = (Z5,Y + N),.

Proof. Suppose pz, then

| = P22 pq

bz, |M (vg) = <Z1(Q)7Uq>g(q) +(Z1(q), N(q)>g(q)
= (Z2(9), vq)g(q) + (Z2(2), N(2)) g()
= Pzl aq (Vg), Vvg € Mg and g € Q.



1.6. MOMENTUM GENERATED BY A VECTOR FIELD 15

Since the zero section is a section of D we have
<ZlaY+N>g = <ZQ,Y+N>9'
Then

(Z1(9), vg)g — (Z2(q),vq)g = (Z1(q) — Z2(q),vq)g =0, Vvg € Dy,
this happens if and only if Z; — Z, € T'(D1).

1.6.1 Gauge momenta

Assume there’s a Lie group G acting on the nonholonomic system (Q, L, M) then we can
consider a special type of momenta which are generated by sections of TOrb. Note that
such sections need not be infinitesimal generators of the action.

Definition 1.10. Let Z € I'(T'Orb) be a vector field tangent to the group orbits. We
say that Z is a gauge-section.

e 7 is called a horizontal gauge-symmetry if Z € T'(D) and ZT?(L)|p = 0.
o Z is called a gauge-symmetry if Z79(L)|y = 0.
Moreover we say that the momentum p; generated by Z is a (horizontal) gauge-momentum.

Later on we investigate when a gauge-momentum is a first integral, the results depend
on the kind of nonholonomic system we are dealing with. For nonholonomic systems
with linear constraints and natural Lagrangian there is a known result commonly called
nonholonomic Noether theorem, see [94, 55], but for other kind of nonholonomic systems
there is not an analogous result, nevertheless we give partial results about this matter.
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Chapter 2

Linear constrained systems
with natural lagrangian

Nonholonomic systems with linear constraints and natural lagrangian are by far the
most studied in nonholonomic mechanics (a non exhaustive list of recent books includes
[87, 12, 24, 36, 92, 40, 91]). The aim of this Chapter is to present basic aspects and some
relevant result to use them as test case and inspiration for the forthcoming chapters. We
use the same language and notation of Chapter 1 in order to relate and particularize the
theory in an easier way.

As one can expect from this Section’s title we consider a constraint distribution which
is a vector subbundle M = D of T'Q, the constraint functions defining M (1.12) are linear
homogeneous in the velocities, and the lagrangian L is of natural type and then writes
as Lo =T — V o1, where T' and V are the kinetic and potential energy, respectively.
Thus a triple (Q, Lo, D) defines a nonholonomic system.

2.1 Local Lagrange-d’Alembert equations

Let @ be a n-dimensional smooth manifold and consider lifted coordinates (¢, ) on its
tangent bundle T'Q. Using the same notation as in (1.11), consider a natural lagrangian
Lo

Ly=T—-Vorg, incoordinates Lo(g,q) = %q -Alg)g —V(g). (2.1)

Recall that A is the kinetic energy matrix in the coordinates (g,¢), (we are assuming
that no gyroscopic forces are included i.e. the 1-form  in (1.1) vanishes). The constraint
submanifold M = D is a linear subbundle of T'Q) (because Y = 0 see (1.2)). In coordinates
the constraints equations are

S(q)g =0,

where the matrix S is such that D, = kerS(¢) as in (1.12). Then the Lagrange-
d’Alembert equations in coordinates are

d OLg aLo> trag—1laty—1/a g—1
40 00| _ g5 ALy — 2.2
(G52 - F2)| = sas) 54 =)l (2:2)

. OSai 4 +q
i=1,...,nand o, = aq‘?qij, a=1,...,n—r.

3*Lo :j 9L
g0 4 dqt

where 7; =

Remark 2.1.1. The equations of motion (2.2) are quadratic in the velocities, therefore the
system is reversible, i.e. if ¢ — ¢(¢) is an integral curve of X,,;, then so t — ¢q_(t) = q(—t)
is [1].

17
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To prove this assertion note that

Lo(g-(t),4-(t)) = Lo(q-(t), =4 (1))

and that the constraint distribution D is also invariant under this diffeomorphism
S(q-(t)q-(t) = =S(q(=t))q(—t) =0, vt

Then n(g(~1), —4(~1)) = na(~1),d(—1)) and o(a(~), () = ola(—t),d(~t)) there-
fore equations (2.2) are invariant under the tangent lift of the diffemorphism ¢ — —t.

Proposition 1.3 guarantees the conservation of the lagrangian energy Er, p, see Defi-
nition 1.2, since Y = 0 obviously lies in the reaction-annihilator distribution R° [56, 75].

2.2 Quasi-velocities and Hamel-d’Alembert equations

We give here the expressions of Hamel equations in the case a given nonholonomic system
has linear constraints. Consider the orthogonal decomposition T7Q = D @ D+ of the
tangent bundle induced by the kinetic energy metric g. Let {X;}! ; be a local frame
of TQ such that X, € T'(D) and X, € ['(D}), where the index a = 1,....,r and o =
r+1,...,n. Denote by v = (v, ...,0™) the quasi-velocities associated to this frame. The
kinetic energy matrix A in this coordinates reads

i ¢ (Ap 0)
AfBABf<0 )

where B is the frame change matrix as in (1.19), and Ap, Ap. are the block matrices
corresponding to the restriction of the kinetic energy metric g to D and D, respectively.
The lagrangian Ly in quasi-velocities writes as

- 1 1
Lo(q,v) = SUD” Ap(q)vp + 5D+ Api(qvpr — V(q),

where v = vp 4+ vp. is the decomposition of v defined by TQ = D@ D+. The constraints
equations in quasi-velocities adapted to the constraints become

vY=0, a=r+1,..,n.
Observation 2.2.1. This representation of the constraint equations is not exclusive for

the orthogonal decomposition of T'Q, but for any frame adapted to a decomposition
TQ =D & W, where W is a subbundle of TQ.

Following (1.23), let Lo . := l~/|p be the restriction of the lagrangian Lo to D, then
the Hamel-d’Alembert equations [12] are

d 0L, OLo,c mOLoc ) 1
. = a - a v, a,t,m=1,...,1,
dt Ove M ogk L gym
| (2.3)
dq* B
= DqiV
dt

and together with the constraint equations v® = 0, « = r+ 1, ..., n, they characterize the
dynamics.

Observation 2.2.2. By d’Alembert principle the reaction force restricted to the constraint
manifold vanishes, i.e. R|p = 0.
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2.3 Almost hamiltonian formulation

In this Section we introduce the analogous of Hamilton equations for nonholonomic
systems using an almost-Poisson bracket! in D* the dual vector bundle to D. For this
exposition we follow [11, 96, 28, 44]. Many authors [78, 27, 12] construct the almost-
Poisson bracket in D* by using the canonical symplectic structure of T*@Q, and inclusions
and projectors defined by it. Instead we prefer to use elements related to the riemannian
metric structure of ) to define the bracket in the bundle D*.

2.3.1 Legendre transformation and dynamics in D*

One of the main obstructions to construct a Poisson bracket in D* is its representation as
vector bundle inside the cotangent bundle 7% (). We use here the Legendre transformation
induced by the lagrangian Ly and the orthogonal decomposition on the tangent bundle
TQ induced by the kinetic energy metric to define the necessary geometric elements to
construct a bundle isomorphism between D and D*.

The Legendre transformation and dynamics in D* is referred to the fiber derivative
FL, which in this particular case is a linear bundle isomorphism, so we can perform
a push-forward of the dynamics for D onto D*. Once again consider the orthogonal
decomposition of TQ = D @ D~ induced by the metric g. Using the bundle isomorphism
FL this decomposition induces the decomposition T*Q = (D+)° @ D° of the cotangent
bundle, where (D1)°,D° are the annihilator distributions of D+ and D respectively.
Moreover observe that D* is isomorphic to (D+)°2.

To compute the equations of motion in D*, let (¢, v) be local coordinates in D, with

q=(q",...,q") and v = (v!,...,v") as in Section 2.2, then (q,p) are local coordinates in
D*, p = (p1, ..., pr), with respect to the local co-frame {FLg .(X4)}' _, where

Do = 8(,5)0(1’6 = (Ap)apvy, a,b=1,...,1, (2.4)
are the fiber coordinates called quasi-momenta. Here we use L . instead of Ly because
the constraints in this setup are v* =0, a =r +1,...,n so azif’f = gﬁg |D

Since FLg . : D — D* is a diffeomorphism, we can consider the pushforward
(FLo )« (Xnn) € X(D*) of this vector field is related to the constrained hamiltonian
H.:D* — R, defined by H. = (Fr, o IFLal) In bundle adapted coordinates (g, p)

1
He(g,p) = 5p- Ap'p +V(q), (2.5)

this implies
OH. _ 0Ly, 0H.

— = : =v% 2.6
9q' o¢ " Opa (26)
Using (2.3) and (2.6) we obtain the equations of motion in D*:
dqg’ 0H, dpg JOH, 0H,
= Dai ) — =-—-B - — Omi ms 2.7
dt Opa dt @ O¢’ o p 27)

where a,m,l = 1,...,7. We denote the dynamical vector field in D* by X,, and its
coordinate expression is

. 0H, 0 ( 0H, mOH¢ ) 0
nh:B DPm

“opa 07\ og " ap ") opa
Recall that C’fj are the structure coefficients (1.21) and B is the matrix to pass from
velocities to quasi-velocities (1.19) related to the local frame {X;}._,

(2.8)

IMeaning that Jacobi identity is not satisfied.
2From linear algebra we have (Dl)g = Dy and Dy = (’DL);
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2.3.2 Almost Poisson bracket in D*

There are different approaches to construct the almost-Poisson bracket in D*, such as the
symplectic formulation,[11], or the Dirac bracket approach [71, 67], here we follow the
treatment of [28, 44]2. As already anticipated at the beginning of this Section the main
difference between our approach and the others just mentioned is the use of elements
associated to the orthogonal decomposition TQQ = D @ D+ given by the kinetic energy
metric g on (). To construct the almost-Poisson bracket we use the canonical Poisson
bracket {-,-} in T*@Q, with II the associated bi-vector field (see Appendix B for more
details).

Definition 2.1. Let (Q, Lo, D) be a nonholonomic system and D* the dual bundle of
D. We define the bracket in D*, {-,-},. : C®(D*) x C>®(D*) — C>(D*) by

{F17F2}D* :{Flol.*D,FQOZ'%}OPrE7 Fl,Fg ECOO(D*),

where i}, : T*Q — D* and P} : D* — T™(Q are the projector and the inclusion defined
in (1.6).

Observation 2.3.1. There is a correspondence between fiberwise linear functions on D*
and vector fields on D. This fact is based on the isomorphism (of finite dimensional
vector spaces) D, = D;* for all ¢ € Q.

Proposition 2.1. Let X*,Y* € C®(D*) and f,h € C>(Q). Then
(XY p- = —(Pplipo X,ipo Y], {X% fomp}p- = —X(f)omp-,
{fomp+,homp-}p. =0.
Where mp= : D* — @ is the bundle projection.

Proof. First recall the following, since the Poisson bracket on T*@Q is linear, for Wy, Wy €
X(Q) and f,h € C*(Q) we have

{vawf}:_[WhWQ}v {Wle’fowQ}:_Wl(f)oﬂ—Qv {foﬂQ’hOﬂ—Q}:O'

Also, ip : D < TQ and Pp : T(Q — D are vector bundle morphisms, hence the dual
morphism i}, and Pf are too and mg o Pfy = 7p-.
Let X € (D) and 8 € Q1(Q), then

By the same kind of argument we get
W{o P}y = (PpoWy)-.
The result then follows from the above observations and Definition 2.1. O

For a coordinate description, let {X,, Xo}, a = 1,...,7 and @ = r+ 1,...,m, be a
local frame of X(Q) adapted to the orthogonal decomposition 7Q = D @ D+, that is
X, €T(D), X, € T(DY), and X; = Bija%j. Let {x*, x“} be the associated dual frame.
Using Proposition 2.1 we obtain the expressions for the coordinate functions (¢, p,)

{qzvqj}p* = Oa {qivpa}D* = Biaa

) (2.9)
{paapb}D* = UgpPe-
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Then the bivector field IIp- in coordinates reads

0 0] 1 0 0
o N\ — =CSpe=— N —. 2.10
“o¢ " opa 2 Pap, " opy (2.10)
We now prove that this bracket is almost-Poisson and compatible with the dynamics,
that is the equations of motion X, are given by the (almost)-hamiltonian vector field

associated to the restricted hamiltonian H..

Ip. =B

Proposition 2.2. Let (Q, Lo, D) be a nonholonomic system and D* the dual bundle of
D with almost-Poisson bracket {-,-} 5. defined in 2.1. Then the bracket {-,-}p. has the
following properties

1. It is R-bilinear and skew-symmetric.
2. Leibniz rule is satisfied on each entry.

3. Jacobi identity holds if and only if the distribution D is involutive.

Proof. 1. and 2. follow from Definition 2.1, and the properties of the Poisson bracket in
T*Q.

To prove 3., let Y, Z € I'(D), and Xy = {-,Y},. be the hamiltonian vector field
related to the function Y* € C°°(D*). Then by Proposition 2.1 for every f € C>(Q)

Xye(fomp)==-Y(f)omps,

which is equivalent to say that the vector fields Xy and Y are mp«-related, this imply
Trps [Xye, Xge] =[Y, Z]) o wp~.

. Now assume Jacobi identity is satisfied, then

Xo(povzne = Xye zey,,.
- — [Xye,Xzé] 5
so [Xy¢, Xz¢] and Pp [Y, Z] are mp+-related therefore [Y, Z] = Pp [Y, Z].

If D is involutive then [Y, Z] = Pp[Y, Z], using the fact that the bracket in D* is
linear and proposition 2.1 Jacobi identity follows. O

Observation 2.3.2. The obstruction of the bracket {-,-},. to be a Poisson bracket is
related to the non-integrability of the (constraint) distribution D, so in general in non-
holonomic mechanics such bracket is not Poisson.

At last, we relate the equations of motion in D* and the hamiltonian vector field of
H,.

Theorem 2.3. Consider a nonholonomic system (Q, Lo, D), D* the dual bundle of D
with almost-Poisson bracket {-,-}p,. defined in 2.1 and H. = Er, o FLo. : D* — R.
The equations of motion (2.7) in D* are (almost) hamiltonian with respect to the almost-
Poisson bracket in D* and the hamiltonian function H.:

wn(F) ={F. He}p., VF € C™(D7).

Proof. We may prove this result in adapted coordinates (q,p), ¢ = (q¢*,...,¢") and
p = (p1,..,pr), as in subsection 2.3.1. It suffices to show X7, (¢") = {¢',H.},. and
X (Pa) = {pa, He}p. . Since dH, = %’;C dq* + %dpa, then using equations (2.9) we get
OH.,

opa’

~OH. . OH,

a aqi abPec 8}%

Which coincides with the coordinate expression (2.8) of X, . O

{qia HC}'D* = Bia

{pa, HC}’D* =-B
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Theorem 2.3 implies that equations of motion (2.7) in D* can be written in matrix

form o
i 0 B; e
<ga> - (*Baj *CCZpC) (gquc) : (2.11)

Ops

2.4 Symmetries and reduction of the almost Poisson
bracket

In Section 1.5 symmetries in nonholonomic systems are introduced in a general way, in
this Section we use them to reduce the almost-Poisson structure in D* [78, 94, 27].

Let (@, Lo, D) be a nonholonomic system with a G-symmetry, as in Definition 1.5.
Let ¥ : G x Q — @ denote the action of G on @ and

pQH@:Q/Ga

the quotient map, which is a G-principal bundle. As stated in Section 1.5 the action ¥
extends to T'Q) by using its tangent lift, 70, and since D is G-invariant, the lifted action
restricts to D. Moreover we can consider the dual TV : T*Q — T*Q action on T*Q.
Then we have the principal bundle pr«g : T*Q — T*Q = T*Q/G. Using the invariance
of D and of Ly (and hence of FLg) we also get that D* C T*Q is G-invariant, and we
can consider the principal bundle pp~ : D* — D* = D*/G. Consequently the vector
field X, € X(D*) can be projected to the vector field X, € X (D*), by means of the
quotient map pp~. Since D and D* are G-invariant the vector bundle morphisms i}, and
P} are G-equivariant and thus they induce the vector bundle morphisms

7. T°Q D, Pg:D"—TQ. (2.12)

Definition 2.2. Let {-,-}5+ : C°(D*) x C*°(D*) — C°°(D*) be the bracket in D*
defined as

{Fi, Fo}ge = {Fioi}, Fy O%}moﬁé, Fy, Fy € C*(D*).

On the other hand the nonholonomic bracket is G-invariant in the following sense, if
F,H € C*°(D*) are G-invariant functions, then so {F, H}. is. We conclude

Corollary 2.4. The quotient map pp+ : D* — D* is an almost-Poisson morphism, i.e.

{F1, Fo}g=0 ppr = {F10pp-, Fa0pp-}p., Fi,FreC™ (D). (2.13)

Proof. To prove this claim we use the fact that the quotient map pr+g : T*Q — T*Q is
a Poisson map (see Appendix B) and relations

pr-q © Pp = Pp 0 pp+, ip o pr-q = pp- 0 ip,
given by the equivariance of the morphisms i},, Pj. By definitions 2.1 and 2.2 we get
{F10pp, F20pp-}p. = {F10pp~oip, Fyopp-oip}oPp
= ({F1 o%, 5 o%}ﬁo pr+q) o Pp
=({Froip, FaoiplygoPp)opp-
= {F1, Fa}5+0 pp-
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The bracket in D* inherits the following properties
Proposition 2.5. The bracket {-, }5+ has the following properties:

1. It is R-bilinear and skew-symmetric.

2. Leibniz rule is satisfied on each entry.

Proof. Bilinearty and skew-symmetry follow directly from the definition of the reduced
bracket. To prove Leibniz rule note that Idg: = i}, o Pf, then

{FlFQ,Fg}F = {(FlFQ) O%, F3 O%}mopi%
= ((F1 oip) {F2oip, F30ip by
+H(Fy0ip) {Froip, Fy O%}m) o Pp
=P {F, F3}5v + Fo {F1, F3}5r .

