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Abstract

Geometric mechanics is a fairly recent field of mathematics lying in the in-
tersection of at least four different scientific fields: differential geometry,
physics, numerical analysis and dynamical systems. Its starting point is to
shed light on the underlying geometry behind mechanics and use it to obtain
new results which frequently reach a variety of different mathematical fields.
One of the practical applications that was made possible by using geometric
techniques was the ability to construct variational integrators, which are nu-
merical methods reproducing the geometry of the original mechanical system
such as symplecticity, conservation of momentum and energy. These methods
are often computationally cheaper than standard ones while demonstrating
an adequate qualitative behaviour even at low order.

However, not all mechanical systems may be approximated using varia-
tional integrators. Nonholonomic mechanics is one of such cases, where we
lack a variational principle, symplecticity and conservation of momentum, in
general. Hence, the investigation of the geometric structure of nonholonomic
mechanics must be carried out having into account its non-symplectic and
non-variational nature.

In this thesis, we will deduce new geometric and analytical properties
of nonholonomic systems which hopefully will provide a new insight to the
subject. Our main definition, which we will meet across all sections, is the
nonholonomic exponential map. This map is a generalization of the well-
known Riemannian exponential map and we will see that it plays a role in
the description of nonholonomic trajectories as well as on the applications to
numerical analysis. After introducing this new object, the thesis may be di-
vided into two parts. In the first part, we take advantage of the nonholonomic
exponential map to present new geometric properties of mechanical nonholo-
nomic systems such as the existence of a constrained Riemannian manifold
containing radial nonholonomic trajectories with fixed starting point and



on which they are geodesics. This is a new and surprising result because
it opens the possibility of applying variational techniques to nonholonomic
dynamics, which is commonly seen to be non-variational in nature. Also,
introduce the notion of a nonholonomic Jacobi field and provide a nonholo-
nomic Jacobi equation. In the second part, which is more applied, we use the
nonholonomic exponential map to characterize the exact discrete trajectory
of nonholonomic systems. Then we propose a numerical method which is
able to generate the exact trajectory. On the last chapter, we discuss con-
tact systems and apply the nonholonomic exponential map to construct an
exact discrete Lagrangian function for these systems.



Resumen

La mecénica geométrica es un campo de trabajo bastante reciente de las
matematicas que se encuentra en la intersecciéon de al menos cuatro cam-
pos cientificos diferentes: geometria diferencial, fisica, analisis numérico y
sistemas dinamicos. Su punto de partida es arrojar luz sobre la geometria
subyacente a la mecénica y utilizarla para obtener nuevos resultados que, con
frecuencia, llegan a diversos campos matematicos. Una de las aplicaciones
précticas que se hizo posible mediante el uso de técnicas geométricas fue la ca-
pacidad de construir integradores variacionales, que son métodos numéricos
que reproducen la geometria del sistema mecéanico original como la simplec-
ticidad y la conservacién del momento y de la energia. Estos métodos son
a menudo mas baratos computacionalmente que los estandar, a la vez que
demuestran un comportamiento cualitativo adecuado, incluso a bajo orden.

Sin embargo, no todos los sistemas mecanicos pueden aproximarse me-
diante integradores variacionales. La mecanica no holénoma es uno de esos
casos, en los que carecemos de un principio variacional, de simplecticidad y de
la conservacion del momento en general. Por lo tanto, la investigacion de la
estructura geométrica de la mecanica no holénoma debe realizarse teniendo
en cuenta su naturaleza no simpléctica y no variacional.

En esta tesis, deduciremos nuevas propiedades geométricas y analiticas de
los sistemas no holénomos que esperamos proporcionen una nueva vision para
tratar los mismos. Nuestra definicion principal, que encontraremos en todas
las secciones, es la de aplicacion exponencial no holonoma. Esta aplicacién es
una generalizaciéon de la conocida aplicacién exponencial riemanniana y vere-
mos que desempena un papel en la descripcion de trayectorias no holonomas,
asi como en aplicaciones al andlisis numérico. Tras introducir este nuevo ob-
jeto, la tesis puede dividirse en dos partes. En la primera parte, usamos
la aplicacién exponencial no holénoma para presentar nuevas propiedades
geométricas de los sistemas mecanicos no holénomos, como la existencia de



una variedad riemanniana restringida que contiene a las trayectorias radiales
no holénomas con punto de partida fijo y en la que las mismas son geodesicas.
Se trata de un resultado nuevo y sorprendente porque abre la posibilidad de
aplicar técnicas variacionales a la dindmica no holénoma, que cominmente se
considera no variacional por naturaleza. Ademads, damos una nueva definicion
de campos de Jacobi no holénomos y encontramos una ecuacion de Jacobi no
holénoma. En la segunda parte, mas aplicada, utilizamos la aplicacion expo-
nencial no holénoma para caracterizar la trayectoria discreta exacta de los
sistemas no holénomos. A continuacién, proponemos un método numérico
capaz de generar la trayectoria exacta.En el ultimo capitulo, discutimos los
sistemas de contacto y empleamos la aplicacion exponencial no holénoma
para construir una funcién Lagrangiana discreta exacta para sistemas de
contacto discretos.
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Notation

All the manifolds and maps in the text are smooth except we say otherwise.
Einstein summation convention is used.
We use intensively the following notation without explaining it from now

further:
C>(Q) - the set of smooth functions on the smooth manifold Q.
X(Q) - the set of smooth vector fields on the manifold Q.

I'(D) - the set of smooth sections of a vector bundle, where D is the total
space of the bundle.

OF(Q) - the set of smooth k-forms on the manifold Q.
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Concern for man and his fate must always form the chief in-
terest of all technical endeavours. Never forget this in the midst
of your diagrams and equations.

by Albert Finstein
Sitmplicity is the highest goal, achievable when you have over-
come all difficulties. After one has played a vast quantity of notes

and more notes, it 1s simplicity that emerges as the crowning re-
ward of art.

by Frédéric Chopin
Mechanics is the paradise of the mathematical sciences because
by means of it one comes to the fruits of mathematics.

by Leonardo Da Vinci
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Chapter 1

Introduction

This thesis is intended to be understandable by any graduate student with
some background in differential geometry and some basic notions from me-
chanics. We will assume that the reader is familiar with smooth manifolds
and has a general knowledge of other standard topics in mathematics such
as Lie groups, ordinary differential equation (ODE) theory and dynamical
systems.

This is a thesis on geometric mechanics, a subject of applied mathematics
that uses techniques of differential geometry to study mechanical systems. Of
course, the realm of Mechanics is extremely wide and includes both classical
particle mechanics as well as continuum mechanics and field theories. It deals
with systems from a classical to a relativistic and a quantum perspectives.

Mechanics has been one of the main branches of Physics for at least
two millennia. Indeed, one could date the first systematic descriptions of
body and particle motions, composition and properties back to the age of
Ancient Greece, by the hand of philosophers such as Aristotle or Archimedes.
However, a true scientific revolution had to wait until the XVI and XVII
centuries through the works of Nicolaus Copernicus, Galileo Galilei, Johannes
Kepler and Sir Isaac Newton, who may be considered the founders of modern
mechanics. In fact, almost every first undergraduate course in Mechanics
begins with Newton’s second law, relating the force F' with the mass m and
the acceleration a of the system:

F =ma,

which encodes the equations of motion for any classical system in an inertial
reference frame.
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It was not until the XVIII century, that Leonhard Euler and Joseph-Louis
Lagrange introduced one of the core concepts of this thesis: Euler-Lagrange
equations. They appeared while the authors were studying the tautochrone
problem, that is, determining the curve for which the time taken by a particle
under the influence of gravity to travel to a fixed final point is independent
of the initial point. More generally, Euler-Lagrange equations constitute
the main ingredient of the fundamental theorem of Calculus of Variations,
a branch of mathematics developed precisely by Euler and Lagrange, and
according to which a twice differentiable curve x : I — M in a manifold M
is a critical point of the functional

if and only if the curve z satisfies the Euler-Lagrange equations

d (OF or 0
dt (8:{;) or

These foundational works on Calculus of Variations, led to the develop-
ment of Lagrangian mechanics based on the Principle of Least Action. In
this framework, there is a functional § called the action that is minimized
by the mechanical trajectories. Usually, the action is expressed as an inte-
gral of a function L, called the Lagrangian function, depending on position ¢
and velocities ¢ of the system which is given by the kinetic energy K minus
the potential energy function V', ie., L = K — V. Hence, Euler-Lagrange
equations become necessary and sufficient conditions to find the motion of
mechanical systems, that is, they become the equations of motion, thereby
replacing Newton’s second law.

Almost a century later, Sir William Rowan Hamilton introduced an al-
ternative description of mechanics that, nowadays, carries his own name:
Hamiltonian mechanics. Starting with nothing more than a function, called
the Hamiltonian function, depending on positions ¢ and momenta p of the
system and typically given by H = K + V, one extracts the Hamiltonian
equations

There are two immediate differences between Euler-Lagrange and Hamil-
tonian equations: the former are a system of n second order differential
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equations, while the latter is a system of 2n first order differential equa-
tions; the former depend on positions and velocities of the system while the
latter depend on positions and momenta of the system. In spite of their
differences, they are equivalent whenever we have a smooth correspondence
between velocities and momenta, allowing us to pass from one framework to
the other. Hence, Hamiltonian equations might also replace Newton’s second
law as equations of motion. We emphasize that this is the usual situation in
classical Newtonian mechanics, where the momenta are simply given by

bi = mqi-

At this point, Mechanics was already so close to differential geometry
that it could almost grasp it. Indeed, the solutions of Hamiltonian equations
are just the integral curves of a vector field Xy in the phase space, that is,
the joint space of positions and momenta on which H depends. If we see
it as a 2n-dimensional manifold with coordinates (¢!, ..., ¢", p1, ..., pn), then
after introducing a symplectic form on this space, given by

wg = dqi A dp;,

we may characterize Xy as the unique vector field satisfying the geometric
equation
) XpWQ = dH.

This overlap between mechanics and differential geometry opened the
door to the introduction of several geometric techniques to solve problems in
mechanics, but also the other way around: mechanics provided inspiration
to develop new theories in differential geometry like symplectic geometry or
Poisson geometry.

The pioneer of geometric mechanics may be considered to be Henri Poincaré
(see the introduction in [AMT78]). Though he lacked some tools from differ-
ential geometry that had not been introduced by then, he realized at the
beginning of the XX century that some qualitative questions on the dynam-
ics of mechanical systems could not be answered without a global geometric
description, as those related with stability. The intrinsic global geometric ap-
proach suggested by Poincaré was made possible through the use of exterior
calculus, introduced by Elie Cartan. Some prominent mathematicians which
successfully applied differential geometric and topological techniques obtain-
ing new insights into mechanics were George Birkhoff, Andrei Kolmogorov,
Vladimir Arnold, Jiirgen Moser or Jerrold Marsden, among many others.
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More or less simultaneously to the works of Poincaré, Albert Einstein
introduced the theory of general relativity, which casts some light on the
relation between mechanics and (semi-)Riemannian geometry.

In the recent few years and mainly from the second half of the XX cen-
tury, built on the pillars of modern day differential geometry, the subject of
Geometric Mechanics arose as an independent branch of mathematics in the
intersection of differential geometry, physics, analysis and numerical analysis.

Next, we are going to briefly introduce the main topics on which we
develop our research.

1.1 Nonholonomic mechanics

Nonholonomic systems are, so to speak, mechanical systems with a prescribed
restriction on the velocities. The constraints on velocities might arise due to
different physical causes and may appear under different forms: a restriction
in the directions or in the norm; may be time-dependent or not; may vary
with position of the system on the configuration manifold or even may vary
according to the state on the phase space.

For example, in R"™, a velocity constraint could be forcing a particle’s
velocity to take the values of a curve f : R — R”, in the sense that ¢(t) =
f(t), with ¢ denoting the position of the particle. Or else, we could constrain
the velocity to remain constant ||¢(¢)|| = 1.

In this thesis, we are interested in linear nonholonomic constraints. As
the name suggests, these are locally given by an expression which is linear on
the velocities, though it might change smoothly from point to point. In the
n-dimensional euclidean space R”, a curve ¢ satisfies a linear nonholonomic
constraint if and only if it satisfies a system of k equations k& < n:

n
> ui(q)d =0, ae{l, ..k} (1.1.1)

i=0
Geometrically, an expression like this defines a distribution, which is the
smooth assignment to every point on a manifold of a subspace of the tangent
space at that point. At a point ¢, this subspace satisfies a system of equa-
tions of the type of (1.1.1)). So, when we think about linear nonholonomic

constraints we are equivalently thinking about a distribution.

Historically, the mathematical description of nonholonomic dynamics has
been the source of some confusion, motivated by an erroneous derivation of
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the equations of motion for systems under nonholonomic constraints due to
E. Lindelof [Lin95| later corrected by S.A. Chaplygin |[Chab4]. The main
reason behind this confusion, might be the fact that nonholonomic trajecto-
ries do not satisfy a variational principle such as the least action principle, in
contrast with the unconstrained case. This was critically against the general-
ized philosophic belief that mechanical trajectories should follow a preferred
path among all possible paths, as if nature was omniscient and knew how to
distinguish the optimal possibility.

The term “nonholonomic” was coined by H. Hertz in 1894 |Her56], who
was the first to realize that nonholonomic mechanics did not satisfied the
same variational principles as unconstrained mechanics. Nowadays, we know
due to Otto Holder that a slight variation of the least action principle is
enough to obtain the equations of motion for nonholonomic mechanics. This
principle is Lagrange-d’Alembert principle and states that the nonholonomic
trajectories subjected to a distribution D are those that are critical values
for the action & among any variation of paths satisfying

d
Sp = — t D.
=0 82090( ,8) €

(See [Blo15; (Cor02; [NE72; |(CS98; BMO05; Blo+96b; BMZ05], also [Mar96] for
a discussion on the validity of the Lagrange-d’Alembert principle and [GGOS|
or [BS0§| for a general discussion on variational calculus with constraints).

Then, a curve ¢ : I — ) on a manifold ) is a nonholonomic trajectory if
and only if it satisfies the Lagrange-d’Alembert equations

d (8L>_8L.:Mg,

dt \ogt) a¢ °

where pf are the functions defining the distribution in the same way as in
(1.1.1)) and A, are Lagrange multipliers’ to be computed with the additional
equations

1 (q)d* =0,

which translate the fact that the trajectory must satisfy the constraints.

We will have the opportunity to meet some basic examples of nonholo-
nomic systems with linear constraints such as the nonholonomic particle, the
vertical rolling disk and the Chaplygin sleigh, which exhibit all the unusual
characteristics of nonholonomic dynamics.
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Besides failing to possess a variational derivation, nonholonomic dynamics
also has another important difference with respect to unconstrained mechan-
ics: the flow on phase space is not symplectic. This fact makes nonholonomic
dynamics qualitatively very different from what we find in unconstrained
mechanical systems: non-preservation of phase space volume in general (see
[FGNM15] and the references there in and also [ZB03|), existence of attrac-
tors, etc. Nonetheless, when the constraints are linear on velocities, energy
is still preserved along the flow.

1.2 Discrete variational mechanics

The second major topic on which we investigate is discrete mechanics and its
applications to the development of geometric integrators for dynamics. These
are numerical methods approximating the solutions of the equations of mo-
tion that preserve the geometric properties of mechanical dynamical systems
(see [SSC94; HLW10; BC16| and, in particular, for discrete mechanics and
variational integrators [MWO1]). Hence, this is a new field born out of the
marriage between differential geometry, mechanics and numerical analysis.

The ultimate goal of discrete variational theory in mechanics is the con-
struction of the so-called geometric integrators. An integrator or numerical
method for a system of differential equations of the form

&= f(x),

where f : R — R" is smooth, is a useful tool in applied sciences because
to find an explicit solution to a differential equation is difficult or even im-
possible. At the same time, in applications to engineering and other applied
sciences, it is often enough to find an approximate solution of the differential
equation. In order to do that, we formulate and study numerical methods to
find approximate solutions.

The simplest of the numerical methods is the Fuler method, introduced
by Euler in 1768 and it is given by the equation

Tpi1 = Tp + hf(xy,), (1.2.1)

where h > 0 is called the step size. From a given initial value z, € R,
we compute a sequence of points x1, xs, ..., T,, ... that approrimates the true
solution x(t) in the sense that

1 =~ z(h), xo ~ x(2h), ..., z, = x(nh), ...
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up to some error order. Moreover, equation ([1.2.1]) defines a map ®; : R” —
R™ given by
(Dh<xn) = Tn+1

called the discrete flow.

However, not all numerical methods satisfy the same geometrical proper-
ties as the mechanical systems they should approximate, such as conservation
of energy, symplecticity, symmetries and existence of conserved quantities,
etc. Geometric integrators are designed to reproduce these qualitative char-
acteristics and, while doing this, they often have a better performance at a
lower computational cost than standard algorithms. This property becomes
essential in long-time simulations.

As far as we know, the theory of discrete variational mechanics has its
roots in the 60’s in the optimal control literature. Then it starts to appear
in the context of mechanics in the 70’s and the 80’s, at which point the
first concepts as the discrete principle and the discrete equations are already
defined, and, finally, the theory evolves to a deeper level with the works of
Veselov [Ves88| and Moser and Veselov [MV91] in the context of integrable
systems. The numerical implementation of discrete variational mechanics is
developed in several works by Marsden and collaborators (see [MWO01] and
references therein).

Discrete Lagrangian theory falls into the more general class of discrete
variational integrators which are also geometric integrators. Given a config-
uration manifold @, the starting point of the Lagrangian formalism is the
choice of a Lagrangian function on the tangent space T'Q). In order to de-
velop a discrete Lagrangian formalism, the situation is similar except that we
replace the tangent bundle T'Q) by its discretized version: the Cartesian prod-
uct @ x Q. Then we consider a function L% : Q x Q — R (possibly depending
on the time step h > 0) and call it the discrete Lagrangian function.

Next, we introduce a discrete version of the action functional, the discrete
action map, defined to be the map,

N-1
Sd(qd) = Z L(}iL(qlw qk-i—l)a
k=0

where ¢4 is a sequence of points in @ given by {qo, q1, ..., qv }. In analogy with
the continuous version, the discrete trajectory of the discrete Lagrangian
system determined by the discrete Lagrangian function L, is a critical value
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of the discrete action map Sy, among all sequences of points with fixed end-
points. Then, one may prove that a sequence {g;} is a critical point of the
functional S, if and only if it is a solution of the discrete FEuler-Lagrange
equations

D2Ld(q1<:—17q7€) + DlLd(qk7q]€+1> = O’ for all k = 17 7N - 17

which are the discrete version of Euler-Lagrange equations.

The discrete flow generated by discrete Euler-Lagrange equations possess
all the expected geometric properties. We will review exactly which later
in Chapter [l One of the most remarkable facts about discrete Lagrangian
theory is that if one wishes to construct an accurate numerical method using
discrete Lagrangian mechanics, one usually regards the value of the discrete
Lagrangian on a point (qo, q1) as being a sufficiently good approximation of
the (continuous) action, i.e.

h
L g0, a1) ~ / Lldos (1), don (1)) dt,
0

where g 1(t) is the unique solution of the Euler-Lagrange equations connect-
ing qo and q;. At least for two sufficiently near points in @), this trajectory
exists. Though this is a very intuitive fact, we only find a formal proof very
recently in [MDM21] (see also [MDM16]). Anyway, to make the dissertation
more self-contained, we include such a proof in Chapter [d] If one takes the
right hand side of the equation above to be the discrete Lagrangian function,
by proceeding as above, we deduce that the corresponding discrete flow is
the exact discrete flow, which is a sequence of points over the continuous
trajectory of the Lagrangian system determined by L (cf. [MWO1; [PC09| for
the original exposition and proofs, [MDM]16] for the case of reduced systems
under symmetries and [DA18; FZG21] for forced systems).

1.3 Main contributions
In the present thesis, we follow five main research lines:
1. The nonholonomic exponential map: The exponential map is a

central concept in Riemannian geometry playing a key role in some
results on the global analysis of Riemannian manifolds together with
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curvature and Jacobi fields. Moreover, as we will see in Chapter [3| and
later in Chapter[7] the exponential map (associated with a vector field)
lies in the interplay between discrete and continuous dynamics. In this
thesis, we define the nonholonomic exponential map and we show that
it allows to identify the space of nonholonomic constraints with its
image. This fact, is explored later in Chapters [p] [7] and [§] In order to
introduce the previous notion, we will use the geometric formulation of
nonholonomic dynamics in terms of second order differential equation
vector fields along the constraint distribution (see [LD96]).

. Radial trajectories of mechanical nonholonomic systems: within
this line we follow a new approach aiming to study further geomet-
ric properties of mechanical nonholonomic systems which will possibly
open the door to qualitative results on the global properties of non-
holonomic dynamics. For this matter, we will consider a Riemannian
manifold (@, g) and a nonintegrable distribution D determining a ki-
netic nonholonomic system, where the Lagrangian function is given
simply by the kinetic energy.

Along Chapter [0, we intended to put forward a geometric program of
introducing some important concepts of standard Riemannian geom-
etry into the nonholonomic setting. In this direction, one may find
previous literature such as [Vra28|, [Syn28|, [Lew98|, and [GNM20]. A
fundamental concept in Riemannian geometry is, without any doubt,
that of a geodesic. One of its main properties is that geodesics min-
imize the length among curves connecting nearby points. Conversely,
any curve minimizing length is necessarily a geodesic. To prove this
key fact in Riemannian geometry, it is necessary to introduce different
concepts and results as, for instance, the notion of geodesic flow, the
exponential map, the Gauss lemma, among others (see [Lee97; |O’N83;
Car92|).

However, the introduction of a nonintegrable distribution D on () makes
the picture become much more complex. The Lagrange-d’Alembert
principle for a curve ¢ : I — @, mapping t € I — ¢(t) € @, may be
shown to be equivalent to the following equation:

Vinc(t) € Day »  ¢t) € Dy (1.3.1)

where V9 is the Levi-Civita connection of g and D+ is the g-orthogonal
complement to D. Equivalently, we can describe the nonholonomic
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trajectories as the geodesics of an affine connection V™ on Q with
initial condition satisfying the nonholonomic constraints. Of course,
analogous to what happens with unconstrained geodesics, a curve c
is a solution of if and only if it is the solution of Lagrange-
d’Alembert equations for the nonholonomic Lagrangian system (L, D).
Only in very exceptional cases the connection V™ is the Levi-Civita
connection for a Riemannian metric, in particular, this would imply
that the distribution was integrable (see [Lew98]). The fact that V"
is not the Levi-Civita connection implies in particular that its geodesics,
and among them nonholonomic trajectories, are not length minimizing
for the Riemannian metric g.

In Chapter [5, we present the absolutely surprising result that we can
characterize radial nonholonomic geodesics, i.e., nonholonomic solu-
tions starting from a given point ¢ € (), as true Riemannian geodesics
for a family of Riemannian metrics ggh defined in the image J\/lgh of
the nonholonomic exponential map at ¢q. In other words, we show
that radial kinetic nonholonomic trajectories are length minimizing in
a specified Riemannian manifold, that is, nonholonomic trajectories
minimize the functional

1
nh :
1) = [ el

among all curves ¢ : [0,1] — Mgh with fixed endpoints and starting
at ¢. As a consequence, they are Riemannian geodesics. Perhaps more
importantly, this result opens the door to new developments in nonholo-
nomic mechanics using Riemannian geometry techniques: Riemannian
Jacobi fields, global minimizing properties of nonholonomic trajecto-
ries, construction of variational integrators for nonholonomic mechan-
ics, Hamiltonization or Lagrangianization of nonholonomic systems,...
(see Chapter [9] on conclusions and future work). In this direction, it
would be interesting to study the kinetic Lagrangianization of kinetic
nonholonomic systems, a theory which is closely related with the so-
called Hamiltonization of nonholonomic systems. This last topic has
been widely discussed in recent years by several authors (see [BGN12}
Ehl+05; [FJ04; GNM20; (GNM18; | Jov10; Koz02; [VVES; BY20; BEMO9;
GN10; BMOT7; BBM10]).

We also extend the previous result on radial kinetic nonholonomic tra-



jectories to radial trajectories of mechanical nonholonomic systems.
For that matter, we discuss a contact bundle formulation of the non-
holonomic Jacobi-Maupertuis principle (see also [Koi92]) and then we
show that these last trajectories are reparametrizations of trajectories
of certain kinetic nonholonomic systems. This fact implies the result.

. Nonholonomic Jacobi fields: Given the importance of Jacobi fields
in Riemannian geometry, there has been great interest in generaliz-
ing these results to different situations, for example, to general second
order differential equations (SODE’s) in [CM92] using the dynamical
covariant derivative and the Jacobi endomorphism associated with the
SODE [MCS93] (see also [HM20] and the references therein), to semi-
Riemannian geometry [O’N83|, to sub-Riemannian and Finsler geom-
etry [ABR18; BR17], to the Lie algebroid setting |[CGM15], to skew-
symmetric algebroids [J13], etc.