O

_Recall the set bijections C=(Q)¢ = C~(Q), C=(D*)¢ = C>~(D*) and I'(D)¢ =
(D), then the next Proposition is a straightforward computation which follows from
Proposition 2.1

Proposition 2.6. Let X*,Y* € C™(D*) and f,h € C>(Q). Then
(XY Y5 = —(Po [X,Y])), {X,fomplpe = —X(f) o mpm,
{foﬂy,hOﬂﬁ}F:O.
Observation 2.4.1. Even if the bracket defined in D* is not a Poisson bracket, the bracket

in | D* might satisfy Jacobi identity. For example this is trivially the case if the manifold
D* has dimension 2.

To obtain a coordinate description of the reduced bracket we use adapted coordinates
(z¢,y", pa) to the fibration pp- : D* — D*. We evaluate the coordinate functions ¢ and

Pa

{:Cda Tk}'D* = 07 {xdapa}ﬁ = Bdaa

. (2.14)
{paapb}ﬁ = Came
Now we can give an expression for the reduced dynamics
Theorem 2.7. The reduced dynamics in D* are given
X5 (F) = {F,E}ﬁ, F € C>~(D~). (2.15)

Where H, o pp+ = H,.
Proof. The constrained hamiltonian H. is G-invariant since L., FL. are G-invariant
functions then there exists H. : D* — R such that H. = @pp*. Using Theorem 2.3,
Corollary 2.4, and the fact that the vector fields X, and X, are pp--related we get
X (f) o ppe = X, (f 0 pp-)

= {f ° PD*ch}D*

= {fOPDMEOPD*}»D*

= {f7 E}ﬁ O P+

= Xz(f) ° pp~,

for every f € C*>(D*). The quotient map pp- is a surjective sumbersion therefore
X, = X O
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As a consequence, the dynamics in D* can be written in matrix form
(fm) _ ( 0 B > o (2.16)
pa _Bak - gbpc OH. |- '
Opy

2.5 Symmetries and momenta

Along this Section we assume there is a free and proper action ¥ of a Lie group G on
Q (for a more general exposition see [11], where the authors consider non free actions).
We focus on two aspects related with the presence of symmetries, on one hand on the
existence of first integrals and on the other hand reduction. Here only the former is
treated and the latter has been already presented in Sections 1.5 and 2.4 using the
almost-Poisson formulation of the dynamics.

In this scenario the fiber derivative FL : TQ — T*@ is a linear bundle isomorphism
which induces the isomorphism FLg|p between D and its dual D*. First we give the
particular case of Proposition 1.10

Proposition 2.8. [2] Two vector fields Z,,Zs on Q define the same linear function,
pZ1|D7 pzz}D, on D if and only if

Zy — Z, e T(DY).
Using Proposition 1.9 we get the following result.

Theorem 2.9. Suppose Z € X(Q) generates a first integral of the unconstrained system.
Then, pz|p is a first integral of X, if and only if Z € R°.

Proof. If Z € X(Q) generates a first integral of the unconstrained system then Z7% [L] =
0, then by Proposition 1.9 the result follows. O

Observation 2.5.1. We observe that if Z € X(Q) generates a first integral pz|p of Xy,
then by Proposition 1.10 the orthogonal projection Zp € I'(D) of Z onto D, is such
that pz|p = (pzp)|p. This mean that all first integrals linear in the velocities admit a
generator which is horizontal, i.e. by sections of the distribution D.

A special instance of Theorem 2.9 is the following result, which sometimes is referred
to as the Nonholonomic Noether theorem see [11, 14, 82, 54, 55]

Theorem 2.10 (Nonholonomic Noether Theorem). Consider a nonholonomic systems
(Q, Lo, D) with a G-symmetry. If there exists £ € g such that €9 € T(D), then pe|p is a
first integral of (2.2).

We stress the fact that in the case the intersection I'(D) N T'(T'Orbd) is just the zero
section, then there are no conserved quantities of such kind. In [8] the authors extend
previous results proving existence theorems for the so called horizontal gauge momenta.
The following results help us to state similar existence theorems in Section 3.5. We
present here such results without a proof.

Definition 2.3. Let () be a smooth manifold endowed with a riemannian metric g and a
smooth distribution S on @). The metric g is said to be strong S-invariant if the following
relation holds for all Y; € T'(S), i = 1,2, 3.

(Y1, [Y2,Y3])y = —(Y3,[Y2, Y1])g-

Definition 2.4. Let Q be a smooth manifold and D, S C T'Q be smooth distributions.
A distribution H C D is said to be S-orthogonal if H = S+ N D.
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Definition 2.5. Let @ be a smooth manifold, D C T'Q a distribution and G a Lie groups
acting on @). Consider the distribution S C T'Q constructed pointwise by S, := D, NV,
where V is the vertical space of the action. The distribution gg C @ x g is defined by

(95)q :={E €9 : &ol9) € Sq}-

Definition 2.6. We say that a nonholonomic system (Q, L, D) with a symmetry group
G satisfies conditions A if

1. The action of G is free and proper.

2. The dimension assumption is satisfied.

3. The bundle gg — @ is trivial.

4. The dimension of the quotient space Q/G is 1.

Theorem 2.11 ([8]). Consider a nonholonomic system (Q, L, D) with a Lie group G
acting on it. Suppose conditions A are satisfied and with a S-orthogonal horizontal space
H. Even more assume that the kinetic energy metric is strong invariant on S and that

<X7 [Zv X]>g =0,

with X a G-equivariant vector field on Q, which is a section of H, and for all Z € T'(S).
Then there exist k = rank(S) first integrals of X,n which are G-invariant horizontal
gauge momenta, additionally they are functionally independent.
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Chapter 3

Linear constrained systems
with gyroscopic type
lagrangian

This Chapter is based on a project in collaboration with J. C. Marrero, D. Martin de
Diego and L. Garcia-Naranjo. The scope of the Chapter is to investigate the geometric
properties of nonholonomic systems with linear constraints and gyroscopic lagrangians.
For our understanding this type of systems, also with holonomic constraints, serve to
model and control a rigid body with rotors [100, 22, 12, 61], or a rigid body under the
influence of a magnetic field [20, 102, 48]. Nevertheless in the nonholonomic scenario
their geometric aspects, for e.g. the almost-Poisson formulation, had not been fully
explored. To our knowledge the general Dirac structure [71] has not been particularized
and analyzed in this case.

3.1 Local Lagrange-d’Alembert equations

Let @ be a given n dimensional smooth manifold and consider lifted coordinates (g, ¢)
in its tangent bundle T'Q). Using the same notation as in (1.11), consider a gyroscopic
lagrangian L '

1
L=T+~"—V, incoordinates L(q,q)= 5(} -A(g)g+(q) - ¢—V(q). (3.1)

The constraint submanifold M = D is a linear subbundle of T'Q. In bundle coordinates
(¢, q) the constraints equations are

S(q)q =0,

where the matrix S on @ is such that D, = ker S(q) as in (1.12), that is the fibers of D
are given point by point as the kernel of S at that point. Then the Lagrange-d’Alembert
equations in coordinates are

d OL 8L) T(qA-1qT\~1/q A1
—— = — = A A — . 2
(5%~ 50) | =747 547~ oo (32
Where 7; = agjzgqiqj - qui, i=1,..,nand o, = "’;(;J’qiqj, a=1,...n—r.

1Recall that T is the kinetic energy, + is the 1-form which corresponds to the gyroscopic energy and
V' is the potential energy.

27
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Proposition 1.3 ensures that the lagrangian energy restricted to D Er|p (see Defini-
tion 1.2) is a constant of motion.

3.2 Quasi-velocities and Hamel-d’Alembert equations

We give here coordinate expressions of Hamel equations. Consider the orthogonal decom-
position TQ = D@D of the tangent bundle induced by the kinetic energy metric ¢g. Let
{X;} be a local frame of X(Q) adapted to the orthogonal decomposition T7Q = D & D+,
ie. X, € (D) and X, € T'(D1), and v = (v!,...,v™) be the fiber coordinates induced
by this frame. The kinetic energy matrix A in this coordinates is

t  (Ap 0>
BAB_(O el

where B is the frame change matrix as in (1.19) and Ap, Ap. are the block matrices
corresponding to the restriction of the metric g to D and D+ respectively. The lagrangian
L in quasi-velocities writes as

- 1 1
L(q,v) = §UD - Ap(q)vp + 5117» - Api(q)vpr +9p -vp + vt vpL — Viq),

where v = vp+uvp. is the decomposition of v associated to TQ = DEDL, vp = Proizoy
and v+ = P}, oiy,, oy (the dual morphisms Pp, i, Py, and i}, are defined in (1.6)).
The constraints equations in quasi-velocities adapted to the constraints become vpi =0
or equivalently v* =0, a=r+1,...,n.

Following equations (1.23) the Hamel-d’Alembert equations are

dq = Bgv*, a,b,c=1,...,r,
dt
d oL oL . OL , o OL (3.3)

v,

il —_p, 2= _ e
dt Ove * Dg* abGye b Hpo

v*=0, a=r+1,..n.

Let L. := i|p be the lagrangian restricted to D, in coordinates

. 1
L.(q"'v*) = igabvavb + 7,0 = V(q).

Then equations of motion (3.3) in D take the following expression

dq*
¥, = Bai a,

dt v

i 0L, 0L, . OLc

dt ove gk T b gye

(3.4)

v — C%y0°,  a,be=1,..,r,a=7r+1,..,n.

3.3 Almost hamiltonian formulation

In this Section we introduce and give a precise description of the almost-Poisson bracket
in D* compatible with the dynamics for a nonholonomic system with linear constraints
and gyroscopic type lagrangian. We decide to use D* as phase space instead of the
affine bundle FL(D) because the latter is in general an affine subbundle of T*Q), as a
consequence the almost-Poisson bracket in D* recovers the affine character. As already
done in the previous Chapter we use elements related to the kinetic energy metric. To
our understanding this particular description is new.
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3.3.1 Equivalence between FL(D) and D* and dynamics in D*

In Subsection 2.3.1 the type of nonholonomic systems considered helped to relate the
fiber bundles FL(D) and D*. In the case of a nonholonomic system with gyroscopic
lagrangian the fiber bundle FL(D) is affine, nevertheless the vector bundle for which
FL(D) is modeled over is the annihilator distribution (D+)° of D+ and it is isomorphic
to D*. We use this fact to construct an isomorphism between FL(D) and D*. First note
that? FL(u,) = by(uq) + 74, for all u, € T,Q therefore the fibers of the affine bundle
FL(D) are
FL(D)q = {pg(uq) + 74 € T,;Q : uq € Dy},
and we can then write
FL(D) = (D*)° + 4.
Thanks to to the splitting 7*Q = (D+)° @ D° of the cotangent bundle of Q), we can
write v = yp + 7+, and since yp € I'(D+)°, then we can refine the previous expression
of FL(D) to
FL(D) = (D*)° +~+.

The 1-form v+ € T'(D°) plays an important role on the affine nature in the (almost)
hamiltonian formulation of the dynamics as we see later on this Section.

Using the dual morphisms (1.6), we define the affine bundle morphism between FL(D)
and D* by
Note that @ is clearly an affine bundle morphism, since ¢}, is a vector bundle transforma-
tion and FL(D) is an affine subbundle of the cotangent bundle T*Q. The expression of @
in coordinates (¢, pa, o) adapted to the cotangent bundle splitting 7*Q = (D+)° @ D°
is

®(¢", P Pa + Vo) = ip(¢" Pas Pa + Ya) = (4", Pa)-

Proposition 3.1. The affine bundle morphism ® : FL(D) — D* is in fact an isomor-
phism with inverse
' =P+t ompe.

Proof. Recall the following identities (Ppoip)* = Idp- and (Pp1oip)* = 0. Let 3, € D}
O(Pp(By) +77(q) = (ip © Pp)(By) +ip(v+(a))

= Bq +ip (Ppi(ips (vq)))
=B,

Now let w, € Dy, then by(w,) + v (q) € FL(D)
P (®(bg(wy) +7(0)) + 71 () = (P 0 i) by (wg)) + (P 0 i) (v () + 7 (q)
=bg(wg) + ’YL(C])a

since v+ = (P}, 0}, )(v). Therefore @' = Pf + v+ o mp~, and it is clearly an affine
bundle morphism. O

Using ® we define the isomorphism between D and D*
FL.:=®oFLoip =D — D*, (3.6)

equivalently FL, = i}, o FL o ip.

2Recall that bg : TQ — T*Q is the musical isomorphism related to the kinetic energy metric g,
bg(uq)(vg) = (ugq,vq)g, for all ug,vy € T4Q.
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Observation 3.3.1. Actually, if we consider the fiber derivative of the constrained la-
grangian L. : D — R, it coincides with FL..

In coordinates FL,. writes
FL(¢',v") = (¢', Apvp + D) = (¢*, garv” + 7a),

and its inverse reads

(]FLC)_l(qi,Pa) = (qi, A;(P —p)) = (qiagab(il?b —M))-
We now define the constrained hamiltonian H. : D* — R, and the dynamic equations
X7, in D*:
H.:=FEpoipo (FL.)™!, X = FLe(Xpp).
In order to compute the expressions in coordinates we first note
OH. 0L, OH.
d¢t  9¢'  Opa

a

Let p = (p1,...,pr) and yp = (71, ...,¥r), then we have
1
2

X5 (' pa) =

_ 1

p-Ap'p—ap - Ap'p+ 3
OH. 0 ( 0H.,

Baii T aji.
Ipa 0" ¢’

H.(q",pa) = vp - Ap'vp + V(q),
3.7)
OH.\ 0 (
+ (C&pe + CSva —°> )
( bD b )3pb e

Furthermore, we relate the constrained and unconstrained dynamics with the elements
just introduced.

Proposition 3.2. Let H = EoFL™! : T*Q — R be the hamiltonian, and X, XH.oix, €
X(T*Q) the hamiltonian vector fields of H and H, o i}, respectively, then

1. H.o® = Hlppp),
2. Xppo®="Tip o Xplrr(p),

3. X:;h od = TZ?Z‘) (@) XHcOi% FL(D)-

FEven more, XH|1FL(D) = XHcoi;; FL(D)-

Proof. 1. Follows from the next equalities, ® = i |pr(p)y = ip o (FLoip), H|pr(p)y =
Ho(FLoip)and H, = Ep oipo (i} o FLoip)~!, then we have H.o ® = E oip and
H‘IFL('D) =Fy oFL 1'o (IFL o Z'D) = FEroip.

We do the proofs of 2. and 3. in adapted coordinates (¢, pa,pa) of T*Q. The hamil-
tonian vector fields X, Xp, oz in such coordinates have the following expressions (see
Appendix B)

OH 0 ( 0H w OH > 0 o
Xy=Bjj—— — | Bjj — + CF'— —, 4,5,k=1,..,n, =1,..,r,
H J 8]?]' aqz ]aqj + ij apjpk 6]71 1,] n a r
X0 _B_choi*D 0 _( __aHCoi*D . OH¢ 01}, ) 0
Heeto = 20 gp,  Og Y og T ope ") opi”

Let 84 = (¢',Pa, Vo) € FL(D), from the coordinate expressions of H and H.. o i}, we note
that 2522 = 0, DI (Bq) =0, Hotp — DI apq 2t (Bq) o (Bq), then

Opa ' Opa pa  Opa’ 9q7 = o
Xu(Bq) = Xu.oiz (Bq)
= Baigch 2% D - < ij Moot i Ot © iEPc + %LHC ° 1 704) o
Opa  Oq' ¢’ Opy Opy Opi
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Since the projector i}, has the coordinate expression i} (¢7,pa,pa) = (¢7,pa), We can
conclude

: 0H, 0 ( 0H, 6Hc) 0
Ts,ip(X o1k = Baii - aj Ty C; c Cg a) )
/BqZD( Hc D(ﬁq)) apa aql J aqj + ( bP + b7 ) apb apa
which is precisely the expression of X,,h*(®(8,)), see equation (3.7). O

3.3.2 Affine almost-Poisson bracket in D*

To extend to the gyroscopic case the construction of the almost-Poisson bracket in D*,
we need the canonical Poisson bracket {-,-} in T*Q.

Definition 3.1. The map {-, -} . : C®(D*) x C*°(D*) — C*°(D*) defined by
{FL. Pa}p. = {Froip, Fyoiplo(Pp+yomp), Fi,Fy € C%(DY).

defines a bracket in D*.

Observation 3.3.2. If v+ = 0, then we recover the bracket introduced in Definition 2.1,
so this affine bracket is truly a generalization of the bracket defined in Section 2.3.

As in Section 2.3 we now compute the expressions for basic and linear (in the mo-
menta) functions, to prove basic properties and give coordinate description it is sufficient
to do so because of the vector bundle structure of D* and the linearity of the Poisson
bracket in T*Q.

Proposition 3.3. Let X*,Y* € C>(D*) and f,h € C°>°(Q). Then
{XE,YE}'D* = 7(PD [Xv Y])z + dPyL(X, Y)’ {Xemf © WD*}D* = 7X(f) O TIp=,

{fOWD*7hO7TD*}D* =0.