However, the case of systems subjected to nonholonomic constraints
has not been properly considered in the previous literature. In this
thesis, we introduce the notion of a nonholonomic Jacobi field and
deduce the corresponding Jacobi equation. More concretely, following
an analogous approach to the Riemannian case (see Table for more
details):

(a) We have defined nonholonomic Jacobi fields in terms of infinites-
imal nonholonomic geodesic variations. So, for a fixed point ¢ on
the configuration manifold, the tangent space of /\/lgh at each of
its points is generated by the nonholonomic Jacobi fields along the
radial nonholonomic trajectories starting from the point q. More-
over, with the previous definition, a nonholonomic Jacobi field
along a nonholonomic trajectory c is not, in general, a section of
the constraint distribution D along c¢. This is an important dif-

ference with previous approaches to the notion of a nonholonomic
Jacobi field.

(b) We have given new results to explicitly find nonholonomic Jacobi

fields.

(c) We have characterized nonholonomic Jacobi fields as trajectories
of a lifted nonholonomic system.

(d) Finally, we have derived the nonholonomic Jacobi equation in
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terms of the curvature and torsion of the corresponding nonholo-
nomic connection.

On the other hand, to preserve as much as possible the Riemannian
geometric flavour, we start our study with nonholonomic systems of
kinetic type, but later we extend the results to the case of mechanical
nonholonomic systems, where the Lagrangian function is the difference
between the kinetic energy associated with a Riemannian metric and
the potential energy.

. Discrete nonholonomic mechanics: In the last few decades, several

authors have proposed a discrete nonholonomic Lagrangian formalism,
in order to obtain integrators for nonholonomic systems preserving
their intrinsic geometric properties. This would be a natural exten-
sion of discrete Lagrangian formalism to the case where nonholonomic
constraints are present. However, contrary to the unconstrained case,
nonholonomic systems do not generate symplectic flows, neither should
their discrete counterpart generate symplectic maps. So, the loss of ge-
ometric structure comparatively to the unconstrained case has been
the main obstacle in the search for an adequate discrete description of
nonholonomic systems. In this thesis, we address the following open
problem proposed by R.I. MacLachlan and C. Scovel (see also [MPO06]
for an attempt to solve it):

The problem for the more general class of non-holonomic con-
straints is still open, as is the question of the correct analogue
of symplectic integration for non-holonomically constrained
Lagrangian systems. [MS96].

To achieve this goal, we carefully define the exact discrete flow of non-
holonomic systems. Then, we search for a discrete “variational” princi-
ple satisfied by the exact discrete flow and, finally, we propose a discrete
nonholonomic formalism generating geometric integrators for nonholo-
nomic systems. In order to accomplish that, we will rely on a map
which is omnipresent across the various chapters and sections of the
thesis: the nonholonomic exponential map.

The importance of nonholonomic systems appears since they model a
great variety of mechanical systems in engineering and robotics (see
[Blo15| and references therein). However, at the moment (as we have



| Riemannian geometry

\ Kinetic nonholonomic

A vector field W : I — TQ along
a geodesic ¢ : I — @ is said to be
a Jacobi field for the Riemannian
manifold (Q, g) if it is the infinitesi-
mal variation vector field of a family
of geodesics

A vector field W : I — T'() along a
nonholonomic trajectory ¢ : I — @
is said to be a nonholonomic Ja-
cobi field for the system (L,, D) if
it is the infinitesimal variation vec-
tor field of a family of nonholonomic

trajectories (see Definition [6.1.1))

Every Killing vector field W for the
Riemannian metric ¢ is a Jacobi
field along any geodesic

Every Killing vector field W for the
Riemannian metric ¢ which is an in-
finitesimal symmetry of D is a non-
holonomic Jacobi field for any non-
holonomic solution

(see Corollary [6.2.4))

The trajectories of the Lagrangian
system Lge : TTQ — R are just
the Jacobi fields for the Riemannian
manifold (Q, g)

The trajectories of the mnonholo-
nomic system (Lge, D¢) are just the
Jacobi fields for the nonholonomic
system determined by (L, D)

(see Theorem [6.2.11])

W is a Jacobi field if and only if

D*W
dt?

+ R(W(1), c(t))é(t) = 0
or, equivalently,

VIVIW + R(W,é)é =0

W is a nonholonomic Jacobi field if
and only if

VW 4 VT (W)
+R™(W,¢)e =0, W(t) € D"

(see Theorem [6.2.21))

Table 1.1: Comparative notions between Jacobi fields for Riemannian geom-
etry and kinetic nonholonomic systems.
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mentioned before), there is no consensus in the scientific community
on the best numerical methods to integrate a nonholonomic system
among several existing possibilities that were inspired in the geome-
try of nonholonomic systems and suitable discretizations of Lagrange-
d’Alembert principle (cf. [MV19]). We think that one of the reasons
for these plethora of so different methods (see [CMO1; MPO06; FIDOS;
BZ15; FBO12; |Cel+19; [gl+-08|, among others) can be related with the
difficulty to find an exact discrete version of the nonholonomic mechan-
ics as it happens in the case of Lagrangian mechanics. This is precisely
our main contribution to the subject.

. The geometry of discrete contact systems: Contact Hamiltonian

and Lagrangian systems have deserved a lot of attention in recent years
[Bral7; Bral§| or [LLVI19b|. One of the most relevant features of con-
tact dynamics is the absence of conservative properties contrarily to
the conservative character of the energy in symplectic dynamics; in-
deed, we have a dissipative behaviour. This fact suggests that contact
geometry may be the appropriate framework to model many physical
and mathematical problems with dissipation we find in thermodynam-
ics, statistical physics, quantum mechanics (see [CCM18]), gravity or
control theory, among many others. Consequently, it becomes an im-
portant necessity to develop numerical methods adapted to the contact
setting for applications in the above mentioned subjects. The idea is
to develop geometric integrators, that is, numerical methods for differ-
ential equations which preserve geometric properties like contact struc-
ture, symmetries, configuration space... This preservation of structural
properties is often desirable to achieve correct qualitative behaviour
and long time stability [HLW10; |SSC94; BC16].

As far as we know, the first attempt to develop geometric integrators for
the contact case is achieved in the paper [VBS19] (see also [Bra+20]),
where the authors present geometric numerical integrators for contact
flows that stem from an heuristic discretization of Herglotz variational
principle.

Our contribution in this thesis is to go further in the discrete description
of contact dynamics, by identifying the discrete geometric structures
that replace the usual contact structure on the continuous side. Instead
of deriving the discrete Herglotz equations by an heuristic argument,



they are directly obtained from a clear discrete variational principle.
In addition, to develop the discrete algorithm we use the natural dis-
cretization @) X ) X R, which preserves all the contact geometry flavour.

Another relevant point is the discussion of the existence of an exact
discrete Lagrangian function [MWO1}; [PC09| for the contact case. We
define the contact exponential map as an application of the results
about the nonholonomic exponential map and we prove the existence
of the exact discrete Lagrangian function. This construction is essential
to develop a complete theory of variational error analysis for contact
Lagrangian systems.

Finally, we consider a discrete version of the infinitesimal symmetries
discussed in [LV20} (Gas+20], jointly with the corresponding dissipated
quantities.

The original results presented along the thesis are contained in the fol-
lowing scientific articles:

1. Ezact discrete Lagrangian in nonholonomic mechanics [AMM20a], (sub-
mitted to Numerische Mathematik).

2. Nonholonomic Jacobi fields, [AMM20b] (submitted to J. Phys. A:
Math. Theoret.).

3. Kinetic nonholonomic radial trajectories are Riemannian geodesics!,
[AMM20c| (accepted for its publication in Analysis and Mathematical
Physics)

4. Contact bundle formulation of nonholonomic Maupertuis-Jacobi princi-
ple and length minimizing property of nonholonomic dynamics, |JAMM21].

5. On the geometry of discrete contact mechanics, [Ana+21] (published
on Journal of Nonlinear Science).

1.4 Outline of the thesis

The thesis is divided in two parts. The first part is composed by Chapters
and [3, comprising what we could call the “background material”. Chapter
is devoted to review necessary topics of differential geometry on which we will
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rely on during all the exposition of the thesis. The list of required machinery
includes (semi-)Riemannian geometry, symplectic geometry, the geometry
of the tangent bundle (including lifts, the vertical endomorphism, SODE
vector fields), distributions and Lie group actions. Chapter 3] is devoted
to review the fundamental results of Geometric Mechanics: Lagrangian and
Hamiltonian mechanics, mechanics under the action of external forces, a
brief review of discrete Lagrangian mechanics and, last but not the least, a
review of nonholonomic mechanics and a final section where we selected a
prior version of discrete nonholonomic mechanics representing what has been
done in this field.

The reader may skip the first part if he/she is already familiar with these
concepts without loosing any relevant information to understand the second
part.

The second part of the thesis is dedicated to the exposition of the original
results contained in the scientific articles mentioned before. It starts with
Chapter [4, where we introduce the nonholonomic exponential map. To this
end, we also discuss the exponential map for general second order differential
equation (SODE) vector fields and present a proof that this map is a dif-
feomorphism, at least restricted to a local neighbourhood. In the following
two chapters, we study nonholonomic systems determined by a mechani-
cal Lagrangian function, finding results with an intense Riemannian flavour
such as the characterization of radial kinetic nonholonomic trajectories as
geodesics of a particular Riemannian manifold in Chapter [5| or the defini-
tion of a nonholonomic Jacobi field and the associated nonholonomic Jacobi
equation in Chapter [6] In Chapter [7| we present a class of integrators for
nonholonomic mechanics possessing a new feature distinguishing it from the
previously proposed integrators: for the correct choice of geometric objects,
the new integrator gives rise to the exact discrete flow. Finally, in Chapter
we introduce a geometric discretization of Herglotz principle from where we
deduce the discrete Herglotz equations. We also examine what happens with
discrete symmetries of the contact systems. To finish the chapter, we define
the contact exponential map and use the nonholonomic exponential map to
prove that the former is a local diffeomorphism. With this result we are able
to define the exact discrete contact Lagrangian function.

In the conclusions chapter, we unveil some possible future directions from
where to sharp our results. At the end, we include an appendix containing
some technical results which we thought the reader might either be unfamiliar
with or might want to recall, while we found that its placement in the main
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body broke the natural reading flow of the thesis.
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Chapter 2

Review of differential geometry

This chapter is devoted to review the fundamental concepts, properties and
results from differential geometry used along the thesis. Depending on the
familiarity of the reader with the contents of the chapter, it can either be
skipped, it can be quickly read as a mean to settle the notation or it can
serve as an introduction to the mathematical concepts for the inexperienced
reader.

The four main sections in this chapter are the following:

e (Semi-)Riemannian geometry.

Symplectic geometry and Hamiltonian systems;

Tangent bundle constructions and relevant results including lifts, canon-
ical involution, the vertical endomorphsim, Second-order differential
equation vector field and distributions;

Basic notions of Lie group actions.

We remark that this introduction does not pretend to be exhaustive in
any way. So that we assume previous knowledge of basic concepts about
differentiable manifolds and we do not include proofs in most situations,
redirecting the reader to the literature.

If nothing on the contrary is explicitly said, all objects along the thesis
are assumed to be smooth. Einstein’s summation convention is used.
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2.1 Semi-Riemannian geometry

The concept of Riemannian metric and the machinery associated to it have
revealed to be extremely useful in order to extend geometric concepts that
one has in euclidean spaces, such as length, angle, volume form, gradient of
a function or differentiation of vector fields, to more general differentiable
manifolds. Perhaps the first important concept derived from a Riemannian
metric is that of a geodesic. Geodesics will replace the role of straight lines as
the curves which minimize distance between two fixed points in Riemannian
manifolds more general than the euclidean space.

Naturally, this is where the interplay of mechanics and geometry begins
since, according to Newton’s second law of mechanics, particles that are not
subjected to external forces will now follow a geodesic on a general differen-
tiable manifold. Analogously, in Einstein’s special relativity, if we are given
a Lorentz metric, one finds that free particles follow geodesics.

This section will be a review of the more general concept of semi-Riemannian
metric, which includes both Riemannian metric and Lorentz metric as par-
ticular cases (for more details see |[O’N83; Lee97; |Car92]).

2.1.1 Semi-Riemannian metric and basic constructions

Definition 2.1.1. A semi-Riemannian metric h on a manifold @ is a sym-
metric non-degenerate (0, 2)-tensor of constant signature. Accordingly, if A is
a semi-Riemannian metric then the pair (@, h) is called a semi-Riemannian
manifold.

If the semi-Riemannian metric h is positive definite, then h is a Rieman-
nian metric. On the contrary, if A is not definite and has signature of the
type (—1,1,...,1) then g is called a Lorentz metric. See [O’N83] for more
details.