Proof. Recall observations made in the proof of Proposition 2.1, using Definition 3.1 we
obtain

(X5, Y- = {X 0ip, Y 0ip} o (Ph+7t omp-)
= {(ipo X)",(ipoY)"} o (P} + " omp-)
= —[(ipo X),(ip o V)| o (P + 7" o mp-)
= —(Pp[(ipo X),(ipoY))* =" [(ip 0 X), (ip 0 V)],
using Cartan’s magic formula and y1(ip(X)) = v (ip(Y)) = 0 we get dy-(X,Y) =

—~1 [X, Y], then the result follows.
Similarly, for X € I'(D) and f € C*°(Q) we have

(X!, forp}p = {Xeoi%,foﬂ'p* oip}o(Pp +~t omp-)
— {(ipoX)',fomg} o (Pp+7+omp.)
= —(ipo X)(f) omg o (Pp+~" omp-)
= —(ip o X)(f) o mp~
=—X(f)omp~.
At last, a simple computation shows for f,h € C*(Q)
{fompe,homp«}p- = {fompe0il,homp 0if}o (P +~tomp:)
— {forq.homq}o(Py+7tomp:)
=0.
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In the following we prove two properties about the bracket defined in 3.1: it is an
almost-Poisson bracket and the vector field X, is compatible with the dynamics, that
is the (almost) hamiltonian vector field associated to the restricted energy H. (Theorem
3.5).

Proposition 3.4. The affine bracket {-,-}. has the following properties
1. It is R-bilinear and skew-symmetric.
2. Leibniz rule is satisfied on each entry.
3. Jacobi identity holds if and only if the constraint distribution D is involutive.

4. The bracket in D* is affine, and it is linear if and only if dy*(X,Y) = 0, for all
X, Y e (D).

Proof. 1. and 2. follow directly from the bracket’s definition, ¢}, o P}, = Idp- and mp- =
mq o (Pp+ 7t o).

To prove 3., let Y, Z € I'(D), and Xyt = {-,Y}5. be the hamiltonian vector field
related to the function Y* € C°°(D*). Then, by Proposition 3.3 for every f,g € C*(Q)
we get

Xgo'n'D* (f o 7TD*) = 0;
Xye(fomp+)=-Y(f)omp-,
the second equation is equivalent to say that the vector fields Xy« and Y are wp«-related,

if Z € T'(D) this imply
Tﬂ'p* [Xye,XZe} = [K Z] O TTp=*.

Now we get

Xiye zey,. = X (Ppy,2)t+dy- (Y, Z)ompe
=X_(pPpv.z)t + Xayt (v, Z)ompe s
then X{YE,ZE}D* (f o 7TD*) = X—(PD[Y,Z])E (f ] ’ﬂ'p*) = 7PD [Y, Z] (f) O TTp=

Suppose Jacobi identity is satisfied, then X(ye 7oy . = [Y,Z] so [Xye, Xz] and
Pp [Y, Z] are mp«-related therefore [Y, Z] = Pp [Y, Z].

If D is involutive then [Y, Z] = Pp [Y, Z], which implies dy*([Y, Z]) = 0 using propo-
sition 3.3 Jacobi identity follows.

Finally, the statement of 4. means that if F, K € C°°(D*) are affine functions then
so its bracket {F, K}p. is. If F, K are affine functions then there exist vector fields
Y, Z € T(D) and functions f,k € C°>°(Q) such that F = Y*+ frp- and K = Z° + krp-,
using Proposition 3.3 and 1) we get

{(F.K}p. ={Y'+ forp-,Z' + komp-},.
= {Yevzz}p* + {Yz’k omp- }p. + {f OWD“ZE}D*
=—(Pp[Y,2)" +dv*(Y,Z) omp — Y (k) o mp- + Z(f) o mp-,

which is clearly an affine function. If dy*(Y,Z) = 0 for all Y, Z € I'(D) then the same
computation with f = k = 0 proves the assertion. O

The coordinate expressions for the functions (¢°, p,) are

{qzvq]}p* = Oa {qivpa}D* = Biaa

Wk (3.8)
{paapb}D* = 7Cabp0 - Cab’yaa
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and the bivector field IIp« related to the almost-Poisson bracket in coordinates is

0 9 1 0 8

Ip« = Bjg— A Cope + Chva

(3.9)
At last, we relate the equations of motion in D* and the hamiltonian vector field of
H..

Theorem 3.5. The equations of motion in D* (3.7) are (almost) hamiltonian with re-
spect to the almost-Poisson bracket in D* and hamiltonian function H.,

w(F)={F,Hc}p., VFeC>®D).

Proof. Use Proposition 3.2 and ®~! = P + 4= o mp-. Let ay € D} and §, € FL(D),
such that oy = ®(5,)

Xon(F)(aq) = (dF (aq), Xpp(aq))

= (dF(aq), Tp,ip X1 0, (Bq))

= ((Tp,ip)"dF (aq), X, ozD(ﬁq»

= ((Ts,ip)"d(F 0ip)(Bq), X1 o, (Bq))
(

= X013 (F 0ip) (@7 (a)).

Since X H.oiz s the hamiltonian vector field of the function H, o}, with respect to the
canonical bracket in T*(Q), we conclude

an(F)(@g) = X o, (F oip) (@7 (a))
— (o, Heoip}o (Ph+n+ omp-)(a)
= {Fv HC}’D* (0‘11)7

where last equality is given by Definition 3.1. O

Theorem 3.5 implies that equations of motion (3.7) in D* can be written in matrix
form ‘ -
‘f) _ ( 0 Biv ) DS (3.10)
(pa _Baj _C;bpc - Cgb’YQ %p;

3.4 Symmetries and reduction of the (affine) almost-
Poisson bracket

In Section 1.5, symmetries in nonholonomic systems are introduced. Along this Section
we use them to reduce to the quotient space the almost-Poisson structure defined in the
phase space D*.

Consider a nonholonomic system (Q, L, D) with a G-symmetry, and let ¥ : GxQ — Q
be its action on Q). Denote by

p:Q—Q=Q/G,

the quotient map, which is the projection of a G-principal bundle. This G-action extends
to T'Q by the tangent lift, TU and since D is G-invariant, the lifted action restricts to
D. Let TV, : T*Q — T™Q denote the dual action on T"(@), so we have the principal
bundle pr-q : T*Q — T*Q = T*Q/G. Using the invariance of D and L, and hence of
FL, we also get that D* C T*Q is G-invariant, then we can consider the principal bundle
pp+ : D* — D* = D*/G. Consequently the dynamical vector field X}, € X(D*) can
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be projected to the vector field X*, € X(D*), by means of the quotient map pp-. The
vector bundle morphisms ¢}, and Pj, are G-equivariant, since D and D* are G-invariant,
so they induce the following vector bundle morphisms

i T*Q — D*, Pj:D* - T*Q. (3.11)
Proposition 1.6 opens the path to define a reduced bracket in D*.

Definition 3.2. Let {-,-}5+ : C>°(D*) x C*°(D*) — C°°(D*) be the bracket in D*
defined as

{Fi, Fo}ge = {Fioi}y, Fy o%}mo (P75+’YTO7TD*), Fy, Fy € C=(D~).

On the other hand the nonholonomic bracket is G-invariant in the following sense, if
F1, Fy € C*°(D*) are G-invariant functions then so {Fy, Fb}p. is. We conclude

Corollary 3.6. The quotient map p : D* — D* is an almost Poisson bracket transfor-
mation, i.e.

{F1, Fa}pz0 pp- = {F10pp-, Fy0pp-}p., Fi,FeC>® (D). (3.12)

Proof. To prove this claim we use the fact that the quotient map pr+g : T°Q — T*Q is
a Poisson map (see Appendix B) and relations
preqo Pp = Phopp-, ipoprqg=ppoin, pregoy=7%0pq,
given by the equivariance of the morphisms i%, Pj; and the 1-form 1. By definitions
3.1 and 3.2 we get
{F1 0 pp+, Faopp+}p. ={F10pp- oip, Fyopp-oip}o(Pp+~"omp-)
= ({F1 o%,F2 O%}WOPT*Q) o (Pp ""YJ_ o T+ )
= ({Frofp, Feotp}ggo (Pp +7% o
= {I, F2}§ O PD+

)) © pp=

O

The bracket in D* inherits the following properties from those of the bracket in the
dual bundle D*

Proposition 3.7. The bracket {-, -}5+ has the following properties:
1. It is R-bilinear and skew-symmetric.
2. Leibniz rule is satisfied on each entry.

3. The bracket is fiberwise linear if and only if dy*-(X,Y) = 0, for all G-equivariant
vector fields X, Y € X(Q).

Proof. 1. is proved directly using Corollary 3.6 and Proposition 3.4. The computations
to prove 2. are analogous to those performed in Proposition 2.5, with the extra relation
ot — 0.

3. follows from the fact that there is a bijection between equivariant sections of D,

(D)%, and sections of Q — D, T'(D). Then dyH(X,Y) = dy-(X,Y) o pg and clearly
{-, -} is a linear bracket if and only if dy+ = 0. O
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The next proposition is a consequence of Corollary 3.6 and Proposition 3.3, it gives
expressions for the reduced bracket of fiberwise linear functions in D* and basic functions

on Q.
Proposition 3.8. Let X*,Y* € C*(D*) and f,h € C°>°(Q). Then

(XYY = -(Pp (X, Y) ' + dyH (X, Y) o, { X', fompeip=—X(f) o5,

{fowﬁ,howﬁ}ﬁzo.

To obtain a coordinate description of the reduced bracket we use adapted coordinates
(x%, 9" p) to the fibration pp- : D* — D*, that is pp-(z%,y% ps) = (2% ps). We
evaluate the coordinate functions z% and p,

{xd’mk}p* = Oa {xdapa}ﬁ = Bda;

. N (3.13)
{paapb}ﬁ = _Cabpc - Cab')/ou
Now we give an (almost) Poisson formulation for the reduced dynamics.
Theorem 3.9. 1. The constrained hamiltonian H. is G—invariant, so there exists

H. € C>®(D*) such that H. o pp~ = H.,.
2. The reduced dynamics in D* are given by
X5 (F)={F H.}5, FeC>D).

Proof. The constrained hamiltonian H. is G-invariant since L, FL. are G-invariant func-
tions, then there exists H, : D* — R such that H. = H. o pp~. Using Theorem 3.5,
Corollary 3.6, and the fact that the vector fields X, and X, are pp--related we get

3

X5y (F) o pp- = Xy, (F o pp-)
= {F o PD*,Hc}D*
= {FOPD’HEOPD*}D*
= {RE}WOPDM

for every F' € C°°(D*). Since the quotient map pp- is a surjective sumbersion we have
proven the statement. O

A consequence of Theorem 3.9 the dynamics in D* can be written in matrix form as
(”) _ ( 0 By ) 7 (3.14)
Da —Bak —Cope — CyYa %I;; . .

3.5 Symmetries and affine momenta

In this Section we generalize, in a sense to be defined, what is done in Section 2.5, to
this end we consider a family of nonholonomic systems (Q, L,,, D) parametrized by a real
parameter v € R, such that the lagrangian L, : TQ — R is defined as

Ly (vg) = Lo(vg + vN,),

where N € X(Q) is any vector field on @, and for v = 0 the lagrangian Ly is natural,
iie. Lo =T —V or1g. Observe that the lagrangian is of gyroscopic type except when
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v = 0, in such case we have a nonholonomic system with linear constraints and natural
lagrangian as in Chapter 2.

The procedure of generalization is the following: under the assumption that the non-
holonomic system (@, Lo, D) admits a first integral which is a momentum generated by a
vector field we show that under certain conditions such vector field properly deformed in
a way that it generates a first integral for every v = 0. To present a precise mathematical
statement we introduce the following notation.

o Denote by X, the nonholonomic vector field in D of (@, L,, D).

nh

o Denote by p?% : TQ) — R the momentum associated to a vector field Z on @) with
respect to the lagrangian L, : TQ — R.

Given Z € X(Q) such that CXohp% = 0, we look for a family of vector fields on @ Z,
such that Lx» py =0, pYy = py.
The generalization mentioned above goes as follows: let v, € T;Q) then

2
v 2
Ly(vg) = Lo(vq) + v{Ng, vg)g + > ||Nqu :

Observation 3.5.1. As noted before, L, contains a linear term in the velocities, to relate
such term with the previous notation we have

7" = (vhy(N))".

Consider the nonholonomic system (@, L,, D) and let Z € X(Q) be a vector field on
Q, then the momenta p% : TQ) — R generated by Z is defined as

p7(vg) = (FLy(vg), Z(q)) = (vg, Zg)g + V(Ng, Zg) g- (3.15)
Proposition 1.10 characterize this kind of functions restricted to D, indeed.

Corollary 3.10. Two vector fields Z1, Z2 on Q) define the same affine function, p,
p%2|D, on D, if and only if the following conditions are satisfied.

|-

Zy — Z, € T(DY), v(Z1,N)y = v(Z2,N),.

We now define in a more precise way what we mean by an extension of a momenta
generator Z € I'(D) for the system (Q, Lo, D).

Definition 3.3. Consider a given family of nonholonomic systems (@, L., D). Let Z €
(D), we say Z € X(Q) is an extension of Z if and only if the following two conditions
are satisfied

1. Z—Z T (DY),
2. p%lp = p}|p.

Since we want p”Z|D to be a first integral of (Q, L,, D), we can refine the choice of

Z by using Proposition 1.10. So we can consider Z € T'(D + L¢), where L¢ is the TQ
subbundle with fibers L&, = span{¢,} and ¢, is the orthogonal projection of N, onto
D+, with respect to the kinetic energy metric. Note that a section Z € (D + L&) can
be written as Z = Z + f£, where Z € I'(D) and f € C®(Q).

Our purpose to find an extension Z = Z + f€ of Z such that the function p% is
a first integral of X, translates on when the function f exists. In the general case
the existence of f is related to the existence and uniqueness of solutions of a suitable
differential equation. Denote by X%, X(D) the nonholonomic vector field of (Q, L, ,D)



3.5. SYMMETRIES AND AFFINE MOMENTA 37

and let Z € I'(D) be the horizontal generator of a first integral p%|p of X?,, then the
conditions on the existence of f are related to the existence and uniqueness of solutions
of the following equation

0= LXth%+f§‘D = 'CXth%|D + f'CXthg|D +pE|D'CXth

_ . 5 5 (3.16)

=Lxy pzlp +vfLxy, Ell, +vIEl, Lxy, .

We now study the existence and uniqueness of the function f for three particular
scenarios.

The following Proposition is in a sense a generalization of the Nonholonomic Noether
Theorem.

Proposition 3.11. Consider a given nonholonomic systems (Q, L,,D) and a vector
field Z € T(D). If ZT9 [Lo] = 0 and [Z, N] = 0, then p|p is a first integral of X*,. In
particular in this case f = 0.

Proof. By Proposition 1.9 we have that p%|p is a first integral of X2, and by the same
proposition we just need to see that ZT% [L,]|p = 0 for all v € R, and this is clearly true
since by hypothesis Z preserves the kinetic energy metric and (®Z)*(N) = N. Therefore

the 1-form b, (NN) and the basic function ||N ||§ are preserved by the flow of the vector
field Z. O

Observation 3.5.2. Let v € Q1(Q) and v* € C=(T'Q) be the associated linear function.
Let X € X(Q) and v, € T,Q then (Lx7)* = Lxrey’. Let Z be a given vector field on Q
such that ZT9 [L,] = 0 this implies £zreby(N)¢ = 0 and by the above observation the
1-form by(N) is invariant under the flow of Z.

In the next result one of the hypothesis is the vector field IV is in D, this implies that
the almost-Poisson structure associated to (@, L,, D) is in fact linear, and a first integral
of the system (Q, Lo, D) can be easily translated into a first integral when v # 0.

Proposition 3.12. Consider a given family of nonholonomic systems (Q, L,,D). Let
Z € I'(D), such that p%|p is a first integral of X%, and N € T(D). If [Z,N] = 0, then

Py|p is a first integral of XY, .

Proof. Proposition 1.9 and the hypothesis imply that Z preserves the kinetic energy
metric in D. And we just need to verify

Z" L) |p =0,
to see that the above assertion is true it is sufficient to prove
Lzbg(N)lp=0 and Lz [N =0.
Let vy € Dy then

d d

(Lzbg(N))g(vg) = at @tZ*bg(N)(vq) = it bg(]\/v)qqz(q)(Tq(btzvq)
t=0 t=0
d d
~u <N<I>tZ(q)7Tq(I>tZUq>g ~a <Tq¢tZNanqq)tZUq>g
t=0 t=0
d
=—| (Ngvg)e=0.
dt|,_, q:Yq)g
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And
2 d % 2 d 2
Lz NI, = t_O‘I’tZ INllg = = . [N, o ®f

d z z d z z

T <No¢t7No<I>t>g:% (T®FN, TPy N),

t=0 t=0

d

= — N,N),=0
dt t:0< ’ >g

O

For the following result we assume that all nonholonomic systems (@, L,, D) define
the same vector field, hence a first integral of (Q, Lo, D) is a first integral for all systems
with v # 0. We use this fact to retrieve the expressions in the case the first integral is a
gauge momenta.

Proposition 3.13. Consider a family of nonholonomic systems (Q,L,,D). Let Z €
I(D), such that p%|p is a first integral of X2,. If d(b4(N)) =0 and Lz ||N||§ =0 then

p”Z|D is a first integral of X}, where Z=207- (<]]\\[,§>>§

Proof. Assume the gyroscopic 1-form is closed, i.e. d(b4(N)) = 0, then the vector fields

defined by (@, L,, D) and (Q, Lo + ”2—2 HN||3 , D) are the same. By proposition 1.9 and by
hypothesis it is obvious that

AR {L +V—2||NH2} =0
0 9 g D* .

Then p%|p is a first integral of X%, and we just need to find the function f for which

Pl =Py elp
=plp +v(N, Z)y + [pelp + VN, E),
=l +v(N,Z)g + v f(N,&)g.

Then f = — <(]]\\f,’§>> does the trick.

3.5.1 Existence of first integrals coming from symmetry

Now we focus on a nonholonomic systems (@, L,, D) with a Lie group G acting on @,
moreover assume the action of is free and proper. For the next result we assume the
following conditions are satisfied

H1. Ly is G-invariant.

H2. D is G-invariant.

H3. N = (g, with ¢ € g.

H4. [N,ng] =0 for alln € g.
H5. Z e T(DNTOrbg).

H6. Z is G-equivariant.

H7. dim Q/G=L1.
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Conditions H1-H4 imply that (@, L,, D) is a G-symmetric nonholonomic system. Condi-
tions H3 and H4 say that  is in the center of the Lie algebra g, and by condition H6 we
have [Z, N] = 0. Finally, conditions H1-H2 imply the G-invariance of the distribution D+
and by H4 N is G-equivariant, then £ is also G-equivariant. If f : @ — R is a G-invariant
function, then the momentum p?%, ;. is an invariant function under the lifted action of
G on TQ. So the existence and uniqueness of the function f is related to solving an
ordinary differential equation obtained by H7 and (3.16), in the case H7 is not satisfied
then one must solve a partial differential equation.

Theorem 3.14. Consider a nonholonomic system (Q, L,,D) and a vector field Z on
Q. Suppose conditions H1-H7 hold and furthermore p%|p is a first integral of X2, , then
there exists a G-invariant function f € C*°(Q) such that p%+f£|p is a first integral of
XV,

Proof. We prove this result locally and then globalize it . In this scenario the quotient
map p: Q — Q/G is a surjective submersion so in a suitable charts U C @ and p(U) C
Q/G it can be thought as the projection (r,z) ~ r, furthermore we have C>=(U)¢ =
p*C>=(p(U)) and QYU)¢ = p*Q(p(U)); in other words G-invariant functions on U
just depend on the variable r and G-invariant 1-forms can be written as h(r)dr, where
h:U — R is G-invariant. Let f € C*°(Q) be G-invariant. Recall equation (3.16) that is

2 2
Lxv, 07 4pelp = Lxv, pzlp +vfLxy, IEll, +vIEll, Lxx, [.

Note that for any G-invariant function h € C*°(U) we have Lx» h(r)|p = h'(r)Lx» r|p.
The function [|€ ||!2] is G-invariant since the metric is G-invariant and £ is equivariant, hence

we rewrite ||£ ||§ as a(r). By construction we have the following identity
ACXZ’LT|D = ’I"‘D.

The only term left to analyze is L:thpé_i_fdp. Since p%|p is a first integral of X9,
7 € I'(D) and proposition 1.9 we have
Lxy, pzlp = ZT L) |p + (Ry|p, Z) = vZ9 [by(N)*] |p.

nh

Observation 3.5.2 gives

Z'% [bg(N)'] |p = L2bg (N’
Clearly Lzb4(N) is a G-invariant 1-form so locally (Lzby(N))(r,z) = b(r)dr for a certain
function b, in consequence Lzby(N)%(q,q) = b(r)i. Then

Lxv Pyyrelp =vLxy v (b(r) + a(r)f(r)+a(r)f'(r)).

Even though equation (3.16) is of intrinsic nature we need to relate the differential
equation EX;h,p12+f§|D in two coordinate charts (U, r) and (U, 7) of the base space Q/G,
and a diffeomorphism ¢ : U — U, r = ¢(7. The function f is globally defined, we have
f = f o ¢, the vector field ¢ is G—equivariant and the metric is G-invariant then the
restriction of H§||§ to both charts are related by @ = a o ¢, at last the 1-form Lzby(N) is

also G-invariant then the restrictions to U and U are related by the pull-back of ¢, that
is b(r)dr = ¢*(b(r)dr) = b(¢(7))¢'dF. Then
b(F) + &' (7) f(7) + a(7) [ (7) = &' (b(r) + o' (r) f (1) + a(r) f'(r)) o &,
therefore the differential equation is globally defined. The ordinary differential equation
b(r) + a'(r)f(r) + a(r)f'(r) = 0 is non degenerate if and only if £ is a non vanishing
vector field, i.e. a(r) # 0, this is a topological obstruction of Q.
O
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Chapter 4

Affine constrained systems
with a Noether Symmetry

In this Chapter we study a special kind of nonholonomic systems with affine constraints
and natural lagrangians: the ones that are endowed with a Noether symmetry (in [57] the
authors also consider a vector field with equivalent definition). In contrast to Chapters
2 and 3 we do not investigate the almost-hamiltonian nature but we do explore the
relations, induced by the Noether symmetry, with nonholonomic systems with linear
constrains and gyroscopic lagrangians. The material related to Noether symmetries is
based on [57] and on a work in progress in collaboration with J.C. Marrero, D. Martin
de Diego and L. Garcia-Naranjo.

The local expression of the equations of motion for nonholonomic systems with affine
constraints and natural lagrangian can be obtained in lifted coordinates (1.17) and qua-
sivelocities (1.23) by considering the 1-form v to be identically zero.

4.1 Time dependent diffeomorphisms

A key idea is to use the flow of a Noether symmetry to construct a time dependent
diffeomorphism and get an equivalent nonholonomic system with linear constraints. The
theory involved is somehow standard and it is very similar to the techniques used to
investigate non-autonomous ordinary differential equations, we refer the reader to [80, 32,
and for a detailed exposition on time-dependent nonholonomic systems see [43].

Let @ be a n dimensional smooth manifold and F : R x @ — @ a time dependent
diffeomorphism, that is for every time ¢t € R the function F; := F(t,-) : Q@ — Q is a
diffeomorphism. We extend F' to the product manifold

UV:RxQ —RxQ, V:=Idg x F},

where Idg is the identity function of R. Note that W is also a diffeomorphism. Moreover
we consider the tangent lift 70U of ¥

oF
TV : TR x TQ — TR x TQ7 T‘I’(Et,vq) = (Et,TqFt(’Uq) + E(Et,vq)) .

The restriction of TW to the submanifold R x {1} x T'Q, i.e. when ¢; = 1, is called the
1 — jet prolongation [43], of F}; and we denote it by A : R x TQ — R x TQ

OF,
At vg) = (t,TqFt(vq) + a—;) .

41
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Let prg : R x TQ — T'Q) denote the projection onto the second factor 7'C), the map

F:RxTQ —TQ, byF:=prgoA,

is a time dependent diffeomorphism that induces the diffeomorphism F, = EF(t,) :
TQ — TQ given by F, = TF, + &

4.2 Equivalence of affine constrained with natural la-
grangian and linear constrained with gyroscopic
lagrangian nonholonomic systems

Let (@, L, M) be a nonholonomic system with affine constraints, and L =T —V o 7g a

natural lagrangian. Using the same notation as in (1.11), we consider the lagrangian L
in lifted bundle coordinates (g, §)

L(g,d) = 5 Ala)d — V(a).

Recall that locally the affine distribution M = ¢ + D, where £ € I'(D+) C X(Q) is a
vector field on @ and D is a linear non-integrable distribution over Q.

Definition 4.1. Let N € X(Q) be a vector field on @ and ®Y : Q — Q the associated
flow at time t. The vector field IV is a Noether symmetry of the nonholonomic system
(Q, L, M), if the following conditions are satisfied

1. NeT'(M),
2. D is ®N-invariant, i.e. T,8) (D,) = Dgn () for all ¢ € Q,
3. NTQ(L) = 0 or equivalently L is invariant with respect to the tangent lift of ®}.

Remark 4.2.1. If N is a Noether symmetry, then by Proposition 1.6 the kinetic energy
metric g is also preserved by the tangent lift of ® | that is N is a Killing vector field for it.
This fact implies that D+ is also invariant under ®. As a consequence the vector field
¢ is equivariant with respect to the action induced by the flow, in other words [¢, N] = 0.

Let (@, L, M) be an affine constrained nonholonomic system with a Noether symme-
try, we aim to construct a nonholonomic system equivalent to (Q, L, M) for which the
constraint distribution is linear. In the following we use the same notation as in Section
4.1. Denote by F; := ®%, for all ¢ € R, the inverse of the Noether symmetry flow, then
F; induces the 1-jet prolongation

ARXTQ —RxTQ,

which is a diffeomorphism. Now, since the Noether symmetry N € I'(M) is a section of
M, let vy € M, so that vy = Ny + wg, with wy € Dy. Then

N
<t7 TN, (vy) + 8(};;((]))

(t, TN, (wy, + N,) — Nwt(q))
(t, TN, (w ) :

At vg) = (1R () +

(4.1)
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Note that T®Y,(w,) € D‘I’th('l) since the distribution D is invariant under the flow of IV,

therefore

A|RxM:RxM—>RxD,

and consequently .
Ft’ miM—D,
is a diffeomorphism for all ¢t € R.
Observation 4.2.1. We observe that by construction, for every v, € T,Q

Ft(”q) =TyFi(vg) — NE,(g)

which in general defines an affine bundle morphism.

We now define the function L := Lo F, . Since the lagrangian L is T F;-invariant we
get

L(vg) = L(T, Fi(vg) + Np,(q)) = L(vg + Ng)
1 9 (4.2)
= L(vq) + (Ng,vg)g + 5 HNquv

that ensures the function L to be time independent. In bundle coordinates (¢,q) we have

L4:d) = 50 Ala)d + N(@) - Al@)d + 5N () - A@)N () ~ V(a),

We can then consider the nonholonomic system with linear constraints and gyroscopic
lagrangian (@, L,D). To relate both systems (@, L, M) and (Q, L, D), we first define
the extended dynamics which are the nonholonomic vector fields associated to (R x
Q,L o prg,R x M) and (R x Q,L o prg,R x D). In symbols, the “extensions” are
related as follows: let XM € X(M) and X7, € X(D) be the nonholonomic vector fields
associated to (Q, L, M) and (Q, L, D) respectively. The vector fields XM € Z(R x M)
and NXE,TD € X(R x D) denote the extended vector fields associated to (@, L, M) and
(Q. L. D) ) ,

XE}?M:X%‘F@a X§§D2X5h+§~
Proposition 4.1. The extended dynamics of (Q,L, M) and (Q,L,D) are equivalent,
that is they are related by the 1-jet prolongation, A, of the diffeomorphism Fy, i.e.
0 0
Aslrxm (Xf?ﬁ + *) =X+ 7,
ot
Moreover we have
A*’RXM<X7JL\2) = X, + NTQ‘]RX”D'
Proof. The first claim of the proof follows from Observation 1.2.1 considering the non-
holonomic systems (R x Q, L o prg,R x M) and (R x Q, L o prg,R x D), where prq :
R x TQ — TQ is the fiber projection, and the diffeomorphism relating both systems is

A‘RXM'

N
To prove the second relation note that BT(;I;" = —NT® then from equation (4.1) and

we get

P
Al snt (5) = o — N7

Using the linearity property of the derivative and the first part of this Proposition we
conclude
M D T
A*|R><M(X”h) =Xan + N Q|]R><’D’
O

I The “extensions” are the same as in the non-autonomous case of ordinary differential equations [32]
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4.2.1 Moving energy

An important consequence of Proposition 4.1 is the construction of the so called mowv-
ing energy first introduced in [57] and, then the concept was generalized in [51]. To
motivate the definition of moving energy we first introduce the concept of kinemati-
cally interpretable moving energy, and afterwards present the general definition with a
characterization on when it is a first integral.

Definition 4.2. Let (@, L, M) be a nonholonomic systems with affine constraints, natu-
ral lagrangian and Noether symmetry N. The kinematically interpretable moving energy
Er n : M — R of the nonholonomic system is the function

EL,N = Ei e} Ft|/\/l
Where E; is the lagrangian energy of L.

We observe that the moving energy is time independent, i.e. Ej oFt|M =FE; oFy |5
for all ¢, € R. To see this first note that E; =T +Vorg— 1 ||NH£27 o1 and recall that
the kinetic energy metric g and the potential energy V' are invariant with respect to the
flow ®. Let v, € M, then

Epn(vg) =T(vg) +V(g) — bg(N)e(Uq)
=T(vq) — (Ng,vq)g + V(q)
= EL('Uq) - pN(Uq)-
Since for a linear constrained nonholonomic system the lagrangian energy is always

preserved we can use the equivalence of the vector fields X Tf;ﬁ and Xr?h to get the following
result.

Theorem 4.2. [57] The moving energy Er N is a first integral of the nonholonomic
vector field X\

Proof. The lagrangian energy restricted to D, Ej p is a first integral of XD | since
(Q,i,D) is a nonholonomic system with linear constraints, then because it is time-
independent, its trivial extension to R x D, is also a first integral of X, + %, therefore
by Proposition 4.1 the function A* |RxM(Ei,D)7 because it is time-independent, is a first

integral of XM. In symbols it is easily proven using the Lie derivative, on one hand

OEip . (0
Lxp+oErp=Lxn Brp+ —5—dt (a)

= ['X};L EE,D
pu— 0,
and on the other hand

0=Ap o (£xm 42 B p)

*

XD +%)(A*‘RX9(EE,D))

lRX’D( nh

=Lym, o F
th,"’ﬁ LN

- ()
—»CX%EL,N'i‘ ot dt ot

= ‘CijwvhlEL’N.
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For the generalization of the kinematically interpretable moving energy we consider
a nonholonomic system (@, L, M) with affine contraints, M =Y + D, and gyroscopic
lagrangian. Given a vector field Z on @) define

EL,Z = EprleQ—)R.

Definition 4.3. A function f: M — R is a moving energy of the system (Q, L, M) if
there exists a vector field Z € X(Q) such that f = ELZ‘M-

The next characterization is not exhaustive, in the sense there could exist vector
fields Z for which EL,Z’M is a first integral of (Q, L, M), but not satisfying the other
conditions.

Proposition 4.3. [51] Any two of the following statements imply the third.
1. Z-Y €T'(R°).
2. ZTQ L] |pm = 0.
3. ELZ’M is a first integral of (Q, L, M).

Proof. We perform the prove in coordinates, it is elementary and similar to that of
Proposition 1.9. By Proposition 1.3 we have

d
L Elu=R-Y
gt Frim

On the other side Proposition 1.9 implies

d
apzw =Z"Q L]+ R-Z.

Combining both equations

d
—E =R-(Y-2)-2ZT9[L].
SELz] = R (Y = 2) = 2791

And the result follows. O

4.3 Gauge momenta relations in the presence of a
Noether symmetry

The next result relates the momentum of a vector field Z on ) in both nonholonomic
systems (@, L, M) and (Q, L, D), when they are related by a Noether symmetry.

Theorem 4.4. Let Z € X(Q) be a vector field on Q such that [Z, N] = 0. The momentum
pZ}M s a first integral of XT/L\,’L1 if and only ifﬁZ|D is a first integral of th. Where

pz(vg) = (FL(vq), Zy), Pz(vg) = (FL(vq), Zg)-
In order to prove the Theorem 4.4 we first prove some properties which are helpful.

Proposition 4.5. Let Z € X(Q) be a vector field on Q, such that [Z,N] = 0. Then
bz = Ft*ﬁZ-



46 CHAPTER 4. AFFINE CONSTRAINED SYSTEMS

Proof. Let vy € T,Q, F’t(vq) = Ty Fy(vq) — Np,(q)- Then

Pz © Ft(vq) = ﬁZ(TqFt(Uq) - NFt(q))
= (T4Fi(vq) = Nr,(q), ZF.(9))g T (NFi(a)) ZFi(9)) g
= (T4 Fi(vq), Ty Fi(Zg)) g
= pZ(Uq)~
Where we used (F}).Z = Z.
O

As a consequence the momenta pz and Pz associated to tpe vector field Z restricted
to M and D respectively are related by the diffeomorphism F3, i.e.

pz|/\/1 = Ft|j\,(ﬁz|p~

Moreover if [N, Z] = 0 and pZ‘M is a first integral of X/, then we show that the
Lie derivative is zero ENTQ|D]52|D = 0. This claim is true because the tangent lift N7¢

is tangent to D, so it makes sense to consider the restriction N TQ| - Now we prove the
following general result.

Proposition 4.6. Let H € C™(T'Q) be a smooth function on TQ and X,Y € X(Q) be
two commuting vector fields on @, i.e. [X,Y] = 0. If Lyre [H] = 0, then the function
pi: TQ — R defined as pi(v,) = (FH(v,), X,) is a first integral of YT9.

Proof. Tt suffices to prove that pfl is T®) -invariant for all ¢ and then we apply the
definition of Lie derivative. Let vy € T,Q then

d

P o TdY (vg) = H (T} (vg) + tXpy (o))

t=0

H (T®) (vg) + 1T} (X))
t=0

dt
d
dt
d Y

ol A (T®] (v +1Xy))
d

t
:pg Vq)-

Where we used the fiberwise linearity of T®} and the T®} -invariance of H, which
is given in the hypothesis.

O

We are now ready to prove Theorem 4.4.

Proof of Theorem 4.4. We just do one implication the other one is proven in the same
fashion.

Suppose ple is a first integral of Xf;LM, in symbols it is in;ljvl (pZ|M) = 0. Then
0= (il (Exzt2)
= L5y x5 (el )= (2] 1)
1
:L:X,f;LD+NTQ|D(pZ|M OFt ‘M)
- ﬁxff (Pz|p) + Lrely (bz]p)

= ﬁXf,’LD (ﬁZ "D)
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O

Observation 4.3.1. Using Theorem 4.4 we can recover the results of Section 3.5 in terms
of nonholonomic systems with affine constraints and natural lagrangian.
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Chapter 5

Ball rolling without slipping on
a turning surface of revolution

5.1 Introduction to the system

In this Chapter we analyze the system of a homogeneous ball that rolls without slipping
in a rotating surface of revolution.

The system consist on three parts, first we use the kinematics on the Lie group
SO(3) to represent the attitude of the ball, and since we deal with a symmetric and
homogeneous ball we may only use the angular velocity of the ball . Second, the ball’s
movement along the surface is given by its center of mass coordinates. And third, the
nonholonomic constraint is the rolling without slipping condition.

We make the following assumptions on the physical properties of the ball, we assume
that the ball has unitary mass m = 1, and radius r = 1, that do not change the qualitative
behavior of the system but simplify the computations.

The surface of revolution in which the ball’s center of mass is constrained to move
along is parametrized by a function f : R — R. Without loss of generality we assume
f(0) =0, then the surface is given by

R? 5 R, (z,9) — (z,y, (/22 + y?)).