If (¢') are local coordinates on @, then the local expression of the metric
tensor h is

h = h;dg' ®d¢’, with h;; = h (i i)
%] ) ) 8 qi7 a (]j '

With the help of the metric, we can also define a norm on each tangent

space T,(Q). Given a vector v, € T,) we define its norm as

[vgll =/ 1h(vg, vg)l-

36



Moreover, if ¢ : [0,h] — @ is a curve on @, then its length L(c) is defined to
be

L(e) = / lége)lde.

If (M,hy) and (N,hy) are two semi-Riemannian manifolds, a (local)
isometry is a (local) diffeomorphism ¢ : M — N such that

¢"hn = hy.

Given a semi-Riemannian metric we can define the flat isomorphism as
the map by, : T,Q — T;Q in each tangent space T;Q given by

n(Xg), Yo) = h(Xy, Yy), (2.1.1)

for every X,, Y, € T,Q. The fact that h is non-degenerate implies that
the map b, is indeed an isomorphism on each tangent space. Its inverse
isomorphism is denoted by f, and is called the sharp isomorphism. Observe
that the musical isomorphisms introduced here extend to maps between X(Q)
and Q1(Q). Given a function f € C*°(Q), the gradient vector field of f with
respect to h is the vector field grad, f € X(Q) defined by

grad, f = t, o dV.

Let us recall now how a semi-Riemannian metric induces an intrinsic
process to differentiate vector fields. Remember that a linear connection is
amap V : X(Q) x X(Q) — X(Q) which is C*°(Q)-linear on the first factor,
R-linear in the second factor and if we denote the image of X,Y € X(Q) by
VxY, then V satisfies the Leibniz rule

Vx(fY)=X(f)- Y +[-VxY,

for every f € C(Q). The vector field VxY is also called the covariant
derivative of Y with respect to X.

If (¢%) are local coordinates on @, then the connection is locally charac-
terized by the Christoffel symbols which are real-valued functions on () given
by

a ;0
g Yo
Thus if X and Y are vector fields locally given by

0 0
X=X"— d Y=Y"—
oq an ag"

\Y
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then the covariant derivative may be written as

oYk _ 0
VxY = X'— + XV} ) —. 2.1.2
X < oq + w) dqk ( )
Notation. We will use the following convention regarding tensors: a tensor
F of type (k,1) on the manifold @ is a C'*°(Q)-multilinear map

F:QY(Q) x ... x Q1(Q) x X(Q) x ... x X(Q) = C(Q).

TV TV
k times I times

The space of (k, 1) tensors on @ will be denoted by 7,%(Q). However, if k = 1
we will identify the tensor F' of type (1,1) with the map

F:X(Q) x ... x X(Q) = X(Q)

J

TV
I times

uniquely defined by
(@, F(Y1, ..., Y))) = F(a, Y1, Y0),
for all o € QY(Q) and Yy, ..., Y; € X(Q).

Given a vector field X € X(Q), the covariant derivative Vx may be
generalized to a map from the space of (I, k) type tensors to itself in the
following way. First, for 1-forms a € 2'(Q) we have that

(Vya,Y) = X({a,Y)) — {a, VxY).

If F'is a tensor of type (k,1), Y7, ..., Y, are [ vector fields and ay, ..., ay are k
1-forms, then

(VxF)(ag, ..., Y1, ... Y) =X (F(a, ..., o, Y1, ..., Y1)

k
— ZF(OQ, ey Vxag, oy ag, Y1, .., )
i=1

l
=) F(an, oy 0, Vi, o, Vi, Y1),
=1

Moreover, given F a tensor of type (k,[) we can define the tensor VF of
type (k,l+ 1) called the total covariant derivative of F given by

VF(Oél, ...,O{k,X,Yi, ,YZ) = (VXF)(al, ...,Oék,Yi, ,YE)

Now, we recall the definition of the Levi-Civita connection associated to
a semi-Riemannian metric h.
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Theorem 2.1.2 (Fundamental theorem of semi-Riemannian geometry). Let
(Q,h) be a semi-Riemannian manifold. There is a unique connection V"
such that

1. VhY —VEX = [X,Y];
2. X(h(Y, Z)) = M(V4Y, Z) + h(Y, V4 Z),

for all X,Y,Z € X(Q). Then V" is called the Levi-Civita connection associ-
ated to h and is characterized by the Koszul formula

20(VLY, Z) =X (WY, 2)) + Y (W Z, X)) — Z(h(X,Y))
— h(X,[Y, Z]) + h(Y,[Z, X]) + h(Z,[X,Y]).

Proof. Cf. [O’N83]. O

If (¢*) are local coordinates on @, then the local expression of the Christof-
fel symbols of the Levi-Civita connection associated with h are given by

aq' oq’ ogm )’

where (h*™) is the inverse matrix of Ayg,,.
Now, we will generalize the fundamental formula of Riemannian geometry.
We will denote by Lx the Lie derivative with respect to X.

Lemma 2.1.3. Let h be a symmetric non-degenerate (0,2)-tensor and V"
the Leuvi-Chivita connection with respect to h. Then the Lie derivative of h
satisfies

Lxh(Y,Z)=2h(VEX,Z) —db(X)(Y,Z), X,Y,Z cX(Q). (2.1.3)
Proof. By definition of Lie derivative one has that

Using the fact that the Levi-Civita connection V" is symmetric and compat-
ible with the metric h one gets

Lxh(Y,Z)=h(VeX,Z)+h(Y,VhX). (2.1.4)
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Also from definition of differential of a one-form we know that
dbu(X))(Y. Z) = Y (h(X, 2)) = Z(h(X, Z)) = h(X, [V, Z]).
It is not difficult to show using the Koszul’s formula for V" that
WY, VEX) = h(VEX, Z) = —d(bn(X))(Y, Z)

and plugging in the last equation into (2.1.4]), we get the desired formula for
Lxh(Y,Z). [

In order to introduce the notion of geodesic, we will need first to show
how the covariant derivative extends to vector fields along curves.

Let ¢ : I — @ be a curve on the semi-Riemannian manifold (Q,h). A
vector field along c is a smooth map W : I — T'Q) such that W(t) € T,;)Q
for every t € I. Note that the most trivial example of such a map is the
derivative of the curve ¢ : I — T'Q) itself. Let X(c) denote the space of vector
fields along c.

Lemma 2.1.4. Let V be a linear connection on (). For each curvec: I — @,
there is a unique operator V. : X(c) — X(c) called the covariant derivative
along c that is R-linear, satisfies the Leibniz rule

Velf W)= f- W f-VeW, forany f € C*(I),
and z'fW s a vector field on () such that Woc=W then
VW () = VW " (2.1.5)
Proof. See [Lee97| for proof. O

Remark 2.1.5. We remark that the right-hand side of equation is
well-defined over points in the image of c¢. Indeed, by equation (2.1.2)) we see
that for each point ¢ € @, the covariant derivative VxY'(¢) just depends on
the value of X at ¢ and the values of Y along some curve v : (—¢,¢) = @
with v(0) = ¢ and §(0) = X (q).

Moreover if (¢'(t)) are the local coordinate functions of the curve ¢ and
W I —TQ is a curve over c locally given by

0

W) =W 5
c(t)

)
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then the covariant derivative of W along ¢ has the local expression

0

Ve (1) = (W) + @ OWI T (e() ) 05

Definition 2.1.6. Given a linear connection V on the manifold (), a geodesic
is a curve ¢ : I — () such that its tangent lift has vanishing covariant
derivative along itself, that is,

Ve é=0. (2.1.6)

In local coordinates, equations (2.1.6)) is a second-order differential equa-
tion given by

V. é(0) = (@0 + 4O 0T ) 5 = 0

Thus, applying standard existence and uniqueness theorems of differential
equations on a coordinate neighbourhood we deduce that given any v € T,Q),
there is a unique geodesic denoted by ¢, : I — @ such that ¢,(0) = v and
the domain interval I is maximal.

In fact, a curve ¢ : I — () is a geodesic if and only if its tangent lift ¢ :
I — TQ is an integral curve of the geodesic vector field I'V (see Proposition
28, Chapter 3 in [O'N83|). If the flow of the geodesic vector field is denoted
by ¢f v TQ — TQ, then the geodesic ¢, may be written as

c(t) =Tqo ¢} (v)

for each v € T'Q.

Finally, let us recall the definitions of the Torsion tensor and the Cur-
vature tensor. Given a linear connection V, the Torsion tensor is the (1,2)
type tensor T : X(Q) x X(Q) — X(Q) given by

T(X,Y)=VxY —VyX — [X,Y].

Given local coordinates (¢*) on @ the local expression of T' is

0
_ ik k _ 1k k
T = Zija—qk, where Zij = F,L-j — [ji.

Given a semi-Riemannian metric A and the associated Levi-Civita con-
nection V", we denote by T" the Torsion tensor with respect to V". By the
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definition of the Levi-Civita connection, 7" vanishes identically. On local
coordinates, this implies that the Christoffel symbols are symmetric that is

k _ 7k

The Curvature tensor associated to a given linear connection V is the

(1,3) type tensor R : X(Q) x X(Q) x X(Q) — X(Q) given by
R(X,Y)Z =VxVyZ = VyVxZ -V xyZ,

where R(X,Y)Z simply denotes R(X,Y,Z) following the notation used in
most of the literature. In local coordinates, the expression of R is

9 , O, ory,
where R, = (3qu " oy

! ! !
R= RijkG_q“ + U5l — Dl
As a final remark, now that we have introduced the Torsion tensor, we
may rewrite the defining conditions of the Levi-Civita connection V,, associ-
ated to the semi-Riemannian metric h as the unique connection satisfying

T'V=0 and Vh=0.

2.1.2 The exponential map

Let us review the notion of exponential map in semi-Riemannian geometry.
Being one of the main tools in Riemannian geometry, it is used to tackle a
variety of problems. Its utility lies in the fact that it provides a natural iden-
tification of a neighbourhood of each point on the manifold with the tangent
space at that point. This allows a simpler treatment of local properties.

Let g € @ be a point on the semi-Riemannian manifold (@, h). In this
section, we will consider all geodesics relative to the Levi-Civita connection
V". Then let

My, = {vg € TyyQ | ¢y, is defined in [0, 1]}.

This is an open subset containing the zero vector Oy, € T3, Q.
Then the exponential map at qy is the map

vh
expl i My, = Q, g > @O By () =y (1) (2.1.7)
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One consequence of the definition, together with the fact that geodesics
rescale, i.e., ¢,(At) = cxy(t), is that if vy, € My, the geodesic ¢, : [0,1] = Q
is just
h
Cugy (t) = exPy (T - Vg)-

The main result about the exponential map is that it is a diffeomorphism on
a neighbourhood of the zero vector 0,4, € T,Q.

Theorem 2.1.7. For any qo € Q) there exists a neighbourhood Vy, C Mg,
containing 04, and a neighbourhood Uy, of qo in @ such that

h .
eXPy, - Vio — Uy,
1s a diffeomorphism.

The previous theorem, which may very easily be proven using the fact that
the tangent map of expg0 at the zero vector is the identity, has important
geometric and analytical consequences. We may deduce that, within the
neighbourhood U, C ) of ¢y there exists a unique geodesic connecting any
point to ¢! An important notion is that of normal neighbourhoods. An open
subset Uy, is called normal if it is the image by the exponential map expg0
of a star-shaped open subset V,,. In particular, we can always find normal
neighbourhoods.

We may also consider the extended exponential map. Let M be the open
subset of the tangent bundle T'() given by

M= ] My,
q0€Q

Then, we define

exp M = QX Q, g = (To(vg), 700 8L (vg)),

or, equivalently, exp” (v, ) = (Cuogy (0), g, (1)), where ¢, is the unique geodesic
with initial velocity vg,.

Thus, the exponential map exp” returns the end-points of each well-
defined geodesic within the closed time interval [0, 1]. Similarly to the re-
stricted case before, we may prove that
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Theorem 2.1.8. There exists a neighbourhood V' of the zero section in M
and a tubular neighbourhood U around the diagonal set Ag C Q) X Q) given

by
Ag ={(q,9) € @ xQ|q € Q},
such that
exp" V> U

is a diffeomorphism.

2.1.3 Minimizing properties of geodesics

In this subsection, let (@, g) be a Riemannian manifold.

The first ingredient we must present before discussing minimization prop-
erties of Riemannian geodesics is Gauss lemma, a fundamental result assuring
that the orthogonality to radial directions is preserved.

We will write it using the vertical lift notation. Given vectors v,, u, € T,Q)
the vertical lift of u, at v, is the tangent vector to T'Q) given by

d
(uq):)’q = s (vg + suq) € T, (TQ).
S s=0

In Section below, we will review more about the vertical lift. At the
moment, it is enough to note that it induces an isomorphism between 7,0
and T, (T,Q).