Note that the function f just depends on the radius, then the position of the center of
mass in polar is given by (r, 8) — (r, 8, f(r)). To investigate the dynamics we use polar
coordinates since they are better suited to put in evidence the symmetry of the system.
As usual, the relation between cartesian and polar coordinates is given by

x=rcosfB, y=rsinf, r>0,5€l0,2m). (5.1)

5.1.1 Rigid body dynamics

The system is formed by a homogeneous ball moving along a surface of revolution under
the action of gravity and of nonholonomic constraints. To represent the orientation of the
ball we first consider two orthonormal coordinate frames: an inertial frame {e1, e, e3}
and a body frame {E1, Es, E5} rigidly attached to the ball and that rotates with it. The
orientation of the rigid body at time ¢ is given by the attitude matrix R(t) € SO(3),
which is precisely the change of basis matrix between the inertial and body frames.
The angular velocity vector with respect to the inertial frame {e1, ez, e3} is denoted by

IEuler equations for the rigid body [84].

49
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w = (wg,wy,w;) € R® and Q = (9,,9,,9.) € R? denotes the one with respect to
the body frame {Ej, F, E5}. The coordinate representations of the angular velocity w
and 2 respectively correspond to the right and left trivialisations of the velocity vector
R € TrSO(3), namely [84]:

O=R'R, &=RR',
where ~: R® — 50(3) is the well known hat isomorphism, to each vector v € R3

associates the skew-symmetric matrix © € s0(3), characterized by the following condition
u = v x u, for all u € R3, ‘x’ denotes the standard vector product in R3. In coordinates

0 —U3 (%)
v = (v,v9,v3) > 0= wvs 0 —u
—vy U1 0

The angular velocity vectors in space and body representations are related by w = RS2.
In matrix notation & = ROR ' = Adg-1(Q2), with Ad : SO(3) — GL(s0(3)) the adjoint
representation of the Lie group SO(3).

We use the inertia tensor I in body coordinates to obtain an isomorphism between
50(3) and its dual s0*(3), the angular momentum vector is then expressed in the body
frame as M = IQ € R?, where the inertia tensor I is a 3 x 3 symmetric, positive
definite matrix, which encodes the mass distribution of the body. In our case (the ball is
homogeneous of mass and radius equal to 1) the inertia tensor [ is a diagonal matrix with
moment of inertia k = % The “rotational” kinetic energy of the ball is %M Q= %IQ -Q,
where ¢ denotes the standard scalar product in R?. For more details on the subject we

refer the reader to [4, 84].

5.1.2 Quasivelocities

The configuration space is Q = SO(3) x R?, endowed with local coordinates (¢, 8, %, r, 3),
where (r,3) € R>? x [0,27) are polar coordinates and 0 < ¢,9 < 27,0 < § < 7 are
Euler angles in accordance with the x-convention (see e.g. [84]). We parametrize a
matrix R € SO(3) as

cos 1 cosp —cosfsinpsinyg —siny cosp —cosfsinpcosy  sinfsinp

R = cosysinp + cosfcospsiny —sinysing + cosfcospcosyy —sinfcosep |,
sin € sin v sin 6 cos ¢ cos
(5.2)
According to this convention the angular velocity in space coordinates w reads:
0 cos ¢ + ) sin @ sin 6
w=| Osing—1cospsingd |. (5.3)
@+ 1) cos O

The matrix B : Q — GL( to pass from velocities to quasivelocities v = B(q)q is

singp —sinfcosy O

B = 0 cosf 0
0 0 1
0

R™)
0 cosp sinfsing 0 0
0
1
0
0 0 0

_— o o o

To obtain an explicit expression of the inertial frame {61, €2, €3, %, %} in terms of the

frame induced by the coordinates we need to consider the inverse matrix B~!.
The quasivelocities just introduced in TQ we denote them as (q,v), where ¢ =

(¢,0,4,7,B) and v = (w,7, B).
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5.1.3 Lagrangian

The lagrangian of the system is of natural type, meaning that it is kinetic minus potential
energy. Due to the nature of the system we can split the kinetic energy into two parts,
one is related to the rotation of the ball and the other with the velocity of its center of
mass. As we already noted the rotational kinetic energy of the ball is gw -w. And the
kinetic energy related to the center’s of mass velocity is

1 ) ) ) )
3 (r cos B — rf@sin B, 7sin B + rfBcos 3, %f’(r)) . (r cos B — rf@sin B, 7sin 8 + rfBcos 3, ff’(r)) .
Then the total kinetic energy of the system is equal to T(q,v) = Sw-w+ 3 (#% + r2(2) +
£f'(r)%?, and the associated kinetic energy matrix in quasivelocities is

k0 0 0 0
ok o 0 0
A== o0 0 & 0 0
2V 0 0 0 14702 0
00 0 0 r2

The potential energy V of the system is given by the weight applicated to the ball’s
center of mass, V(r) = gf(r), where g is the constant of gravity. The lagrangian of the
system is then the smooth function Lg : T'(QQ — R defined by

Lo(a:0) = T(g,0) ~ V(@) = 5 (6 42+ )+ S(FX0)2 425 — gf (), (5.0

where F2(r) =1+ f'(r)?.

5.1.4 Nonholonomic Constraints

The nonholonomic constraint considered for this system is the rolling without slipping
condition. Let P be the point in space representing the ball’s center of mass, vp its
velocity and IV the outwards normal vector to the surface. The non slipping condition
writes as

vp+wXxN—Qe, x (N+ P)=0. (5.5)

Figure 5.1: Cross section

Remark 5.1.1. Notation disclaimer, from here to the end of the Chapter we use the
symbol ) to represent the angular velocity of the surface of revolution. It should not
give place to confusion since the angular velocity of the ball in body representation is
not used again.
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In polar coordinates and spatial angular velocity we have, P = (r cos 3,7 sin 3, f(r)),
vp = d P, N = (F cos 3, L sin B, 5 1), e. = (0,0,1), and then the constraint condition
(5.5) reads

Wy f f,

—= — _in Bw, + cos B — rsin B + Qsin B =0,
F F F
. | o (56)
Fx + fcosﬁwz + sin 87 + rcos 5 — Q cos 3 (r+ f) =0.

The constraint functions are defined as
! /
Fi(gv) = 22 + L cos Buw, +sin 7 +1rcos BB, s1(r, B) = —Qcos B (7“+ L) )
F F F (5.7)

fa(q,v) = —% — fbm,é’wz + cos B — rsin B,  sa(r, ) = Qsin 3 (7“ + fl)

And allow us to define the 8-dimensional constraint submanifolds M and D of T'Q
= (f1 +51)71(0) N (f2 + 52)7(0),
D= f71(0)N f51(0).

As stated in Section 1.1, constraints linear in the velocities can be rephrased in terms
of 1-forms over @, so in Euler angles we can rewrite the linear part of the constraints as

ffl cos Bde + <& ¢d0 + 1 - (sinsin ¢ + f' cos 0 cos 8) dip + sin Bdr + 7 cos BB,
_i sin Bdop — 22 ¢d0 + % (sin @ cos ¢ — f' cos Osin B) dip + cos Bdr — rsin BdS. o
We define the following vector fields on Q
X, = Fa% - ]Naﬁ
Xo = (~1+ fcottsin(3 - 6)) £ + ' cos(3 — 6) 3~ f cscesmw Oz (59
X3 = Fcot f cos(8 — ¢)7¢ — Fsin(8 — ¢)7 — Fesccos(f — ¢) - 55+ 6‘9

by direct computation we can see that X;, X5, X3 form a frame for D. Aided by the
kinetic energy metric we construct the following frame for the orthogonal complement
DL of D

X, = L (f’ + cot §sin(8 — ¢)) % +— cos(ﬁ (b) — csc@sm(ﬁ (b) 90 ;ﬂ
X5 = —%cot@cos(ﬁ (b)aTﬁ + Esm(ﬁ — qb)% %cse@cos(ﬁ ¢)% + %
(5.10)

Using the constraint 1-forms (5.8) it is straight forward to verify that the vector field
¢ € X(Q) such that M, = &, + D, and £ € T'(D4) is

€= Qu (1+7;7%) Xy, (5.11)

where the constant p = kiﬂ = %

In matrix notation, the matrices S(q) and s(q) are

[+ 0 f—/cosﬁ sinf  rcosf B —QCOSﬁ<T—|—%>
S(r,ﬁ)—<F | R . ) s(r,ﬁ)_<QSinﬁ<r+§> |

0 —% —Fsinf cosf —rsinf
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5.1.5 Symmetries

The system has two kinds of symmetries, one comes from the ball’s homogeneity and
the other from the rotational symmetry of the surface. In mathematical terms these
symmetries are described by an action of the Lie group G = SO(3) x SO(2) on Q =
SO(3) x R? defined as follows. Let (K, H) € G and (R, p) € Q then

(K,H)- (R,p) = (HRK, Hp),

where

7150(2) = SO(3),

is the inclusion given by the rotation around the z-axis. In matrix notation

; H 02><1)
= ( ,
01><2 1

with 02x1 € Mayx1(R) and 01x2 € M1x2(R) are the zero matrices, and

B (cos Q —sin Q)

sin€)  cos()

Using the matrix representation (5.2) and polar coordinate relations (5.1) we get that
the action of SO(2) on @ written in coordinates is

(¢)07¢7r7/8) H (¢+Q79’w’lr’ﬁ+9)' (5'12)
The infinitesimal generators of this action are
0 0 0 0
Q _ ; il v v Q_ Y
& —COSHSlnw8¢+COS¢80 cot6‘8¢7 &y a0
(5.13)
fQ—csc&coswg—sinq/;g—cot@combi fQ—Qz—FQi
2 d¢ 90 o’ Y09 0B

The vector fields QQ on @, i = 1,2,3 are the infinitesimal generators of the SO(3) action
and £ is associated to the SO(2) action.

Proposition 5.1. The vector fields {X;}?_, are equivariant with respect to the action
of the group G.

Proof. 1t is sufficient to prove
[X:,69] =0, i=1,2,3,4,5,a=1,2,3,4.

This can be seen directly by doing the computations. We used mathematica for such
end.
O

The following Corollary is a direct implication of the above result
Corollary 5.2. The distribution D is G-invariant.

Observation 5.1.1. Note that X1, X9, X4 € T'(TOrbg), in fact X7, Xo generate DNTOrbg
and X, generates D+ N TOrbg. Even more, ¢ is the orthogonal projection of §4Q onto
D+ and is equivariant.
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The action of G on SO(3) comes from a linear action, so the lifted action of G on
TS0(3) is ) . .
(K,H)- (R,R) = (HRK, HRK),

the action of G translates to the Lie algebra so(3) as
W Adgw,
and equivalently we get R
wr— Huw.
Therefore the action of G on T'Q in quasivelocities writes
(6,0, 9,7, B.ws, wy, Wz, 7, 5)
= (04 Q,0,9,7, 84+ Q,wy cos Q — w,y sin Q, w, sinQ+wycosQ7wz,f,B).

Using the above coordinate representation of the action we see, by direct computation,
that the lagrangian Lg (5.4) is G-invariant.

Remark 5.1.2. The infinitesimal generator ff is a Noether symmetry of the nonholonomic

system (Q, L, M).
We just proved the following result

Proposition 5.3. The nonholonomic system (Q, Lo, M) is G-symmetric. Hence the
vector field X5} on M is G-invariant.

5.1.6 Equations of motion

To compute the equations of motion we follow the treatment developed in Section 1.4.
We use (g,v) as coordinates on T'Q), where ¢ = (¢,0,v,r,3) and v = (wz,wy,wz,f,ﬂ),
and the quasivelocities expression of Ly, A, S and s are given in the previous subsections.
Then the equations of motion of the system are

i=B",
i "f" 14 pf" !
R L L FRs I
. ) /J:f f//) f// < f‘// f f/l))
= — Q —_—
p T( (7’+ B Wt +7"F+ F? ’ (5.14)
1— 2.p0 /
wz:*(F2) <ffﬂ+ff” f(F2Jr ff/,Jrf//F))
wy = —f' cosBw, — FsinBr — rF cosBf + QcosB (rF + f),
= —f'sinfw, + F cosfr — rFsinff + Qsing (rF + f'),
where u = kT-l and v = W Note that in our case pu = %, because the ball is homoge-

neous.
We denote by X£ € X(M) the vector field defined by the equations of motion (5.14).

5.1.7 Moving Energy

The moving energy Er,y : M — R associated to the Noether symmetry ¥ = ff is the
restriction to M of the function £ : TQ — R :

E—T—l—VOTQ—b( )Z

E(q,v) = Lpoee g r2,82+ k(w +wl+w?)+gf — QB+ kw.).

2
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For more details on the construction of the moving energy see Subsection 4.2.1.
Its restriction to M is

1 1 . 1 .
Eroy =5k + 1)F%i2 + 57~2(1 + kF?) 5% 4 §I<:F2w§ + krf'FBw,
: 1
—Q(r k2 4 kf'F)B — Qk(F® 4 rf Flws + 5%k (rF? + f'(f + 2rF))
+9f,

where we used (5.6) for explicit expressions of w, and w, as functions of (r, 3,7, B7wz),
and observed that w? + wi doesn’t depend on S.

Proposition 4.3 imply that the moving energy Er,y is a constant of motion of the
nonholonomic system (@, Lo, M).

5.2 Invariant Polynomials and Routh integrals

Along this Section we use polar coordinates and angular velocity to define the invariant
polynomials, we use them to compute Routh integrals. The SO(2) action over @ =
SO(3)xR? is free, proper and linear, nevertheless since the action of SO(2) on R? is linear,
then it is not free. To avoid dealing with singular reduction we do not consider any motion
of the vector field X} on M passing through the vertex of the surface of revolution,
in other words we restrict the action to SO(3) x R?\ {0,0}. We proceed as follows,
the action of SO(3) on @ is free and proper in both factors, and since the constraint
manifold M is G—invariant then we can consider the quotient manifold M5 := M /SO(3)
which is smooth. Consider coordinates (r,ﬁ,wz,f“,B) in Ms. A set of SO(2)-invariant
polynomials on this variables is

2 4 232 r2 . )
Po=—7(—— P1=75, P2=T7, p3 =10,

, (5.15)
pr=w-N=—rfB—Fu,+Qf (r+ff),

where N is the normal vector to the surface. Then the quotient manifold M5/SO(2)
can be represented as the semi-algebraic variety

My = {(po,p1,p2.p3,p1) € R® : dpop1 = p3 + p3, po, p1 > 0}

and we may restrict the analysis to

My = {(po, p1,p2.p3,p4) € R’ : dpop1 = pj + p3, po, p1 > 0}

For a discussion about invariant polynomials and singular reduction of nonholonomic
systems, i.e. when the Lie group action is proper but not free, see [11].

We use invariant polynomials to compute the so called Routh first integrals in a
constructive manner, and then analyze the system restricted to the levels sets of the first
integrals. First we rewrite the equations of motion in terms of invariant polynomials. To
this end we introduce the smooth function

U:R— R,
such that ¥(p;) = f(r) see [52] for details. Observe that the following relations hold

P =V2p¥ (p1),  f'(r) =¥ (p1) + 2p1 V" (p1),
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then the equations of motion for invariant polynomials write

po = paF? (V" psps — 7V’ = 20" — W'W"p3) + Qu (V72 + FU") py)
D1 = P2,
P2 = F? (2po — 2v¥'p1 — p¥'papy — 20"V p1p3) — Qu (1 + V' F) F?ps,  (5.16)
P3 = p2 (Gaps + Qg3) ,
Pa = p2 (Gaps + Qg4) ,
_ 1 _ 2 _ T2 (g3
where F = Vi G = 2 (U + 2p, "), Gy = F2 (W73 — 0"),
g3 =p (1+ (U +2p1U") F3), gy = F2 (1 + FV) (V' + 2p 7).
The moving energy (5.1.7) in M5 written in terms of invariant polynomials reads

\1112

E= 5w+

%pﬁ +po + Q (uFps — p3) + Lpupy (1 — F2U?) + 40 (5.17)

5.2.1 Routh integrals

We here follow the approach and construction of the Routh integrals given in [41]. There
one can find proofs about functional independence between the two Routh integrals and
the moving energy. As we already anticipated, Routh integrals are two first integrals
of the system, they arise as solutions of the following system of ordinary differential
equations

P3 = p2 (Gsps + Qg3) ,

5.18
Ps = p2 (Gaps + Qga) . (5.18)

Thanks to the equation p; = ps we can perform a change of variables and time
reparametrization on (5.18), and then consider the linear, non-autonomous and non-
homogeneous system of differential equations

v =Gu+g (5.19)

where u = u(p1), here the ’7* symbol denotes derivative with respect to p; and

0 Gs g3
g = ( ) and = ( .
G4 0 g g4
To solve this differential equation we use the variation of parameters method [32]. Let
U be a fundamental matrix solution, at zero, of

U =gu

and u an integral curve of (5.19) such that «(0) = (0,0) then define the function

I () et ((2) ).

J1 and Jo are the so called Routh integrals. A straightforward computation shows that
these functions are first integrals of (5.16).

To obtain dynamical results of the nonholonomic system (Q, L, M) we analyze the
vector field in My restricted to the level sets of the Routh integrals J = (J1, J2), where
we can express the variables ps, psy as functions of p; and of the value of J. Even more,
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the moving energy (5.17) restricted to the level sets J~1(j1, o) plays the role of a nat-
ural lagrangian of a second order differential equation (this fact can be shown by direct
computation). Denote by &; := €| -1(;), j € R?, and write £ = T — V; with

1

T(php?) 4 J—_-Q p27

(5.21)
Vi(p1) = 5194 + Ep% + Q (uFps — ps) + Lupy (1 — F2U?) + 4,
where p3 and ps are thought as functions of (p1, j1,j2) and the function V; is called the
effective potential.