Lemma 2.1.9. Let g € Q and let vy, w, € T,Q be tangent vectors. Then,

gexpg(vq)((Tvlepg)(Uq)an (Tvlepgqu)Zq) = gq(vg, wy), (2.1.8)

where (vy)y , (wq)y, € 1o, (T4Q) are the vertical lifts to TQ at vy of the vectors
vy and w,, respectively.

Remark 2.1.10. Under the linear identification y : 7,Q — T,,(T,Q) be-

(%

tween T,Q and T, (T,Q), equation (2.1.8)) is converted in the clearer expres-

sion

g(expg(vg)) (T, expg(vg), T expg(wg)) = 9(q) (vg, wy). (2.1.9)

Indeed, the Gauss Lemma is crucial to prove the following minimization
property:
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Proposition 2.1.11. Let U, be a normal neighbourhood of a point qo in
the Riemannian manifold Q. If ¢1 € Uy, then the radial geodesic curve c :
[0,1] = Uy, from qo to qi is the unique shortest curve in Uy, connecting both
points.

So, if o : [0, \] = U,, is any other curve connecting ¢y to ¢; then
L(o) = L(c)

and the equality holds if and only if one is a monotone reparametrization of
the other.

The last Proposition states that, at least locally, geodesics are the unique
curves minimizing the length between two points. Unfortunately, we can
not hope that the same statement holds globally. This means either that a
geodesic between two arbitrary points on the manifold may stop minimizing
the length from some point on or that it is not the unique minimum length
curve. There are several examples in non-euclidean manifolds. It is well-
known that on the sphere, two antipodal points are connected by infinitely
many geodesics with the same length.

Considering a given point ¢ on the manifold, the set of points from which
a geodesic starting at ¢ stops minimizing the length is related with the sin-
gularities of the exponential map expj.

2.1.4 Jacobi fields

In this section we will recall the notion of Jacobi field in Riemannian geometry
which is linked to the way that different geodesics fall apart. In that sense,
there is a connection between Jacobi fields and variations. We will introduce
here some piece of notation related with calculus of variations that we will use
later when discussing critical points of functionals, particularly in Lagrangian
mechanics.

A wvariation of a curve ¢ : I — () is a map of the form

Q:(—c,e)x I —Q

(5.6) s 0.(0) (2.1.10)

such that ®y(t) = ¢(t) for all t € I. The vector field V : I — T'Q) defined as
0

s=0

D, (t) (2.1.11)
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is called the infinitesimal variation vector field of the variation ®. Observe
that for each ¢ € I we have that V(t) € T.»)Q.

Now the variation ® is said to be a wvariation by geodesics if for each
s € (—¢,¢€) the curve &4 : I — @ is a geodesic.

Definition 2.1.12. A Jacobi field along a geodesic ¢ : I — @ is the infinites-
imal variation vector field of a variation of ¢ by geodesics.

Now, we have the following Theorem which asserts that Jacobi fields
satisfy the so-called Jacobi equation:

Theorem 2.1.13. Let ¢ : I — @ be a geodesic and W : I — TQ a vector
field along c. The vector field W is a Jacobi field if and only if W satisfies

the equation

VeV + R(W, )¢ = 0. (2.1.12)

Usually, it is difficult to identify a Jacobi field when we do not know all
the geodesics on the manifold. But there are some particular cases where we
can deduce that a specific vector field is Jacobi. It is the case of the following
Proposition.

Proposition 2.1.14. Let W € X(Q) be a Killing vector field, i.e., Ly g = 0.
Then if ¢ : I — @ is a geodesic, W oc: 1 — TQ is a Jacobi field along c.

2.2 Symplectic geometry

As we have discussed previously, classical mechanics takes place in the sym-
plectic playground. Hence, the knowledge of symplectic geometry is essen-
tial to unveil many underlying properties of mechanical systems (see [MS17;
Leel3)|).

2.2.1 Symplectic vector spaces

Let us start this section with a run through symplectic vector spaces. For a
more comprehensive introduction we refer to [MS17|. Recall that a symplectic
vector space is a finite dimensional real vector space V' equipped with a non-
degenerate skew-symmetric bilinear form w : V' xV — R called the symplectic
form. This means that

e Forallv,w e V, w(v,w) = —w(w,v). (skew-symmetry)
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e Givenv € Vif w(v,w) =0, Vw € V. = v =0. (non-degeneracy)

The symplectic form induces a linear isomorphism b, : V' — V*, given by
(b, (v),w) = w(v,w) for any v,w € V. In fact, the non-degeneracy condition
is equivalent to this map being an isomorphism.

A linear isomorphism W : V' — V is said to be a symplectomorphism if
it preserves the symplectic form in the sense that w(¥(v), ¥, (w)) = w(v, w)
for v,w e V.

The symplectic complement of a linear subspace W C V is denoted by
W+ and defined as

W ={ve Viww,w) =0VYwe W}

Note that, unlike what happens with inner products, the skew-symmetry
property does not force W+ to be transversal to W. A subspace W might
be

e isotropic if W C W+,

e coisotropic if W+ C W:

o symplectic if W NW+ = {0};

e Lagrangian if W = W+,

Then, we have the following results.

Proposition 2.2.1. W is wsotropic if and only if w vanishes on W and it is
symplectic if and only if w|w is non-degenerate.

Lemma 2.2.2. For any subspace W C V', we have
dim W + dim W+ = dim V.

Thus W is Lagrangian if and only if is isotropic and has half the dimension
of V.

Example 2.2.3. The following example of symplectic form is fundamen-
tal because, by the next proposition, we will see that it is the canonical
symplectic form. Let V be a real vector space with dimension 2n and

47



{Ay,...,A,, By, ..., B,} a basis of V with {a',...;a", 8}, ..., 3"} as the cor-
responding dual basis. The bilinear form

w=) o' AS (2.2.1)
=1

is a symplectic form on V. A
The following result is Proposition 22.7 in |Leel3]:

Proposition 2.2.4. Let w be a symplectic form on an m-dimensional vector
space V.. Then V' has even dimension m = 2n and there exists a basis for V.
in which w has the form (2.2.1)).

Moreover, we have that:

Proposition 2.2.5. A skew-symmetric bilinear form w on the 2n-dimensional
vector space V' is symplectic if and only if w0 =w A -+ Aw # 0.

2.2.2 Symplectic manifolds

A symplectic manifold is a manifold M equipped with a closed 2-form w €
Q?(M) such that w, is a symplectic form for each p € M in the tangent space
T,M. Note that, by Proposition [2.2.4] the symplectic manifold (M,w) must
have even dimension. Also, following Proposition [2.2.5] the 2n-form w™ is
non-vanishing. Hence, M is orientable.

Example 2.2.6. The standard model of symplectic manifold is the euclidean
space M = R?>". If (2%, ") are coordinates on M, then using Example [2.2.3]
we know that

Wy = 2": dz' A dy
i=1

is a symplectic form on each tangent space to M. Moreover, it is a trivial
calculation to check that dwy = 0, thus, (R?",wp) is a symplectic manifold.

A

We will see now that all the previous constructions on symplectic vector
spaces extend naturally to manifolds.

Similar to the vector space case, we may define the musical isomorphism
by + X(M) — QY(M) as the isomorphism of C°°(M)-modules defined by
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(0,(X),Y) = w(X,Y), for all X,Y € X(M). Its inverse isomorphism is
denoted by f,, : Q' (M) — X(M).

A diffeomorphism ¥ : M; — M, between two symplectic manifolds
(M, wy) and (Ms,ws) is said to be a symplectomorphism if it preserves the
symplectic structures in the sense that

W1 = \IJ*WQ.

A submanifold N C M is said to be isotropic, coisotropic, symplectic or
Lagrangian if the tangent spaces 7T, N have the corresponding property for
allpe N.

Example 2.2.7. The next example of symplectic manifold is of utmost im-
portance in geometric mechanics, since it lays the foundations of Hamiltonian
mechanics.

Given a manifold @), its cotangent bundle T*() is equipped with a canon-
ical symplectic structure. The canonical 1-form 0o € QY(Q) on T*Q is given
by

(Og(ag), Xa,) = (g, To,mo(Xa,))
where o, € T7Q, X,, € T, T°Q and 7o : T"Q — (@ is the canonical
projection. If (¢*, p;) are local bundle coordinates on T*Q then

Oo(q.p) = pidd'.
Then the exact 2-form wg € Q%(Q) given by
wg = —dQQ

is a symplectic form and it is called the canonical symplectic structure of
T*@Q. In local coordinates, it is given by

wo(q,p) = dg’ A dp;.
JAN

The following result shows that all symplectic manifolds are locally equiv-
alent.

Theorem 2.2.8 (Darboux Theorem). Let (M,w) be a 2n-dimensional sym-
plectic manifold. For any p € M, there is a neighbourhood U of p, where the
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smooth coordinates (x',...,x" y',...,y") are defined and on which w has the
local expression

W= i dz' A dy'.
i=1

Remark 2.2.9. The coordinates mentioned in Darboux Theorem are called
Darbouz coordinates or canonical coordinates. The standard coordinates in
R?*" in Example and the bundle coordinates on 7*() in Example
are two examples of canonical coordinates for the symplectic forms wy and
wq, respectively.

2.2.3 Hamiltonian vector fields and Poisson brackets

Given X € X(Q), recall that the interior multiplication by X is an operator
from the space of (k,[)- tensors in @ to the space of (k,l — 1)-tensors, that is

ix 1 THQ) = TF(Q)
(ixF)(a!,...,a" Xy, X;_)) = F(a',...,o" X, X1,..., X;_1),

where I € TF(Q).
Naturally, if (M,w) is a symplectic manifold and X € X(Q), then ixw =
b (X).

Definition 2.2.10. Let (M,w) be a symplectic manifold. A vector field
X € X(M) is called symplectic if Lxw = 0, it is called Hamiltonian if there
exists a function H € C*°(M) such that b, (X) = dH and it is called locally
Hamiltonian if any p € M has a neighbourhood U on which b, (X|v) = df
for some function f € C*(U).

These concepts are related to each other. A Hamiltonian vector field X
is not only locally Hamiltonian but it is also symplectic since, by Cartan’s
identity, we have that

EXw - d(lxw) + ide == O,

and due to the facts that w is closed and ixw = dH, for some function H on
M and where the operator ¢ denotes the inner multiplication.

Proposition 2.2.11. A vector field X in the symplectic manifold (M,w) is
symplectic if and only if its flow ¢X : M — M is a symplectomorphism for
every t.
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Then an important consequence of the last Proposition is given by the
next corollary.

Corollary 2.2.12. The flow of every Hamiltonian vector field is a symplec-
tomorphism.

Given a function H on M, there exists a unique vector field Xy € X(M)
satisfying the equation
iXHCL) =dH.

Moreover, this vector field is given by Xy = £,(dH). By definition, Xy is
Hamiltonian and it is called the Hamiltonian vector field associated to H.

Example 2.2.13. Let (R?",wp) be the standard symplectic structure in even-
dimensional euclidean space. Given a function H, the Hamiltonian vector
field has the coordinate expression

_OH 9 OH 0

Xg=—7———"—"—.
i oyt dx*  Ox* Oyt

A

One of the most remarkable properties of Hamiltonian systems is that the
Hamiltonian function is a first integral of the Hamiltonian vector field.

Proposition 2.2.14. Let (M,w) be a symplectic manifold and H a function
on M. Then, H is constant along the integral curves of Xy and, at each
reqular point of H, Xy is tangent to the level set of H.

In a symplectic manifold (M, w), using the fact that each function has
a unique Hamiltonian vector field associated to it, we can define a Poisson
bracket {-,-} : C*°(M) x C>*°(M) — C*(M), which is given by

{fa g} = w<Xf7Xg)'

In fact, we can define Poisson brackets in any manifold. A bracket of func-
tions in a manifold @) is a Poisson bracket if it is R-bilinear, skew-symmetric,
satisfies the Leibniz rule

{f.gh} = g{f,n} +{f, gth, for f.g,h € C(Q)
and the Jacobi identity

{f {9, h3} +Hg.4h, f1} +{h A, 93} =0, for f,g,h € CF(Q).
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Example 2.2.15. In (R?*",w,) the Poisson bracket associated to the sym-
plectic structure is given by

of 09 Of 0y
oxt Oyt Oyt Ox'’

{f.9} =

Now, it is easy to prove the following proposition.

Proposition 2.2.16. Let (M,w) be a symplectic manifold and H € C*°(M)
a Hamiltonian function on M. A function f € C*(M) is a conserved quan-
tity along the integral curves of the Hamiltonian vector field Xy if and only

if {f,H} = 0.

Remark 2.2.17. By skew-symmetry of the Poisson bracket we trivially have
that {H,H} = 0, so we find again that H is conserved along the motion,
which we already knew by Proposition [2.2.14]

Remark 2.2.18. Note that, the local expression of the Hamiltonian vector
field can be recovered using the Poisson brackets. That is, if (z¢,y’) are
Darboux coordinates on M then, the local expression of Xy is

Xp = {xz»H}% + {yZaH}ayi'

We can generalize the notion of Poisson brackets by observing that they
are a manifestation of the (2,0)-type tensor A : Q'(M) x Q' (M) — C=(M)
given by

AMa, B) = w(t(a), 1.(5))-

Then the Poisson bracket associated to the symplectic structure is simply
given by

{f, g} = Aldf, dg).

The map A is called the Poisson structure of M associated to the symplectic
structure w.
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2.3 Contact geometry

In this section we will recall the main definitions and results on the theory of
contact manifolds and Hamiltonian system. See |[LLV19a; [LL21] for a more
detailed overview.

A contact manifold (M,n) is a (2n + 1)-dimensional manifold with a
contact form n [God69; LM87]. That is, n is a 1-form on M such that
n A dn™ is a volume form. To give some motivation to the introduction of
contact structures, some authors describe contact geometry to be an odd-
dimensional analogue to symplectic geometry. This type of manifolds have
a distinguished vector field: the so-called Reeb vector field R, which is the
unique vector field satisfying

irdn =0, n(R)=1. (2.3.1)

On a contact manifold (M,n), we define the following isomorphism of
vector bundles:
b: TM —T*M,

2.3.2
v —i,dn +n(v)n. ( )

Notice that the image of the Reeb vector field under b is exactly the contact
form, i.e., b(R) =n.

There is a Darboux theorem for contact manifolds. In a neighbourhood
of each point in M one can find local coordinates (¢, p;, z) such that

n = dz — pidq". (2.3.3)
In these coordinates, we have
0
= —. 2.3.4
R 0z (2:34)

Example 2.3.1. An example of a contact manifold is 7*@Q) x R. Here, the
contact form is given by

ng = dz — 0g = dz — p;dq’, (2.3.5)

where 6 is the pullback of the canonical 1-form of T*Q, (¢*, p;) are natural
coordinates on 7% and z is the R-coordinate. We call ng the canonical
contact structure on T*Q) x R. A
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We say that a (local) diffeomorphism between two contact manifolds F :
(M,n) — (N, 1) is a (local) contactomorphism if F*r = .
If a € QY(Q), we may define the distribution ker o C T'Q given by

kera ={v e TQ | (a,v) = 0}.

Then, we say that F'is a (local) conformal contactomorphism if F* ker T =
kern or, equivalently, F*7 = on, where o : M — R\ {0} is the conformal
factor.

We say that a vector field X on M is an infinitesimal (conformal) con-
tactomorphism if its flow F; consists of (conformal) contactomorphisms.

From the general identity, where F} is a flow and X is its infinitesimal
generator

9
ot

we deduce that X is an infinitesimal contactomorphism if and only if

i = FLxn, (2.3.6)

£X77 =0. (237)
Furthermore, X is a conformal contactomorphism if and only if
Lxn = an, (2.3.8)

for some smooth function @ : M — R. The function a is related to the
conformal factors o; of the conformal contactomorphisms F; by

o4(z) = exp ( /O ta(FT(x))dT> | (2.3.9)

Given a smooth function f : M — R, its Hamiltonian vector field Xy is
given by
(Xy) =df = (f + R()n. (2.3.10)

A vector field X is the Hamiltonian vector field of some function f if
and only if it is an infinitesimal conformal contactomorphism. In that case
X = Xy for f = —n(X). Moreover, Lxn = —R(f)n. Hence X is an
infinitesimal contactomorphism if and only if X = X for some function f
such that R(f) = 0.

We call the triple (M,n, H) a contact Hamiltonian system, where (M, n)
is a contact manifold and H : M — R is the Hamiltonian function.
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In contrast to their symplectic counterpart, contact Hamiltonian vector
fields do not preserve the Hamiltonian. In fact

Xy(H) = —R(H)H. (2.3.11)

Similarly to symplectic geometry, where a symplectic structure gives rise
to a Poisson structure, in contact geometry the contact structure gives rise
to a Jacobi structure, which is a generalization of Poisson structures. Indeed,
the pair (A, E'), where A is a bi-vector on M and E is a vector field, forms a
Jacobi structure if it satisfies the equations

[A,A] =2EAA and [A E]=0,

where [, -] denotes the Schouten-Nijenhuis bracket (see, for instance, [MR13;
Vai94]). Observe that when F vanishes the bi-vector A is a Poisson tensor.

Given a contact manifold (M, ), we may define a Jacobi structure formed
by the bi-vector A on M given by

Aa, B) = —=dn(b~(a),b71(B)), o, f € Q (M) (2.3.12)
and the vector field £ = —R. In canonical coordinates,
0 0 0
A= - i 2.3.1
o (3q1 +p82> (2.3.13)

Define the C°°(M)-linear mapping
fa: QY M) — X(M)

by (8,#(a)) = Ao, B) with o, 8 € Q'(M). Given a Hamiltonian function
H € C*(M), the corresponding contact Hamiltonian vector field Xp is

characterized by
Xy =48r(dH)— HR.

In canonical coordinates:
_omo _(om oy o  ( on N0
~opog \og Pa Pig EP

i

X

Op;

From this Jacobi structure, we can define a Jacobi bracket as follows:
[f.9} = A(df.dg) + FE(g) — gE(f), f.q € C*(M)
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The mapping { , } : C®(M) x C®(M) — C®(M) is bilinear, skew-
symmetric and satisfies the Jacobi’s identity but, in general, it does not
satisfy the Leibniz rule; this last property is replaced by a weaker condition:

Supp {f,g} C Supp fNSupp g,

where Suppf denotes the support of the function f.
In this sense, this bracket also generalizes the well-known Poisson brack-
ets. In local coordinates,

o1 92100 _9f (00 ), (00 )

2.4 Tangent bundle geometry

In this section we will present objects, operators and general constructions
that we are able to define in tangent bundles. If ) is a smooth manifold,
the tangent bundle T'Q) to () possesses plenty of intrinsic structure: it is a
smooth manifold with twice the dimension of @); it is a vector bundle with
projection 7o : T'(Q) — @, whose fibers are the tangent spaces 1,( to each
point ¢ in the manifold @; the sections of this bundle are the vector fields
and there is a natural Lie bracket defined on them; tangent vectors of curves
in @ live in the tangent bundle 7'Q).

Now, the double tangent bundle of (), which is the tangent bundle of
T will have an increased number of geometric and algebraic properties
due to the fact that its base manifold is also a tangent bundle. We will
introduce several concepts that will be used later on to formulate an intrinsic
geometric version of Lagrangian mechanics (for more details see [LR89; [YI73;
LL66; HM20; CGM15] and see also |[CCS87| for a similar discussion on the
cotangent bundle).

2.4.1 The double tangent bundle

In this section we will define the vertical endomorphism, the Liouville vector
field, and the canonical involution. Also, we will review some constructions
on the theory of complete and vertical lifts in the tangent bundle (for more
details, see [LR89] or [YI73]).

First let us recall the lift of vectors and vector fields on a manifold @) to
its tangent bundle.
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Complete and vertical lifts to the tangent bundle

Let 7o : TQQ — @ be the canonical projection of the tangent bundle.
Recall that the complete and vertical lifts of a function f € C*(Q) are
defined by

few) = {df(@),v),  f7(v) = forqv), veT,Q. (2.4.1)

In other words, f€ is the fiberwise linear function on 7T'Q) induced by
the 1-form df. Hence, the complete lift of f may be expressed on natural
coordinates as of

fe(g'v') = o’

In what follows, Lx denotes the Lie derivative with respect to X. We
will also use the complete lift of a vector field X € X(Q), which is the vector
field X° € X(T'Q) satisfying

XC(forg) =X(f) o1, and X¢(&) zﬁ/X\a, (2.4.2)

for any f € C®(Q), a € Q'(Q) and where & € C®(TQ) is the associated
fiberwise linear function given by

a(v) = (1)), v), veTQ.

We may also introduce the fiberwise quadratic function associated to a
(0,2)-tensor T" on @) denoted by 79 : T'(Q) — R and defined by

T(v) = Tryw(v,v), veTQ. (2.4.3)

Using equation (2.4.2)) one may prove

Lemma 2.4.1. If X is a vector field on Q and T is a (0,2)-tensor on Q
then
X(T) = (LxT)". (2.4.4)

Proof. 1t is sufficient to prove the result for 7' = a ® £, with a and § being
1-forms on . In this case,

~

T =é- 3
and, using (2.4.2)), it follows that
X(T%) = Lxa- B+ a- Lxp.
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This implies that
XC(Tq) = [EXa X ﬁ +a® ,Cxﬁ]q = (ﬁXT)q
[

We recall that the vertical lift of a vector w € T,Q at v € T,Q) is given
by

d
wy =— (v+tw), forweT,Q. (2.4.5)
dt jt=0

The concept of vertical lift may be generalized to vector fields in the
following way: the vertical lift of a vector field is the vector field XV € X(TQ)
satisfying

XY(forg) =0, and XV(&) = (o, X) o 7. (2.4.6)

Similarly, we can define the complete lift of a k-form o € Q¥(Q) to be the

k-form a° € QF(T'Q) defined by

a®(XT,. ., Xp) = (X, ..., Xk))S, (2.4.7)
where X; € X(Q). The expression above uniquely defines a© and, moreover,
da® = (da)° (2.4.8)

and
ixea® = (ixa)C. (2.4.9)

On the other hand, the vertical lift of a k-form is simply the pullback by g,
ie.,

a¥ = (19) . (2.4.10)

In local natural coordinates (¢*, ¢*) on T'Q, the expressions of the complete

and vertical lifts of X = X* a?f and o = «a;dg’ are

0 [ OX ;0 aa?qjdqz—i-ozidq'z

o7 TogTag T og
9 ‘

XV =X"—, o =qdq".
¢’

To end this section, we will recall some useful identities satisfied by ver-
tical and complete lifts. For any one form o € Q'(Q), one has that

C

X¢ =X

(2.4.11)

Q¥ (Y°) = (Y)Y, a"(Y) =0 (2.4.12)
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Proposition 2.4.2. The Lie bracket of complete and vertical lifts of vector
fields satisfies the following relations

(X, Y] =[X,Y]°, [XV,YV]=0,
(XS, VY] =[X", Y] = [X,Y]". (2.4.13)

The canonical involution

Let ) be a smooth manifold of dimension n, 79 : TQ) —  the canonical
projection and TT'Q) the double tangent bundle to ). Then, TT() admits
two vector bundle structures.

The first vector bundle structure is the canonical one with vector bundle
projection 7rq : 770 — TQ.

For the second vector bundle structure, the vector bundle projection is
just the tangent map to 7¢, that is, T'rg : TT'Q) — TQ and the addition
operation on the fibers is just the tangent map T'(+) : TTQ xpq TTQ —
TTQ of the addition operation (+) : TQ x¢o T'Q — T'Q) on the fibers of 7.

The canonical involution kg : TT'Q) — TT'Q is a vector bundle isomor-
phism (over the identity of T'Q)) between the two previous vector bundles. In
fact, kg is characterized by the following condition: let ® : U C R* — @ be
a smooth map, with U an open subset of R?

(t,8) — D(t,s) € Q.

Then,
d d d d
——d =——0 . 2.4.14
o (G2 00:9)) = 5 () 24.14
So, we have that k¢ is an involution of T7'Q), that is, /122 = idprg.
In fact, if (¢°, ¢*) are canonical fibred coordinates on T'Q and (¢*, ¢*, v*, %)
are the corresponding local fibred coordinates on TT'Q) then

ro(q', q', 0", 0") = (¢, v, ¢, ). (2.4.15)

kg may be characterized in a more intrinsic way, using the theory of complete
and vertical lifts to T'Q).
Indeed, if X : Q — T'Q is a vector field on () then

koo X°=TX, kgoX¥=X", (2.4.16)
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where TX : TQ — TTQ is the tangent map to X (a section of the vector
bundle T'7g) and XV TQ — TTQ is the section of the vector bundle T'rg
given by B
XV(u) = (T,0)(u) + X¥(0(q)), ueT,Q,
with 0 : Q — T'Q) the zero section.
Note that, from , it follows that

Trgo (X°)° = (X*)° ong, Trgo(X¥)" = (X*)" o ro,

2.4.17
Thgo (X¥)' = (X")Fong, Thgo (XV) = (X org, 11
for X € X(Q).
As a consequence, we also deduce that
() = (0 omg, K@) = (@ erg L

=
—~
—~

Q
¢]
~—
<
~—

I

(@) o kg, ro((a¥)?) = (a®)Y o kg,

for a € QY(Q).