5.3 First integrals coming from horizontal gauge mo-
menta of the static case () = 0.

It is known that in the static case, 2 = 0, the system admits two horizontal gauge
momenta [103, 70, 19, 52, 58]. Here we prove that their generators can be extended
to obtain two first integrals also when the surface is uniformly rotating. To do this we
use an algorithm to produce a first integral and then we compare them with the Routh
integrals obtained above.

First we consider a vector field Z = hy(r)X; + ho(r)Xs + hs(r)€ on @, where
hi,he, hs € C*(Q) are smooth G-invariant functions, and consider the associated linear
function pz|,, restricted to M. Recall that X1(q), X2(q) € Dy T,O0rbG, Vg € Q. We
now search for conditions on the functions h1, hg, h3 such that

»CXQ pZ'M—O

nh

recall X'} is the vector field on M of the nonholonomic system (@, Lo, M). To simplify
the computations we introduce the following variables

@y = oS fwy — sin Suwy, @y = sin fw, + cos Bwy. (5.22)

In this variables the constraints can re-write as

. W : Oy flws f
r= -2 5:—ﬁ— T +Q<1+—) (5.23)

The following Theorem is a consequence of Theorem 3.14, this fact is elucidated in
Subsection 5.4.2, nevertheless we present a constructive proof which is useful as a possible
algorithm to compute first integrals.

Theorem 5.4. The nonholonomic system (Q, Lo, M) has two functionally independent
G-invariant gauge momenta.

Proof. Let Z = hi(r)X1 + ha(r) X2 + hg(r)§ then the function pz|,, : M — R in
quasivelocities is written as

Pl () = (1o + 22 ) ((% bF) ks ) w. — g (r+ L)

+ MQ2h3 (
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To compute the Lie derivative £ X2, pz|p in such coordinates first note

Wy
(k+1)rFs

Wy =

((rf f" = (k+ D)FY o, — (k+ D) fF*+rf") w.

+Q (rf" +rF*+ (k+ 1)F'(f +rF))],
f'ay

m [f/f//d)z . fllwz "FQ(fN +F3)] .

W, =
Then

d Gy
dthM_rF2

[rf' (B + kER) + (rf” = f)(ha + kFh)]

Wy

S [r(kF? 4+ f?)hy — krFRhy + f'(k+ 1)rf" — f)Yhy — kF f”hs]

T Gy rd PR+ (7 — s+ RE D)

2 !
Qégflgw@JFvF+fWé+2@ﬂ+f”%h

+

(5.25)

since we want to impose the condition % pz| = 0, we solve the system for the quadratic
terms in the velocities. This leads to solve the following system of ordinary differential
equations for hq, ho

[(Gy = krf? f")h1 + kFGshs]
(5.26)
[Gohy + F(kGy —rf? f")hs] .

Where Gy = F2(f' —rf") and Gy = f'F? —rf". It is a non autonomous linear ordinary
differential equations so it has two independent solutions, each of such solutions give
place to the differential equation for hs

1
Ky = “GEGETT) [FGohy + F?(kf'F? +rf")he +2Qr(F* + f")hs],  (5.27)

this is a linear non homogeneous, non autonomous differential equation so it always has a
solution. Each solutions give place to an equivariant vector field Z so the linear function
generated by it is G—invariant, and by construction the restriction of py to M is a first
integral.

O

Observation 5.3.1. To characterize when the vector field Z is a D or R? gauge symmetry
we note the following. If the function hg is not identically zero then by construction
Z ¢ T(D), but in the case where h3 || ||§ is a constant function then we can consider
Z = hiX; + haX, as the generator and obviously the gauge momenta generated by
Z is still a first integral and it is functionally dependent to pz|m, we encounter this
situation in Section 5.6. Now, to see under which conditions Z € TI'(R°) we have the
following alternatives: on one hand if h3¢ € T'(RY) clearly Z € T'(RY), on the other hand
if ZTQ(LO)’M = 0 we use Proposition 1.9 to obtain that Z is a R°—gauge symmetry.

Theorem 5.5. The two Routh integrals and the two gauge momenta obtained in Theorem
5.4 are pairwise functionally dependent.
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Proof. Consider the constraint space M, recall that dim M = 8. Then dim M/G = 4,
where G = SO(3)xSO(2). Furthermore, the moving energy Er,, y is G-invariant then the
nonholonomic system can only posses two more functionally independent first integrals
(because it is a non-zero vector field), therefore it must happen that Routh integrals are
a functional combination of the first integrals found in Theorem 5.4. O

5.4 Equivalent gyroscopic system

This Section is devoted to exemplify the theory developed in Chapters 3 and 4. Along
this Section use the notation and elements introduced in the current Chapter.

5.4.1 Equivalence using the Noether symmetry

We use the Noether symmetry ¥V = QQ (see Remark 5.1.2) of the nonholonomic system
(Q, Lo, M) to linearize the system as presented in Section 4.2. We use quasi-velocities
(q,v), ¢ = (¢,0,0,7,8), v = (wx,wy,wz,f’,ﬁ') defined in (5.3). The lagrangian Lg is
defined in (5.4) and the constraint manifold M in (5.6).

The flow ®Y : Q — Q of the vector field Y = Qa% + Q% on Q in coordinates

(¢’ 97 w7 T7 /8) reads
¢z/(¢’971/]7r7/3) = (¢+tQ797¢7T75+tQ)'

Therefore the 1-jet prolongation A : R x TQ — R x TQ of the function F; = ®Y, in
quasivelocities has the expression

A(tﬂ (¢»97¢»7E ﬂ)7 (wx:wy7w27/ﬁ76)) = (t, (¢—tQ,9,¢,T,5—tQ), (wszy7wz_ﬂarf.vﬁ._9))

and
Ft(¢707¢7r767wxawyaw27’ﬁaﬂ.) = (d) - tQaaawaTw@ - tQawxawvaz - Q77Laﬂ. - Q)

Then the lagrangian Lo = 13‘;1 o Ly of the nonholonomic system (@, L, D) writes as

F2 2, k . QQ
Lo(g,v) = Q(T)H + %52 5 (Wi +wy wl) + O (kwe +128) + o (B4 r7) = gf ().
(5.28)
Constraint equations (5.6) using F} translate to
!
f% — %sinﬁwz + cos B — rsin B3 = 0,
(5.29)

/
% + Fcosﬂwz + sin 7 4 r cos B8 = 0.

The matrix S, such that D, = ker Sy, in this coordinates is

O Hl=

S(r, B) = < 0 ff/cosﬁ sinf rcospf )

’
—% —f?sinb’ cosf —rsinf.

Using Proposition 1.4 we get the equations of motion of the nonholonomic system



60 CHAPTER 5. BALL ROLLING ON A SURFACE

(@, Lo, D)

g=B""v,

per( (Gt )i e *%@*u))’
b U (5 S ap),

wy = —f' cospw, — FsinBr — rF cosff,
= —f'sinfw, + F cosfri — rF sin3f,
(5.30)
where p = + and v = 45 +1 Denote by X Z’h the vector field defined by equations (5.30).
The tangent lift of YV is
0
vTe =q < )
es + 95
then it is easy to check that (A|p)«(X3) = X5, +YT9|p.
Note that the two generators of the gauge momenta obtained in Theorem 5.4 sat-

isfy the hypothesis (by construction they commute with the Noether symmetry V) of
Theorem 4.4.

5.4.2 Almost-Poisson bracket

We construct the almost-Poisson bracket for the nonholonomic system (Q, Lo, D) using
the theory developed in Section 3.3.
Consider the lagrangian Ly : TQ — R, given in quasi-velocities by

F2(r)

5t 62 k(w +wy +w?) —gf(r).

LO(qv U) =

Furthermore consider the vector field on Q

0
Y:Q€3+Q%

Now we define the lagrangian with gyroscopic term

LQ((LU) = LO(QaU + Y)
P,

2
2 2t 52 k(w +wp 4 w?) +Q (kos +1728) + & (k+r2)—gf(7‘),

(5.31)

so the 1-form ~ associated to the gyroscopic term is v = Qke? + Qr2dS. Observe that
lagrangians (5.28) and (5.31) coincide and the notation used is consistent.

Recall the frame {X1, X2, X3} of D (5.9) and {X4, X5} of D (5.10). Then we get the
coefficients of the change of frame matrix p associated to the frame {X;, Xo, X3, X4, X5}

p11 =L, P15 = — ffl pas =1,
po1 = —1+ ffeotOsin(B — @), paz=f' cos(,B @), pas = —fcsclsin(f — @),
p31 = F cotfcos(fB — ¢), p32 = —Fsin(B — ¢), pss = —F cschcos(fB — @),
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and p12 = p13 = p1a = pag = p25 = p35 = 0. .
The velocities (v1,v2,vs,v4,vs5) defined {X;};_; relate to (5.3) as

vy = I (cos Bwy + sin fwy) + pw, — (k:_i};)f/ﬂa

vy = Mlefj (cos fup +sin fuoy) = 7 +11)F2 T+ Z)f’F s
vy = % (cos fw,y — sin fw,) + %_'_17'“’

vy = % (cos Bw, + sin fw,,) + TF:WZ + pB,

V5 = —% (cos fwy — sin Pwy) + pr.

Conditions vy = 0 and vs = 0 are equivalent to the constraints functions (5.29). Along
the constraint D the quasivelocities read
rF . rF . .
v1 2—75, Uzz—wz—Tﬁ, vg =T
Then it is easy to calculate the restricted lagrangian Lq . : D — R, in these quasivelocities
reads

1 1 2, 109 1 2 rf’
Lao.= k—i—l—ﬁ vy —|—§kF 02+§(k+1)v3 — kvive +Q k‘—? v — Qkvy
k472
+ Q2 5~ gf.
Hence the quasi momenta pq, p2, p3 are
1 T
plz(k%—l—ﬁ)vl—kvg—FQ(lﬂ—%),
po = kF%vy — kv — Qk,
ps = (k+1)vs
And the restricted hamiltonian H. : D* — R is calculated to be
F? /~L+f/2 1
H,=
SV T ey o Ty s (k IR
rF f+rF bl
o (grimp —n)weo 2 (Frr) vor
TN Grnp Mt e g \Btr) T

Using the kinetic energy metric we calculate the dual basis of {Xi}?:l defined in (5.9)
and (5.10)

o :Md¢+Wd9+Jw(f cos 0 — sin Osin(8 — ) dip — (k_:ilz)fldr

I 0y L (e (b LY s o) a
IRC +11)F2d¢_ (Hg)f’FdB’

X3=—Wd9_ “Sinec;s(’@_d))dl%Lmd

e Nf/d@b*wdwr (f' cos —sinOsin(B — ¢)) dip + pdp,

dip + pdr.

5 psin(f — o) uslnGCOb(ﬁ 9)
X’ = 7 do + 7
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Hence the 1-form « written in the above frame writes

/ !
7:Q<k7%>x — Qky? +Qr<r+fF>x4,

and this yields an expression for v+

=Qr (7‘+ ff/) 1

To compute the structure coefficients C?, related to the frame {Xi}i=1 of I'(D) we
note

uf f!

(X1, Xo] = (f —|—TF)X3+ /J 5 (f +7F) X5,

o /" 1 1 F &
1.0 = (74 - k+1)f’F2>X1+<r_(k+1)f’F+f’_(k+1)f’F4>X2
+

r () X
o = ) (U P ) e (M )
Then these are
C=-— “f/(er rF), Ot “f T +rF), = 1+l§f—(k+€;f@z>
0%3=i—m+ff—<k+ﬁ}pw ot=2(1+ ),
Oh=-bErr), g=-(+L2 ) o= (LT 410,

Now we have all the elements to obtain an expression for the almost-Poisson bracket in
accordance to Subsection 3.3.2. We get

uf

{Pl»PQ}D* == (f JrTF)PS»

B 1 pF 1" 1 1 F Vi
trpslo- == ( +J”_(k4—1)]”F2)p1_<r_(k+l)fF+f’_(k—H)J“F4)p2

~E 4 I ),
2
{p2:ps}p- =f, (F + ") pr +<Jf+”;; f’) P2+ %2 (F* + ") (f' +7F),

and denote by ¢ = (4,6, 9,1, ) therefore {pa, q"}D* = pai- We then have an expression
for the almost-Poisson bracket in D*.

5.5 Dynamical consequences for particular surfaces of
revolution

5.5.1 Bounded from above profiles

In this part we assume the surface is at rest, i.e. {2 = 0, otherwise stated.
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Proposition 5.6. Let Q =0 and f : RT — R be a smooth function.

1. If f is bounded from above, then the vector field X9, (5.14) has unbounded motions
with B = 0.

2. Assume that lim,_, f’. < 0. If there is a reduced motion, in J~'(j), for which
lim, o0 —f'r382 — Fr?Bw, > 0, then there exists an unbounded motion with B # 0.

Where again we think B and w, as functions of r, j1,j2 by means of the Routh integrals.

Proof. 1. Consider the level set Mg := J71(0,0), we know it is an invariant set and on
it we have that § =0, w, = 0. On M the equations of motion are

. . v I '2

=7, U= ——5 — 7,

F? F?

which is a lagrangian system with ¢, = 2F2(r)r? — v f(r) being the lagrangian. It is
known that for this kind of systems if the potential part of the lagrangian, in this case it
is v f, is bounded from above then there are unbounded solutions. By reconstruction we
obtain an unbounded solution of the unreduced system.

2. We first note that condition f’ < 0 is equivalent to ¥’ < 0 since ¥'(p;) = ()

. . . . T
and r > 0. Using (5.15) we get the relation p3(r, B)pa(r, B,w.) = — f'r3% — Fr?fw,. We
then prove the claim using invariant polynomials and Routh integrals.

Consider the effective potential V; (5.21), since Q =0

2
P3 )
V, =V 4+ — + —
j ’Y+4p1+2p4

where we understand p3 and py4 as functions of py, 71 and js2, see Subsection 5.2.1. Since

(p3) =U (J:l> , U =GU
yZ J2

%: 3P4 %=G4P3
o1 ’ Op1

we get that

Which leads to )

1
=0 + pl’ (— + \11’2) P3Py — p—?’z
p1 4py

ov;
op1

So if there is a reduced motion for which lim,, oo psps > 0 then lim,, o % < 0 and

since the reduced system is a 2 dimensional lagrangian system with potential V;, which
is a decreasing function, there is an unbounded motion. Because limy, o p3ps > 0, then
limy,, 00 p3 # 0 which implies lim, o, 3 # 0 since p3 = r?3.

O

Observation 5.5.1. For a general profile f it is hard to prove the existence of reduced
motions agreeing statement 2. of Proposition 5.6. To see that condition lim,, o p3ps >
0 is not empty, for all profiles f, we show there exist such a reduced motion for the
particular case of the downward cone f(r) = —br, see Section 5.6 for details on this
particular case. In this case we have explicit expressions for the Routh integrals and lead
to
p3(p1,Jj1:d2) =J p(pjj)=l)]4+j
3(P1,J1,J2 1, 4(P1, 71, J2 Nom 2,

and by direct computation we get
iy bji
P3ps = J1J2 .
V2p1
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Therefore when j; and jo have the same sign the desired reduced motion exists. The
product psp4 as a function of py, j1, j2 has not definite but when we consider the limit
as p; tends to infinity it does.

5.5.2 Mexican hat

In this section we study a special type of profiles which are defined in parts using bump
functions or mullifiers? to “glue” two or more functions. To illustrate the mechanism we
first present an example of such kind of construction.

Example. Let f,h: R — R be smooth functions and define

h(r), ifr > L

e~ 1/(=e) 4 p(y . ifr< 2
0~ { NS
NG

where ¢ € R”Y is a parameter. Note that f is smooth if the function h is and that their
derivatives coincide in the interval

arf d"h > 1

— =—, atr>—.

dr drm’ e
This implies that equations of motion for the surface of revolution with profile A change
significantly when r < % and r > %

Definition 5.1. Consider a smooth real function h : R — R. A function f : R - R
is said to be a h-hat function if there exists a positive real number rqg > 0 such that
f(r) = h(r) for all r > r.

Proposition 5.7. Consider a smooth real function h and let f be a h-hat function.

1. If the integral curves of equations of motion (5.14) with profile h are all bounded
then the motions of the system with profile f are all bounded.

2. Let Q = 0. If the function h is bounded from above then equations of motion (5.14)
with profile f have an unbounded motion.

Proof. 1. Suppose that the motions of the system with profile h are all bounded, this
property is independent of initial conditions. If f is a h-hat profile we have 4 scenarios
for its motions. First if the initial conditions for a motion has r < rg it has two options
either there exists a time ¢y such that r(tp) > ro or for all ¢ we have 7(t) < rg, if the
latter happens then that motion is bounded and for the former we have the other two
possibilities either there exists a time ¢; > to such that r(¢1) < 7o, for this case use
a recursive argument, or for all ¢ > t; we have r(t) > ro this case corresponds to the
hypothesis that motions for the profile i are bounded. Note that if the initial condition

is such that r > ry then we can apply similar arguments.
2. Now assume ) = 0 and the function h is bounded from above, then by Proposition

5.6 the system with profile f has an unbounded motion.
O

5.6 Example: Downward cone

We focus to the particular case when the profile f(r) = —br, with parameter b > 0,
the surface generated by f corresponds to a downward cone (without its vertex). The

2The existence of bump functions is assured by partitions of unity in a smooth manifold [47, 80].
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parameter b > 0 regulates the amplitude of the cone. We investigate the dynamics of
the system and in particular we look for bounded, unbounded, periodic and asymptotic
motions. In [41] the authors give general conditions to analyze the stability of reduced
equilibria, since here we treat a particular case we can say more about it. For example
we add the possible scenarios regarding quantity and types of reduced equilibria with
their dependence on the parameters.