The vertical endomorphism and Liouville vector field

The vertical lift will allow us to construct the vertical endomorphism on T'Q)

which plays an important role in the development of Lagrangian mechanics.
The map S : TTQ — TT(Q given by

S(X) = (Te(X))"

is called the vertical endomorphism in (). It may be considered as a (1,1)-
tensor on 71'() with local expression

S ®dq'.

The vertical endomorphism satisfies the following properties related with
complete and vertical lifts

SX¢= XY, SX¥=0, forXe€X(Q). (2.4.19)

An important property of the vertical endomorphism is given by the fol-
lowing theorem due to |[LL66| (see also [LR89)):
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Theorem 2.4.3. The vertical endomorphism satisfies
[SX,SY]=S([SX,Y]) + S([X,SY]). (2.4.20)
It S*:T*TQ — T*TQ is the dual morphism of S defined by
(8" gy Xy} = {0y S (X0)), Xa, € Ty (TQ),
then we have that
S*a®=aY, S*a¥ =0, S*(da)=a", foracQYQ). (2.4.21)

The Liouville vector field is the vector field A € X(T'Q) given by

A(vg) = i

o (vg + tuy).

t=0

2.4.2 Second order differential equation vector fields

In this subsection, we will review the definition and main properties of SODE
vector fields which are particularly important in mechanics.

A vector field I' € X(T'Q) is said to be a second-order vector field or
simply a SODE vector field if it satisfies the property

(Ttg o) (v,) =v,, forall v, € T,Q.

This is equivalent to say that the vector field I' on T'Q) is also a section of
the vector bundle T'rg : TTQ — T'Q, or also that

S(T) = A.

In local coordinates, if (¢*, ¢") are local coordinates on T'Q, then the local
expression of a SODE I is of the form

T Figd) 2

. 4 0
[(q,q) = ¢ o

oq*

where each f* is a smooth function on T'Q. Hence, (g, ¢) is an integral curve
of T" if and only if

i = f(q,9)

and the curve ¢ on the manifold @) is called a trajectory of T.
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Example 2.4.4. In semi-Riemannian geometry, the geodesic vector field is
a SODE with local expression

N R
FV N = i —FZ~'k']—.
(¢:9) =4 og Tl @ ga

where {F};j} are the Christoffel symbols associated with the Levi-Civita con-
nection V. A

Proposition 2.4.5. Let I' be a SODE vector field. Then the Lie bracket of
I' with the Liouwville vector field A satisfies

S(AT]) =A
and if X € X(Q), the Lie bracket with the vertical lift is simply
S(XY,T]) = XV
Proof. If we compute the Lie bracket [A,T'] in local coordinates, we may

immediately check that its projection to T'Q) by T'rg : T(T'Q) — T'Q is the
vector

o,
T1o([AT)) = ¢'—.
rollAT]) = '
Proceeding in the same way, the projection of [XV,T'] to T'Q is precisely X.
Hence, the proposition follows. O

SODE Exponential map

We will construct the exponential map of an arbitrary SODE in a similar
fashion to that of semi-Riemannian geometry.

Let I" be a SODE vector field on the tangent bundle T'Q) of a manifold Q).
If gy € @ then we may consider the ezponential map at qo, which is defined
as follows:

expl}:,qo (UQO) = TQ((bg(UQO))? Ugo € TQOQ

where {¢!'} is the flow of I for a sufficiently small non-negative number i > 0.
Denote also by

expj, (vg) = (Tq(Vg), XD} 70y (1)) S Q X Q. q € Qvy € T,Q. (2.4.22)
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Though one might intuitively convince himself that the exponential map
is at least a local diffeomorphism and find numerous examples supporting it,
we have not find in the literature no intrinsic proof whatsoever of this fact.

We postpone a complete proof until Chapter [4, where we will need this
result in order to generalize further the concept of exponential map to the
context of nonholonomic mechanics.

Jacobi fields for SODE’s

Consider a vector field X € X(Q) on a manifold @ and denote by ¢;* its
flow. Fix an integral curve v : I — @ of X on a closed interval I, 0 € I. If

7(0) = g, then 7o (t) = ¢ (q).

A wariation by integral curves of X is a map ® : (—¢,e) x I — @ such
that for each fixed s € (—e,¢), 5 : [ — @ is an integral curve of X.

Given a SODE I' € X(T'Q), a variation by integral curves of I' (see the

definition (2.1.11]) in Section [2.1.4]) has the special form

0
Dls,t) = S (s.1),

where (s, t) is a variation by trajectories in @ of T, i.e., for each fixed s, ¢
is a trajectory of I'. If W denotes the infinitesimal variation vector field of ¢
(see to recall the definition), then the infinitesimal variation vector
field of the variation ® is given by t € [ — W*®(t) € T%(O7t)(TQ).

Definition 2.4.6. A vector field W along a trajectory of I' denoted by ~q
is said to be a Jacobi field if it is the infinitesimal variation vector field of a
variation by trajectories.

We may prove the following proposition:

Proposition 2.4.7. The vector field I'"* = (kg ).«(I'®) called the variational
vector field satisfies the following properties:

1. T 4s kg-related to I';
2. TV 4s a SODE in TQ;
3. I s T'tg-related to I';

4. The flow of T is ¢V = kg o Th} o k.
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In fact, all properties may be immediately seen by inspecting the coordi-
nate expression of I'’*" which is

T e B Oft 0 0
var — 7 17 J J
' (q,u, q,) qaqi +u 8ui+f o6 + (u g +u 8q'j) ou’

provided I" = qia% + fia%.

In semi-Riemannian geometry, it is well-known that Jacobi fields are so-
lutions of the so-called Jacobi equation given by . In the general
SODE case, we may find an expression which makes use of the Fhresmann
connection associated to the SODE.

Theorem 2.4.8. A vector field W along a trajectory of I' denoted by 7o is
a Jacobi field if and only if it satisfies the second-order differential equation

VVW + (W) =0 (Jacobi equation), (2.4.23)
where @ s the Jacobi endomorphism.

For the proof of any of the results in this section see [CGM15|.
Recently, it was proven in [HM20]| the relation between Jacobi fields,
conjugate points and the SODE exponential map.

Definition 2.4.9. Let ¢(t) be a trajectory of the SODE T, through ¢o. If
there exists a Jacobi field W (¢) not identically zero and such that W (0) =
W (h) = 0, then the point ¢; = q(h) is called a conjugate point of qy along q.

Then the authors prove the following result:

Proposition 2.4.10. Let c be a trajectory of the SODE T' joining two points
qo and g1 on Q with initial velocity ¢(0) = vy,. Then ¢ is a conjugate point
of qo along c if and only if the exponential map at vy, is singular.

This result is analogous to what happens in Riemannian geometry (see
[O’N83]), so it is evident that the strong interplay between these objects
transcends the scope of Riemannian geometry.

2.4.3 Distributions

A central notion in the field of nonholonomic constraints on mechanical sys-
tems is that of a distribution. A distribution on a manifold @) is the assign-
ment of a subspace D, of T,() to each point ¢ € ). We will just deal with
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reqular distributions, which are those for which the vector space dimension of
D, is the same for all points ¢ € ). Hence, a regular distribution is a vector
subbundle of T'Q) and the dimension of each fiber D, is called the rank of the
distribution. We will denote its total space by D, so that

D =D,

q€Q

Now, if D is a distribution on () and there exists a submanifold N C @
such that T, N = D, for all n € N, then N is called an integral manifold of
D. A distribution D on the manifold @) is said to be integrable if any any
point on () is contained in an integral submanifold of D.

The question of integrability has relevant consequences on mechanical
systems. We will resume this discussion later with more detail, but for now let
us just mention that if a mechanical system has its velocities constrained to
lie in an integrable distribution, then the system may be seen as a holonomic
system, which is a system with constrained configuration space (space of
positions) N C . This is relevant because the dynamics of holonomic
systems is completely understood as opposed to nonholonomic systems.

Fortunately, there is a practical criteria to decide whether a given dis-
tribution is integrable or not: involutivity. A distribution D is said to be
involutive if for any pair X, Y of local sections of D, their Lie bracket [ X, Y]
is also a local section of D. Our discussion culminates with Frobenius theo-
rem, which states the following:

Theorem 2.4.11. A distribution is integrable if and only if it is involutive.

2.5 Lie group actions

We end the introductory chapter with a brief introduction to Lie group ac-
tions, which appear naturally in mechanics and are often used to reduce the
problem to a simpler dynamics which we can hopefully solve. We will restrict
ourselves to the minimum amount of information needed to our purposes (for
a complete treatment of the subject see, for instance, [Leel3; AM78; Hol+09;
MR13]).

Given a Lie group and a manifold (), consider a smooth map ® : GxQ) —
@ and denote by g - ¢ € @ the image of ®(g,q). The map & is called a left
action if:
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1. e-q=qfor any q € @, where e € G is the identity;
2. (gh)-q=g-(h-q), forany g,h € G and q € Q.

A right action is defined analogously. Observe that the properties above
imply that for every g € G the map ®,: ) — @ is a diffeomorphism.

Example 2.5.1. In the euclidean space R", the group of invertible real
matrices GL(n) acts by matrix multiplication:

®(A, q) = Ag.
A

Example 2.5.2. Given a complete vector field X on a manifold @), its flow
{¢X }ier generates a Lie group action of R on @ by

D(t, q) = ¢} (q)-
A

Let g the Lie algebra of the group G. To each element £ in the Lie alge-
bra, we may associate a vector field on ) called the infinitesimal generator
associated to &, which we denote by {g and defined by

fol) = T.0,(6) = 2

dt eXp(tf) " q,

t=0
where exp : g — G is the Lie group exponential.
Proposition 2.5.3. The map g — X(Q), mapping & — &g is linear and
satisfies
Thus, it 1s a Lie algebra anti-homomorphism.

In mechanics, we face many times tangent and cotangent lifted actions.
Given a Lie group action ® on Q the tangent lift ®T of ® is the action on

TQ given by
(I)T<97 vg) = Ty®4(vy).

Likewise, the cotangent lift ®T" of ® is the action on T*Q given by

D" (g, ) = (T7,Py-1) (). (2.5.1)

gq 9"
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The cotangent lift of any action ® enjoys a remarkable property: for any
g € G, the map <I>9T* :T*Q — T*@Q is both a symplectic and a Poisson map
with respect to the corresponding canonical symplectic structure on 7*Q). In
fact, <I>gT* is an exact symplectic map, i.e., it is a diffeomorphism satisfying
((IDQT )0 = 6.
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Chapter 3

Introduction to geometric
mechanics

In this chapter we will cover a fairly modern treatment of mechanics in a dif-
ferential geometric language. The main gain by proceeding this way is that all
constructions are coordinate independent, globally defined and, many times,
ready to be generalized to broader contexts. We will define the main concepts
and results that lay the foundations of the main contributions submitted to
this thesis.

Like in the last chapter, the reader who is familiarized with geometric
mechanics might proceed to Chapter

We will review the geometric formulation of Lagrangian mechanics, pay-
ing special attention to mechanical systems arising from a mechanical La-
grangian, i.e., of the form L = K-V where K is the kinetic energy associated
with a semi-Riemannian metric on the configuration space and V' € C*(Q)
is the potential energy. We will discuss the interplay of trajectories and the
semi-Riemannian structure. Next, we review Hamiltonian mechanics and
mechanical systems under the action of external forces. Finally, we are left
with probably the most relevant sections for our purposes which are the
review of nonholonomic mechanics and discrete Lagrangian mechanics (for
more details see [AM78; [LR89; Blo15; MR13; (Cra83; |[JM70; LLV19bj; LDIG;
CMRO1; [Cor+03}; [LM95; [VET2; [VM94: Koi92; MWO01; PCO09; [DA18; (CMO1}
MPO06; FIDO0S; [BZ15; FBO12; (Cel4-19; [Igl+08; MV 19; Cor02]).
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3.1 Lagrangian mechanics

A mechanical system is a pair formed by a smooth manifold ) called the
configuration space and a smooth function L : T'Q) — R on its tangent bundle
called the Lagrangian (see |[LR89|, [AMT7§]). If the system is not subjected
to any constraint or external forces, a trajectory of the mechanical system
is a solution of the Fuler-Lagrange equations, whose expression on natural
coordinates relative to a chart (¢") for @ and the induced coordinates (¢*, ¢')

on T'(Q) is
d (0L oL
— -] — — =0. 1.1
dt (04’) aq’ ’ (3.1

Example 3.1.1. Consider the example of a mechanical Lagrangian function
in the euclidean space () = R", which is given by

iy Lo i
L(¢',q") = §m||Q||2 —V(g"),

where ||¢|| is the euclidean norm, V : @ — R is called the potential energy
and m > 0 is the mass of a particle. Then, Euler-Lagrange equations give
the second-order differential equations

which are Newton’s second law of mechanics for a system subjected to a
conservative force in the euclidean space. A

Example 3.1.2. Let us consider an example of a simple Lagrangian system
on a non-euclidean manifold. This is the example of a simple pendulum with
configuration manifold Q = S'. Let L : TQ) — R be the Lagrangian function
defined by

1.
L(6,0) = éml282 + mgl cos b,

where m is the mass of the pendulum, [ is the length of the rod and g is the
acceleration of gravity. Then, Euler-Lagrange equations imply that

0 = —%Sin@.