Consider the profile function f(r) = —br, b > 0. In invariant polynomials it reads
U(p1) = —by/2p;. Since the cone with its vertex is not a differentiable manifold its vertex
is not considered, so in this case @ = SO(3) x (R2 \ {0, 0}), and we parametrize it by
Euler angles and polar coordinates. We use quasivelocities (g, v) in T'SO(3) as in 5.1.2,
where ¢ = (¢,6,v,7,6) and v = (W, Wy, ws, T, B) The lagrangian L (5.4) reads as

k 1 .
L(g,v) = 5 (w; +wy +w?) + 5 (F? +r76%) + gbr,

where F? = b? 4 1. Using constraint equations (5.5) we write w, and w, as functions of

(T’ﬁ’wz7’f"ﬁl)

Wy = —Fsin 7 + cos B(—rF B + bw,) + Qcos B(rF —b),

. 5.32
wy = Fcos Br +sin f(—rF [ + bw,) + Qsin f(rF —b), (5.32)
then the submanifold M of T'() can be represented in quasi-velocities as
M = {(q,v) €eTQ : wy = Wx(ﬂﬂMmﬁB); Wy = wy(raﬂ,wzaflaﬁ.)} .
And the equations of motion for the inverted cone are
¢ = B,
(b +1)r .o by b . b
Ur:Tﬂ—Fﬁwz‘FHQ 7T 5+ﬁ, s
-2 .. Q 5.33
g = —if+ o
r
b —1)
z F )
together with the constraint equations (5.32).
The moving energy and Routh integrals are
1 . F2.2 Mb2+1 2 592 ,uF2 2 .
mEL,Y(rarvﬁvwz) =57 + s " B+ Ty W pbrF'Buw,
2\ 4 pQ? 2
+ Q [uF(br — Fw, + (ubr(F — br) — r*)3] T( F —b)" —~br,
. 7’2 .
Jl(raﬂ) = E (26 - ,uQ)a

Do(rs) = ~Faos 100 (= D+ 2 ).

Where v = ijrU = kiﬂ, note that in this case F' = /b2 + 1.
We now present the two gauge symmetries constructed by means of Theorem 5.4.

1 1 2
7y = X, — X, —
YTkl kk+1DFT? (k+1)(rF—b)2f
r T r(2b —rF)
Zy = X
2T s R T ey )pF? 2+29@_rpy§
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Note that
e €)1 = ke
(k+1)(rF —b)? g (k+1)2F2’
is a constant function. Therefore Z; = %ﬂxl — WXQ is a horizontal gauge sym-

metry. For the vector field Z; on @ by direct computation we see that ZQT Q [L] # 0 so it
is not a R°-gauge momentum. The first integrals generated by Z;, Z, are

b b
pzh4=F@%+QEII(”‘f)’
. k
_ .2
P2l =7 <ﬁ_Q2(k+1))'

5.6.1 Reduced equations of motion

To analyze the qualitative behavior of the motions we use the reduced system and the
fact that it is a second order ordinary differential equation, with langrangian energy being
equal to the reduced moving energy. Therefore the qualitative properties are intimately
related with the effective potential Vj, and then by reconstruction arguments we obtain
information about unreduced motions.

We first project the equations of motion to My = M/G

;=7
(WP )y b <b ) b
T—Tﬂ Fﬁwz-i‘,UQ 7T B—i-ﬁa s
P I 0 5.34
8= rg+ B,

T r

Q(p—1
wzzib ('L;_, )7'“.

Observe that since all the first integrals are G-invariant then they pass to the quotient
as first integrals of the reduced system.

We restrict equations (5.34) to the level sets of the Routh integrals J = (Jy, J2). To
this end we write § and w, as functions of r, j; and ji, where j = (jy, j2) are regular
values of the Routh integrals J = (J1, J2)

Y Ji ., k2 o b(p—1) b? J2
ﬁ(T7]17]2):ﬁ+77 Wz("“,,]l,.h):Q(TT—Fﬁ —f. (535)

Then the reduced equations of motion are the first two element of (5.34)

—
(ub® +1)

g WD Wa (L

. b (5.36)
2 F > pt

F?

considering 3 and w, as in (5.35). Denote by E;(r,i") = Ery (7", 7, /3"(7“, jl,jg),wz(njl,jg))
the moving energy restricted to J~1(j)

Ej:T+‘/}OTM4,

where Ty, : My — Q/G is the bundle projection and V; is called the effective potential.
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The explicit expressions of the functions 7" and V; are

2
T(m)_%ﬂ,
U b \ (. b, -2
0=+ o ) 2 (5 (s 2 55
2
2 (bﬂ+1) 22_%(2 )
+Q{ s M Top\F T

The reduced equations of motion (5.34) restricted to J~1(j) form a system of ordi-
nary differential equations of second order with E; as first integral, then to study the
qualitative properties of such system it suffices to analyze the effective potential V;. We
split the investigation of the effective potential into two cases, when the surface is at rest
and 2 = 0, and when the surface is rotating £ # 0.

To obtain the number and type of the critical points of V; we use Descartes’ rule of
signs and the discriminant, denoted by dg, of the polynomial

dV; b2u+1 ( b jo b,u2>
_ 3% _ 2 2 4 2 3
Po=r o Q“u " b+ 5 +Q 5 r

. (5.37)
b
- (bﬂjljé + Q%) r—(b*p+ 1)ji-

We emphasize the dependency of the functions dg and P, on the real parameter €2, since
there is a substantial difference between the cases {2 = 0 and €2 # 0.

Case 2 = 0. If the surface is not rotating, i.e. Q = 0, the effective potential reads

(u0® +1)j7 | bujije | g3
Vilr) = =abr 4 T A e
The function V; has two main asymptotic behaviors, if j; # 0 then lim, o V; = oo and
-2
lim, , V; = —o0, and if j; = 0 then lim, o V; = “;2 and lim, o V; = —o0.

Using Proposition 5.6, we can conclude that the downwards cone has unbounded
motions.

Proposition 5.8. Consider reduced equations of motion (5.36) and Q = 0, then there
are three possibilities for the reduced equilibria.

i) There are no equilibrium if one of the following conditions is satisfied, j1jo > 0 or
dop < 0.

it) There is one equilibrium, a cusp, if and only if the following two conditions are
satisfied, dg = 0 and j1j2 < 0.

11i) There are two equilibria, one of elliptic type and one saddle, if and only if the
following two conditions are satisfied, dy > 0 and j1j2 < 0.

Proof. Since r > 0, to compute the zeros of % is the same as to compute the zeros of

r?’% which is the following degree 3 polynomial, Py, on 7

Py = —ybr® — by jor — (ub® + 1)57.

Let dy be the discriminant of Py, then we have the following three alternatives

46?33

. do =0 if and only ifjl = —W,
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e dp > 0 if and only if one of the following two conditions hold
- , 4253 ‘ : 42 u%53
j1>03ndj1<*m or ‘71<Oand]1>*m )

e dg < 0 if and only if one of the following two conditions hold
. . b ? 53 : - 4b° % 3
j1>0and]1>—m or J1<Oaﬂdj1<—m .
i) If we consider P, as a real variable polynomial then by Descartes’ rule of signs Py
has only one negative root if j; # 0, and if j; = 0 then there are no positive roots, this
implies that there are no equilibria.

it) If dy = 0 and j1j2 < 0 then V; has just one critic point which correspond to an
almost saddle.

i) If dp > 0 and jijo < 0 then V; has two critic points a minimun and a maximum
which correspond to a center and a saddle point of the reduced system.
O

Remark. In polar coordinates the inequality dy > 0 is written as

476 + )28
27y(ub? +1)2 7%
4b2(b2 4 1)3/2'“3 3
27y (ub? +1)2 77|
4b2(b2 + 1)3/2'u3 5
27y(pub? +1)2 7

do = 0iff r24 =
dog > 0 iff {B>Oandr25<
do > 0 iff {B<Oandr25>

So we have that case 11) implies that ﬁ and w, have opposite signs and case i) implies
that 8 and w, have the same sign.

Proposition 5.8 gives conditions on the behavior of the reduced motions, this con-
ditions can be shown as the qualitative structure of the effective’s potential graph and
phase space and bifurcation diagrams. We add some graphs in order complement with
visual representations. All graphs are done with the following values for the parameters
'y:bzl,u:%andQ:O.

(a) Graph of the effective po- (b) Level sets of the reduced
tential. energy.

Figure 5.2: j; = %, j2 = —10. Reduced system with 2 equilibria.

In figures 5.2 and 5.3 we have heteroclinic orbits so there are asymptotic motions
towards an equilibrium point, this in the unreduced system traslates as motions that go
asymptotically to a certain height of the cone. Along these motions the angular velocities
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1

[ H 2 & s 10

(a) Graph of the effective po- (b) Level sets of the reduced
tential. energy.

Figure 5.3: 51 = ?2(3)887 j2 = —10. Reduced system with 1 equilibrium.

I

A

(a) Graph of the effective po-  * E ° E
tential.

I

(b) Level sets of the reduced
energy.

Figure 5.4: 5, = %, j2 = —10. Reduced system with no equilibria.

3 is bounded and w, = —ﬁ, this is due to the fact that the reduced equilibria have
coordinate r non zero and expressions given by (5.35).

In the scenario of Figure 5.4 the motions are unbounded and the angular velocity ﬁ
has lim,_, 3 = 0, see (5.35).

The shadowed region of Figure 5.5 corresponds to values of ji, jo on which there are
two equilibria. The red curve is when there is just one equilibrium.

Figure 5.6: Critical points of Vj, j1, j2 are variables.
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L

\

Figure 5.5: Bifurcation diagram of j; and js.

Case ) # 0.

Proposition 5.9. Consider the reduced equations of motion (5.36) and let Q # 0. Then
the reduced motions are bounded for all values j € R2.

2
Proof. The highest degree monomial of r in Vj is (bﬂT—H) pu2Q2r?

Q # 0 then we have

, it is positive for every
lim V; = oo,
T—00

so all the level sets of E; = T+ V; are bounded this implies that all motions of the

reduced system are bounded.
O

Proposition 5.10. Suppose Q2 # 0 then we have the following possibilities for the reduced
equilibria. We treat the cases j1 = 0 and j1 # 0 separately. Assume j; # O then

i) There are two equilibrium points, one of elliptic type and one cusp if and only if
the following three conditions hold

. 2y Q , ( Q )
> =, + ——] <0 anddg =0.
J2 20 ViRl Ji\J2 NEEw Q

it) There are three equilibrium points, two elliptics and one saddle point if and only if
the following three conditions hold

A TRV I
M2Q /71)2_"_1)]1 J2 /7b2+1

J2 > <0 and dg > 0.
iii) Otherwise there is just one equilibrium point of elliptic type.
iv) Suppose j1 = 0. There is one elliptic type equilibrium point if and only if

AN U
P V21’

otherwise there are no equilibrium points.

J2 >

Recall that dq is the discriminant of the polynomial Pg.

Proof. First we prove 4),4i) and 4ii) so assume j; # 0. To prove i) and i) observe the
following, extend the definition of Py to a real variable polynomial, then using Descartes’
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rule of signs to analyze the positive roots of Py one can see that the only possibility for
this polynomial to have more than one positive root is when

2
w2 B2+ 1

Now use the same result to analyze Po(—z), with the above assumptions on j; and js,
we get that there is just one negative root. Now if dg = 0 then there should be a multiple
root and since it can’t be a complex one then Py, must have three positive roots (counting
multiplicity) but lim, ., V; = oo then Vj is forced to have one minimum and a degree
2 critic point. If dg > 0 all the roots of Po must be real and different so V; has two
minima and one maximum. Analyzing the phase portrait we prove i) and ii).

To prove i) again we use Descartes’ rule of signs and observe that there is always
one and only one positive root which corresponds to a minimum of V;.

i) Let j; = 0 then

Q
jo > ad'('+7><0.
J2 nd ji\ Jz2 )

o h(a 200 _b2§22> o
llfévﬂ_2<32+\/m 1) e V=00
et = g (e (i )
Por) = 2L 22 Y0 g (50 L))
a(r) L A G ey s

so there is just one critic point if and only if

27 Q
P Vo2 +1

Jo >
O

Observation. We analyze the polynomial Py because its roots are the non zero critic
points of V}. In fact Po(r) in upward cone case corresponds to Po(—r) on the downward
cone case.

Proposition 5.10 gives conditions on the behavior of the reduced motions, this con-
ditions can be shown as the qualitative structure of the effective’s potential graph and
phase space and bifurcation diagrams. We add some graphs in order give visual repre-
sentations. For following graphs we consider the values for the parameters v = b = 1,
u:%,andﬂzla

=\

=
. f\—/
3 4 5 G

(a) Graph of the effective po- (b) Level sets of the reduced
tential. energy.

Figure 5.7: j; = —0.7, j2 = 15. Reduced system with three equilibria.
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o 1 2 3 @ 5

(a) Graph of the effective po- (b) Level sets of the reduced
tential. energy.

Figure 5.8: j; = —2.95, jo = 15. Reduced system with two equilibria.

In figures 5.7 and 5.8 we have heteroclinic orbits so there are asymptotic motions
towards an equilibrium point, this in the unreduced system traslates as motions that go
asymptotically to a certain height of the cone. Along these motions the angular velocities
B and w, are bounded, this is due to the fact that the reduced equilibria have coordinate
r non zero and the expressions given by (5.35).

<
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[ 1 2 3 @ 5 6

0 2 4 6 8 0 "

(a) Graph of the effective po- (b) Level sets of the reduced
tential. energy.

Figure 5.9: j; = 3, j2 = 15. Reduced system with just one equilibrium.

In the scenario of Figure 5.9 have an elliptic type behavior on the reduced system
which by reconstruction arguments this means that motions are trapped on a height
strip.

The case of Figure 5.10 is an odd setting because » = 0 is not defined, but in this
case the limit lim, .o V; < oo, since the limit of the reduced motions when r goes to 0
exists it is not clear what kind of motions we have because they aren’t asymptotic to
the vertex but in theory, after analytic extension, must reach it. The angular velocities
8= % and w, are bounded but can change signs, see expression (5.35).
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(a) Graph of the effective po- (b) Level sets of the reduced
tential. energy.

Figure 5.10: j; =0, jo = —13. Reduced system with no equilibria.
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Figure 5.11: Bifurcation diagram of j; and jo.

73

The squared region of Figure 5.11 represents the values of (ji,j2), for which the

reduced system has three equilibria, the blue line is when it has two equilibria.

Figure 5.12: Critical points of Vj, ji, j2 are variables.
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Chapter 6

Conclusions

The interesting behavior of nonholonomic systems with affine constraints or with me-
chanical lagrangian comes from their affine nature, this feature prevents such systems to
have an evident (almost) Poisson formulation, and in general linear functions in the ve-
locities are not first integrals. In this Chapter we give an overview of the work and future
perspectives. We separate in three directions the contributions made in this Thesis.

Overview and future perspectives

Almost-Poisson bracket

In Chapter 2 we recall a known construction of an almost-Poisson bracket for linear con-
strained systems and natural lagrangian, then in Chapter 3 we presented a generalization
for linear constrained nonholonomic systems with gyroscopic lagrangian.

Our contribution consists in the intrinsic construction and coordinate representation
of an affine almost-Poisson bracket for this kind of systems. The formulation uses ele-
ments related to the kinetic energy metric and the canonical bracket on the cotangent
bundle of a smooth manifold, moreover particular emphasis is made on the role that
plays the gyroscopic 1-form for the bracket failing to be linear. Furthermore in the case
symmetries are present we give a standard reduction procedure for the almost-Poisson
bracket, the affine nature of the reduced bracket is again related to the gyroscopic 1-form.
This material is developed in Sections 3.3 and 3.4.

Future perspectives

e We are working on a construction of this type of almost-Poisson bracket for affine
constrained nonholonomic systems.

e We also aim to study gauge transformations for this affine almost-Poisson brackets
and use them as a technique for hamiltonization (generalization in the spirit of
6, 64]).

e In the case the almost-Poisson system is invariant under a Lie group action to
determine when such symmetries give place to Casimir functions of the bracket.

First integrals affine in the velocities

In Chapter 2 we treat nonholonomic systems with linear constraints and natural la-
grangian, we presented known results on the existence and classification of momentum
generated by a vector field which is also a first integral of the system. Inspired by these

(0]
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results in Chapter 3 we classify and introduce momentum generated by a vector field in
the setting of nonholonomic systems with gyroscopic lagrangian.

The new theoretical contribution consists on the characterization of momentum gen-
erated by a vector field which are first integrals of certain nonholonomic systems with
gyroscopic lagrangian. The construction uses a momentum of the underlying system
(with natural lagrangian). The scenario when the system has symmetries is also treated,
that is when a momentum is in fact a gauge momentum, this material is developed in
Section 3.5.

In Chapter 4 we relate affine constrained systems with natural lagrangian and linear
constrained systems with gyroscopic lagrangian, in the case the former system posses a
Noether symmetry. We present conditions on when the momentum of both systems are
related, and moreover when a vector field generates a momentum which is a first integral
in both systems ( Section 4.3).

Future perspectives

o As a future research project we pretend to investigate the relations of momentum
affine in the velocities with the almost-Poisson structure, namely to determine when
such momentum are Casimir functions of the bracket.

e Another interesting path is to give conditions on the existence of momentum which
are first integrals for affine constrained systems not possessing a Noether symmetry.

Dynamics of a ball rolling without slipping in a rotating surface
of revolution

In Chapter 5 we analyze the system of a homogeneous ball rolling without slipping in
an uniformly rotating surface of revolution, the formulation of the equations of motions
is based on [51, 41]. We analyzed the system from a geometric and dynamical point of
view. Our contributions are in several directions: we prove the existence of two gauge
momenta and are functionally dependent to them. As a result Corollary we elucidated
the nature of the Routh integrals which was missing, (Section 5.3). We give an almost-
Poisson bracket for this system using the theory developed in Sections 3.3 and 4.2. On
the dynamical side we gave conditions on the existence of unbounded motions. Moreover
when the surface is an inverted cone we analyze qualitatively and characterize all the
motions (for both cases when the surface is at rest and rotating), namely we prove the
existence of bounded, unbounded (for the static case), asymptotic and quasi-periodic
motions.

Future perspectives

e To define an equivalent almost-Poisson bracket without the need to linearize the
system, relate it to the existing reduced brackets [41] and explore its properties,
and to see if the gauge momenta are Casimir for it.

o Investigate if the rotation of the surface stabilizes the system for general profiles,
that is when the surface rotates then all motions are bounded.



Appendix A

The geometry of the
nonholonomic Routh reduction

A.1 Intrinsic Routh reduction

This Appendix is devoted to the intrinsic construction of the nonholonomic Routh reduc-
tion presented in the Introduction. Consider a given configuration manifold M = Q x K,
with @ a n-dimensional manifold and K a [—dimensional abelian Lie group and a me-
chanical lagrangian £ : TM — R which induces a riemannian metric G on M. The group
K acts on M by left/right translations on the K-factor so the manifold M is trivially a
principal K-bundle, with projection p : M — M/K = Q. The nonholonomic constraint
is given by a regular non integrable distribution D = D x TK, where D is a non integrable
regular distribution over Q. Furthermore we assume £ is a K-invariant function and D is
clearly K-invariant. Under this assumptions we can consider two principal connections
A A : TM — € where A is the connection associated to the trivial principal bundle
structure, A is the mechanical connection, see for e.g.[12], and ¢ is the Lie algebra of the
group K. Note that both connections have as vertical space VP, = kerT,p, Vp € M,
but their horizontal spaces may be different, in fact

ker A, = T,Q x {0} and kerA, = (VPB,)".

We consider the horizontal lift » : TQ — TM associated to A which is uniquely
characterized by Tpo " = idrg and Ao " = 0, [29]. Using the horizontal lift we can
define the orthogonal projections hor,ver : TM — TM as

hor = "o Tp and wver =1idpp — hor.
For each p € & consider the 1-form A, on M defined as
Au(w,) = (i A(w,), Y, € TM.

And its metric equivalent vector field Z,, = tg(A,).
With all of the above elements and for every p € £* the routhian R* : TQ — R is
defined as
RM(vg) = (£ — AL (vy +ver(Z,,)).

Using Aﬁ(ver(Zu)) = (Z,,ver(Z,))g = (ver(Z,),ver(Z,))g, we obtain
m o 1 h12 Ae h 1 2 ~ A
R (Uq) - 5 qu Hg - M(Uq) - 5 HUBT(ZM)HQ -V. ( 1)

7
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Letting L = R, v* = Al o™ and V = 3 |lver(Z,) ||2—H~/ we obtain the same expression
as in (9).
Remark. Even though A, is a closed 1-form on M, v € Q!(Q) need not be closed.

The non holonomic vector field of (£ — A%, M, D), restricted to hor(D) + ver(Z,),

o

projects on the one of the system (R*,Q, D) because

Tp(D)=D, D= {Ug +wver(Z,) e TM |vg € D, € ¢}

A.2 Local expressions

Let (¢,0”) € Q x K be coordinates on M, j = 1,....,n, J = 1,...,l. The principal bundle
projection p : M — @ in coordinates is p(g,0) = ¢. Since L is K-invariant then

.1 o ] . -
L(q,q,0) = §gij(Q)qlqj +Gis(q)d'0” + §gIJ(Q)919J —V(q).

On £ we choose the basis {0s}, J = 1,...,1, induced by the coordinates §/ and on £*
the dual basis {07} associated to it. So we have

A<Q7 q.7 97 9) = (9.] + gJIngqj)OJv A(qa q7 97 9) = 9JOJ'
The horizontal lift in coordinates is
9 )
R g _aJIa g

Then the projections hor and ver write as

. . 0 JI 0
ho’r(quaeaa) = qjaiqj - g gjquW7

R LD
ver(q, q, 03 0) = (9J + gJIngqj)W'

The 1-form A, is A, (g, 0) = pyd6”7, then
Aﬁ(Qu (L 97 9) = MJ9J7
si7 O 77 O
7 (0.0) = < ir 9 1.]7)
M(q7 ) 1224 g 8(]] + g 69‘] 9

5 oy 0
ver(Z,(q,0)) = pr (QU + QJNnggﬂ) 507"
Where G = G—1. We note that GI/ = I/ + QJNQJN@I, then

0
UGT(Z;L (q,0)) = Mlguw~

Using (A.1) the routhian R* : TQ — R in coordinates is represented as
R*(q,q) =§gjiq]q — GGG 1dd" + igu (G"NGind) (G"°Gisd')
1 .
+ 115G G1d — igl‘] (unGN) (nsG®7) =V

1 i P ~
=3 (Gij — G1:G"7Gu;) "¢ + G1;G" pad® — §QUN1MJ -V.



Appendix B

Poisson brackets

In this Appendix we present a brief and direct to the point introduction to Poisson
manifolds, for a historical and more in depth exploration on the subject we refer the
reader to [101, 4, 84, 38] and references therein.

B.1 Brief introduction to Poisson manifolds

Definition B.1. A Poisson manifold (P,{,-}) is conformed by a smooth manifold P
and a Poisson bracket {-,-}, which is a function

{3 : C=(P) x CF(P) — C>(P),
with the following properties
1. Skew-symmetric {f, g} = — {g, f}.
2. R-bilinear {\f + g, h} = X{f,h} +{g,h}.
3. Leibniz rule {fh,g} = h{f,g} + f {h, g}

4. Jacobi identity {f,{g,h}} + {h,{f.9}} + {9,{h, f}} =0.

For all functions f,g,h € C*°(P) and A € R.
If Jacobi identity is not satisfied we say that {-,-} is an almost-Poisson bracket.

As is standard, after defining the objects of study the functions that preserve them
are introduced.

Definition B.2. Let (P1,{-,-},) and (P, {:,-},) be two Poisson manifolds. A smooth
map & : P, — P; is called Poisson if for all f,g € C°(P,)

{fod,god}, ={f,g},0®.

The hamiltonian formulation of the equations of motion in a mechanical system is a
fundamental idea, in geometric mechanics more specifically in the Poisson setting it is
defined as follows

Definition B.3. Let (P, {-,}) be a Poisson manifold and H € C*°(P) a smooth function.
The hamiltonian vector field Xy € X(P) associated to H is defined as

Xu(f) ={f,H}, VfeC?(P)

79
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Then we have that hamilton equation of motion with hamiltonian H is given by
f=A{fH}.

Furthermore, let ¢; be the flow of Xy then

4 Fo 0= dy, F(X) = Xu(F o)) = (Fo oy, H) . (B.1)

A direct consequence of Definition B.3 is the relation between the sets of smooth
functions and hamiltonian vector fields.

Proposition B.1. The assignation H — Xy is a Lie algebra antihomomorphism, i.e.
Xirmy = — [Xr, X#]

Proof. By definition it is clearly a bilinear and skew-symmetric map. To prove that it
preserves the Lie bracket we use Jacobi identity and the equality Xz (f) = {f, H}. Let
f € C(P) then

X{F,H}(f) = {fa{FaH}} = _{H’{va}} - {Fv{th}}
= Xu(Xr(f) - Xr(Xu(f)) = — [Xr, Xa] (f),

since this is for all functions f we get the desired result.
O

Because for every function f € C°°(P) there is a linear derivation related to it,
concretely the hamiltonian vector field Xy, and {g, f} = X;(g9) = dg(Xy), then the
function {g, f} just depends on the differentials dg and df, therefore there is a bivector
field IT € A*(T'P) such that

{f, 9} = 1(df. dg)-
Observation B.1.1. A bivector field IT € A*(T'P) is said to be Poisson if [II, IT] = 0, where

the considered bracket is the Schouten bracket, this condition is equivalent to the Jacobi
identity being satisfied, see [84, 38].

Let (x!,...,2") be local coordinates on the manifold P, then, locally, the Poisson
bracket is determined by the functions
{a',27} =1;; 4,j=1,..,n (B.2)
So we obtain the coordinate expression for the bivector field IT

0 0

TOxt " Ol

The Poisson bivector field has such local representation because, locally, T P is generated
by the differentials dz’. Using the local expression of II we get

o 9

T 9zt Oad

{figt =11

The bivector field IT induces a vector bundle morphism II* : T* P — TP given by the
property
11(df, dg) = (df 1T (dg)),

and as a consequence a hamiltonian vector field can be represented as X, = I (df).
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Definition B.4. The rank of a Poisson bracket at a point p € P is the rank of the
function
g,
I, : T, P — T,P.

Two functions are said to be in involution or Poisson commute if their bracket is zero,
this implies that each function is a first integral of the other ones hamiltonian vector
field, or equivalently.

Proposition B.2. Let F,G be two smooth functions. {F,G} = 0 if and only if the flows
of Xp and Xg commute.

Among all functions there are special ones which are first integrals for all hamiltonian
vector fields.

Definition B.5. A function F' € C*°(P) is called a Casimir for the Poisson bracket if
and only if
{F,G} =0 VG e C>(P).

Proposition B.3. Let ® : P, — P, be a Poisson map and a function H € C®(Py). If
~(¢) is an integral curve of the hamiltonian vector field X poq then ® o~(t) is an integral
curve of Xy .

Proof. Let F € C*°(P,) then

d

4P oa(y(1) = S(Fo®)(3(1)) = {Fo® Hod}, (4(1)) = {F, H}, (®(+(1))),

so LF o ®(y(t)) = (Xg(F)) (®o~(t)) for all functions F € C(P,). Therefore ® o is
an integral curve of Xpg.
O

Proposition B.4. The flow of a hamiltonian vector field is a Poisson map.

Proof. Let ¢; be the flow of the hamiltonian vector field Xz and F, G € C°°(P) smooth
functions. Define the function f = {F o ¢+, G o ¢+} — {F,G} o ¢+ then using bilinearity
of the Poisson bracket and equation (B.1) we get

d d d
%f:%{Foﬁbt»GOQﬁt}—%{FvG}O(ﬁt
= {{Fo¢th}vGo¢t}+{Fo¢tv{Go¢th}} _{{FvG}O¢t7H}
using Jacobi identity on the first two

d
Sf = {4 H) = Xu(f),

the function f being a solution of the ordinary differential equation is equivalent to write
f(t,p) = f(0,¢:(p)) but f(0,p) =0 for all points p, therefore ¢; is a Poisson map.
O

Definition B.6. Let (P1,{-,-};) and (P, {:,-},) be Poisson manifolds and i : P, — P,
an injective immersion. (P, {-,-},) is a Poisson submanifold if and only if 4 is a Poisson
map.

The next theorem is fundamental because it locally characterizes the structure of a
Poisson manifold.
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Theorem B.5 (Splitting theorem). [101] Let 2o be an element on a Poisson manifold P.
Then there exists a neighborhood U of xg and a diffeomorphism ¢ = psx oy : U — SX N,
where S is a symplectic manifold with dim S = rankHB:O and the induced Poisson bracket
in N has rank zero at ¢n(x0).

The proof of the splitting Theorem B.5 is similar to the one of Darboux’s Theorem,
see [84, 26]. In fact if the Poisson structure is of constant rank in the neighborhood U
we obtain a similar coordinate description.

Corollary B.6. Suppose the Poisson structure has constant rank around xzy. Then
there exists a coordinate chart of xo (U,(q,p,v)), with ¢ = (¢*,...,q"), p = (p*,...,p")
and y = (y',...,y"), and the coordinate functions satisfy {qi,qj} = {pi,pj} = {qi, ya} =
{pi,y“} = {y“,yb} =0, withi,j=1,...,k and a,b=1,...;r.

B.1.1 Linear Poisson brackets

Let V be a finite dimensional vector space endowed with a linear Poisson bracket {-, -},
i.e. the bracket of linear functions is again a linear function, this condition makes the
dual space V* into a Lie algebra (with the Poisson bracket as Lie bracket). The Poisson
bracket on V is given as follows. Let f,g € C*°(V) and v € V then

{f.9} (v) = {[df (v),dg(v)], v), (B.3)

where (-,-) is the pairing between V' and its dual V*. This construction can be used
when we consider a Lie algebra g (take g = V*), in such case the resulting Poisson
bracket defined by equation (B.3) in g* is called Lie-Poisson bracket. For a coordinate
description let X1, ..., X, € g be a basis, with structure coefficients [X;, X,| = C’i"“‘ij and
z',...,2" : g — R the coordinate functions associated to such basis. Then the Poisson
bracket of the coordinate functions is {a%, 27} = CF;a*, and for functions f,g € C>(g)

we get

IR

We can extend the idea of a linear Poisson bracket in the vector bundle scenario by
requiring that on each fiber the restriction of the Poisson bracket is linear, for example
the canonical Poisson bracket on T*(@) is linear, where () is a smooth manifold.

B.2 Poisson brackets and symmetry

Suppose there is a Lie group G acting free and properly on a Poisson manifold P, fur-
thermore assume that for every g € G the diffeomorphism ¥, : P — P is a Poisson mabp,
then

Definition B.7. Let (P, {-,}) be a Poisson manifold and G a Lie group acting free and
proper on P. We say that the Poisson structure is G-invariant if for every g € G the
diffeomorphism ¥, : P — P is a Poisson map.

The above definition is equivalent to ask for the invariance of the bivector field II
associated to the Poisson bracket, i.e. (¥y).II =1L

Observation B.2.1. In the setting of Definition B.7 it implies that the set of smooth
G-invariant functions C*°(P)¢ is closed under the bracket, {C>(P)¢,C>(P)%} C
C>=(P)C.

Theorem B.7. Let G be a Lie group acting free and properly on a Poisson manifold P
such that the Poisson bracket is G-invariant. Then there is a unique Poisson structure
on the manifold P/G such that the quotient map p: P — P/G is a Poisson map.
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Proof. First we prove uniqueness of the reduced Poisson bracket in P/G follows from
Observation B.2.1 and the bijection between C°°(P)¢ and C°°(P/G), in other words for
every G-invariant function F' € C°°(P)% there exist a unique function f € C*(P/G)
such that F' = f o p, we apply this reasoning to the function {f o p, ko p}, € C>(P)%,
where f,k € C*°(P/G) and by hypothesis we have {f o p,kop}p = {f, k}P/G o p, since
p is surjective then the reduced bracket is uniquely determined.

The bracket just defined is clearly our candidate, the above argument also proves that
it is well defined. To prove that it is in fact Poisson is a straightforward computation
involving the properties of the Poisson bracket in P, the quotient map p being Poisson
and the bijection between C*(P)% and C*(P/G).

O

In the case a function H € C°°(P) is G-invariant then there exists a function h €
C>*(P/G) such that H = h o p and the hamiltonian vector fields Xy € X(P) and
X, € X(P/Q) are p-related, in symbols TpX g = X}, o p, to prove this assertion we show
that Xg(f o p) = Xn(f) o p, for every function f € C®(P/G)

Xu(fop)={fop,H}p={fophop}p
:{fah}p/GOp:Xh(f)Op.
B.3 Poisson structure on 77(@)

Let @ be a smooth manifold. It is well known that the cotangent bundle T*Q has
a canonical symplectic structure constructed as follows. Consider the cotangent and
tangent bundle projections

70 :T7Q = Q, Tr-q:T(T"Q)—T"Q,

using the bundle projections we define the tautological or Liouville 1-form 6 € Q' (T*Q)
as
0(X) := (rr-q(X), Tmo(X)), VX € X(T*Q).

And the symplectic form w € Q%(T*Q) on the cotangent bundle T*Q is
w =d#.

For all the local descriptions along the section we use the (canonical) coordinates
(¢,p) = (¢*, ..., q",p1, ..., pn) on T*Q, where ¢ are local coordinates on @ and the fiber
coordinates p are induced by the differentials, dq', ..., dg" in Q'(Q).

Then a local representation of the Liouville 1-form 6 in the mentioned coordinates is

0 = pidg’,
and therefore the symplectic form w is given by
w = dg" A dp;.

As in a Poisson manifold we define the, symplectic, hamiltonian vector field
Xpu € X(T*Q) of a function H € C°(T*Q) to be the unique vector field satisfying

iXHw = —dH.

Locally we have
OH 0 O0H 0

T Op, 0 Oq pi’

H
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Using the symplectic form and hamiltonian vector fields, we can define a Poisson
bracket on T*@, the construction goes as follows. Let f,g € C°°(T*Q) then the Poisson
bracket is defined as

{f,9} = w(Xy, X). (B.4)

The prove that such bracket is in fact Poisson are straightforward computations, all
properties but Jacobi identity are easily verified using the inherited properties of the
symplectic form w. Jacobi identity for this Poisson bracket follows from the symplectic
form being closed, i.e. dw = 0.

The bivector field II associated to such Poisson structure locally writes

0 0

O= —— A —.
dq"  Op;

Since the Poisson bracket in 7@ is linear we can easily compute the coordinate
expression for it in generalized coordinates. Let {X;},_, C X(Q) be a local frame such
that X; = Bija%j, where B;; : @ — R are smooth function, associated to this frame are

the structure constant C’fj :Q = R.If p=(P1, ..., pn) are the fiber coordinates, in T*Q,
induced by the dual frame of {X;}_; then the bivector field II has the local expression
0 0

e A\
.ﬂaql ap]

7] 7]
A

H == B = — .
Op;  Op,

.
- §Czkjpk

Observation B.3.1. In the case w is not closed but it is non degenerate formula (B.4) still
makes sense to define an almost-Poisson bracket.

Observation B.3.2. The above construction of a Poisson bracket using a symplectic form
proves that all symplectic manifolds are Poisson, the converse is not true see [85, 101].

Poisson structures derived from symplectic ones have special properties such as the
followings. The symplectic form w induces a vector bundle isomorphism w” : T(T* Q) —
T*(T*Q) given by w’(X) = ixw. The fact that it is an isomorphism is due to the non-
degeneracy of w. Moreover we have (w”)~! = TI*, this implies that IT* is of maximal
constant rank at every point of T*Q.
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