It is very common in physics to approximate the last equations using
the small angle hypothesis under which sinf ~ 6. The equations obtained
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considering this substitution are the Euler-Lagrange equations relative to the
Lagrangian function L : TQQ — R given by

L(6,0) L z92
=-m — mgl—.
YT 7
The Lagrangian system determined by this Lagrangian is called the harmonic
oscillator. A

As it is well-known, the Hamilton’s principle asserts that the trajectories
of mechanical systems are obtained by minimizing the action functional de-
fined over curves with fixed end-points. Denote the set of twice differentiable
curves with fixed end-points qg,q1 € @ by

C*(qo,q1) ={q: 0,T] — Q| q(-) is C?,q(0) = qo,q(T) = @1 }-
We have that:

Definition 3.1.3 (Hamilton’s principle). A curve ¢ : I — Q in C?(qo, q) is
a trajectory of the mechanical system determined by a Lagrangian function
L:TQ — R if it is a critical value of the action functional S : C*(qo, q1) —
R defined by

among all curves in C*(qo, q1)-

A necessary and sufficient condition for the curve ¢ to be a trajectory
is that it satisfies Euler-Lagrange equations in any coordinate chart (see
[AM78],|[LR89],[Blo15],[MR13]). We will not proof it here since it is a widely
well-known result coming from the literature in calculus of variations.

We can give a coordinate-free set of equations equivalent to Euler-Lagrange

equations (3.1.1)) (cf. [Cra83)]).

Proposition 3.1.4. A curve q(t) is a solution of Fuler-Lagrange equations

BL1) if and only if

: d , v .
XL)g,d) — = (X¥(L)(g,4)) =0, ¥ X € X(Q). (3.1.2)
Proof. Let X € X(Q) be a vector field locally given by
-0
X=X"—.
0q
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Then

0L~ 0X'OL X
XL)=X"—=4+¢ == XY(L)=X"—.
(L) = X'+ oo and XY(L) = X'

Thus equations (3.1.2)), along a curve ¢(t) have the local form

(0L d (OL\\ _
* (aqf T o (aq)) =0

Hence, we deduce that (3.1.2)) is satisfied for all vector fields if and only if
the curve ¢(t) is a solution of Euler-Lagrange equations. ]

We will see now how the Lagrangian dynamics may be seen from the
perspective of symplectic geometry. A Lagrangian function L : TQ) — R is
2L
94704

Let us define the Poincaré-Cartan 1-form associated to a Lagrangian
function L to be the 1-form 67 € Q' (TQ) given by

regular if the Hessian matrix Hess(L) := ( ) is non-singular.

0, = S*(dL),

where S : TT(Q — TTQ is the vertical endomorphism of the tangent bundle.
Using the canonical coordinates of the tangent bundle, ; may be written as

0L
0(q,q) = aql-dq :

Now, the Poincaré-Cartan 2-form associated to L is defined from the
corresponding Poincaré-Cartan 1-form as the 2-form w;, € Q*(TQ) with

wy, = —d@L.

In the canonical tangent bundle coordinates we obtain

L . 4 9%’L
dq* A\ dg? —
wr, q q + 040q

- 94 0q’ dqi A dqj'

It is natural to wonder when is w;, a symplectic form on the tangent bundle.
This will happen when the corresponding Lagrangian function is regular.

Proposition 3.1.5. Let L be a Lagrangian function. Then, L is reqular if
and only if its Poincaré-Cartan 2-form wy, is a symplectic form.
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Proof. We give an intrinsic proof of the proposition after Lemma [3.3.2] At
the moment just observe that wy, is symplectic if and only if w} # 0. But we
have that

n @2‘[’ 1 n -1 “n
wL:Cdet(aqiaq'J')dq A<= ANdg" Ndg- N--- Ndg",

where ¢ is a non-zero constant function. Thus, wy is symplectic if and only
if L is regular. ]

Suppose from now on that L is regular. Under the regularity assumption,
by non-degeneracy of the symplectic form wy,, there is a unique vector field
[';, satisfying the geometric equation

iprL = dEL (313)

where E;, = A(L) — L is the energy function and A is the Liouville vector
field on T'Q). We have the following result describing the situation:

Proposition 3.1.6. Let L be a regular Lagrangian function. Then there is a
unique vector field 'y satisfying equation (3.1.3) called the Lagrangian vector
field. Moreover, 'y is a SODE vector field on T'QQ and its trajectories satisfy
the Euler-Lagrange equations (3.1.1)).

Proof. First note that the vector field I'; is well-defined since wy, is non-
degenerate. To prove that I'y, is a SODE; it is enough to prove that Sol'; =

A. Note that )

' = ————¢dq' = —S*(dE}).
AW 8q”8q’9q q (dEL)
Suppose that the vector field I'y, is locally given by the expression
. 0 . 0
r )= f'(q,q)=— “(q,q)=—.
(g, q) = f (q,Q)an +9'(q Q)aqz
Then,
, PL .., iy
USol WL = _8(]18613 fjdq =-S5 (ZFLWL>‘

Thus, by equation (3.1.3)) defining the vector field I';, and by the non-degeneracy
of wy, we deduce that Sol';, = A. Equivalently, the local expression of 'y, is

0 0
aq' ot

I'r(q,4) = ¢ = + 9'(q,9)
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Moreover, if q(t) is a trajectory of 'z, then the second derivative of ¢' satisfies
G (t) = g'(q(t),q(t)) and from (3.1.3) it also satisfies the local equations

OL ., L ., 0L

= e
ocog ! T agop? " ag

which are equivalent to Euler-Lagrange equations (3.1.1]). O

As an interesting result we have that

Lemma 3.1.7. Let L be a reqular Lagrangian function. Then 'y satisfies
Lr, 0 =dL. (3.1.4)
Proof. Since the Lagrangian vector field is a SODE, we have that
(0, T) = (dL, A).

Then, using Cartan’s magic formula and the definition of Lagrangian energy
we deduce

Lr, 0 = ir,d0r + d(ir,0r) = —dEp + d(A(L)) = dL.
O

We have conservation of energy and, in addition, the flow of 'y is a
symplectomorphism.

Theorem 3.1.8. If L is a reqular Lagrangian function, the flow of I'y pre-
serves the symplectic form wy, and the energy Ep, is invariant along its integral
curves.

Proof. This is a consequence of Proposition [2.2.14) and the fact that ', is the
Hamiltonian vector field of Ej, with respect to the symplectic form wy. [

3.2 Mechanical Lagrangian systems

In this section we will restrict our attention to Lagrangian functions of the
form L = K — V, where K is the kinetic energy associated with a semi-
Riemannian metric h and V' € C°(Q) is the potential energy. We will take
a deep insight into the underlying geometry behind this case.
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Definition 3.2.1. The Lagrangian function L : T(Q) — R given by
1
Ly(vy) = §h(vq,vq), with v, € T,Q,

where h is a semi-Riemannian metric is called a kinetic Lagrangian function
or the kinetic energy. A mechanical Lagrangian function is a Lagrangian
Ly : TQ — R of the type

Linv)(vq) = Ln(vg) = V(a),
where the function V' : @@ — R is the potential energy.

We have already found examples of mechanical Lagrangian functions in
Examples and [3.1.2] Indeed, mechanical Lagrangian systems are the
prototype of conservative physical systems we may find in our universe.

Given a pseudo-Riemannian metric h, define the gradient vector field with
respect to h to be the vector field

grad,V = 4,(dV), (3.2.1)
where ;, : Q1(Q) — X(Q) is the inverse isomorphism of by,.

Theorem 3.2.2. Let L, vy be a mechanical Lagrangian function on Q asso-
ciated to a pseudo-Riemannian metric h and a potential energy V.. The curve
c: I — Q is atrajectory of 'y, ., if and only if it satisfies the equations

Vie = —grad,V oc, (3.2.2)

where V" is the Levi-Civita connection associated with the pseudo- Riemannian
metric h.

Remark 3.2.3. In particular, when the potential energy V vanishes, the
curve c is the solution of Euler-Lagrange equations for L v if and only if it
is a geodesic with respect to the Levi-Civita connection V.

Proof. We will give here an intrinsic proof. For a proof in coordinates see,
for example, [AMT7S].

Let ¢ : I — @ be a trajectory of I'r, . Given any X € X(Q), we will
pair the geometric equation which defines I' Linvy With the complete lift X°
of the vector field X. In fact,

<<iFL<h7V)wL(h,V) - dEL(}L,V)) (u)a XC(“» =0.
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Using the skew-symmetry of wr,
we get

and the fact that EL(h,V) =L, +Vorg,

h,V)

—<iX°wL(h,V)7FL(h,V)> — XC(Lh) — XC(V O TQ) =0.
We will use now the equations given in (A.0.5) and in Lemma in
Appendix [A.T] namely the equations

—

iXCwL(h,V) = d(bh(X)) + 29L XC(Lh) = Lﬁxh,

(vhx)’
where (V"X) is the (0, 2)-tensor field defined by

(VEX)(Y, Z) = MVLY, 2),

(see equation (A.0.2)) in Appendix |A.1) and ;(-)?) is the fiberwise linear
function on 7'Q) induced by the 1-form by (X).
Then, we deduce that

—

—<d(bh<X))+28L 7FL(h,V)> _Lﬁxh_Xc(VOTQ> =0.

(vhx)

However, by Lemma [A.0.2} we have that L. ,s = 2L(yrx) and using that
the vector field I',, ., is a SODE, it follows that SoI'y, , = A. So, we
have that

<8L(vhx)’FL(h,V)> - A(L(th)) — 2L(th)

Hence, we have deduced the following equation
FL(h,V)(bh(X» == 2L(th) - XC(V e} TQ),
which evaluated at a point u € T'Q) is equivalent to
Lrv (W) 0r(X)) = H(V3X, 1) — (dV, X) 0 To(u).

Then, evaluating the last equation over the curve ¢, noting that | IO (¢)

is just ¢ and using (3.2.1)), we deduce
¢ <m> = W(V'X,¢) — h(grad,Voc, X oc).

Moreover, as the connection is compatible with the metric, the right-hand
side is just

¢ (n(3)) = & (X)) = h(VEX,é) + h(X o0, V10
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and the previous expression reduces to
h(X oc,Vié+ grad,V oc) = 0.
Since X is an arbitrary vector field and h is non-degenerate we proved that
Vhé + grad,V oc = 0.

Conversely, let ¢ be a solution of (3.2.2)). Then c is a trajectory of the
SODE vector field I' defined by equation (3.2.2)) given by

I'=T"" + (grad,V)",

where TV" is the geodesic vector field associated with the Levi-Civita con-
nection of the semi-Riemannian metric h.
By reversing all the arguments before, we deduce that

Ll (E8) 0a(X)) = (@) 0a(X)), VX € X(Q).

Therefore, since the by, is an isomorphism of C*°(Q)-modules, the action of
FL(hy) and I' over fiberwise linear functions matches. To establish that the
two vector fields are the same, it remains to show that

L (€B)(f o1q) =T(e(1))(f o), V[ e C™(Q)

But this follows immediately from the fact that I' and I'z, ,, are SODE
vector fields since

L () (f 0 7q) = e(t)(f) = T(e(1))(f o 7q).
]

We finish this section with Jacobi theorem, stating that trajectories of
mechanical systems may in fact be seen as geodesics with respect to a modi-
fied metric (cf., for instance, |[AM78] for more details). In that sense, consider
a Riemannian metric g and let the energy of the mechanical system deter-
mined by the Lagrangian L, v) be given by the function £y, : TQ — R
defined by

1
EL(Q»V)(U) = 59(1),7)) +Vo TQ(U), veTqQ.
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Now, take e € R to be a constant value of the energy such that the set

Ue={q€Q|e>V(g)}

is a non-empty subset of ). In fact, U, is an open subset of @) and if it is
non-empty, it inherits the smooth manifold structure of ). We can consider
on it the Jacob: metric given by

ge = (e—=V)g. (3.2.3)

We have the following result which we will call the Maupertuis-Jacob:
principle:

Theorem 3.2.4. The trajectories of the mechanical Lagrangian L,y with
energy e are the same as geodesics of the Jacobi metric up to a reparametriza-
tion, with unit energy.

Proof. The proof consists of three steps. The first one is to move the problem
into the cotangent bundle, where we have a single canonical symplectic struc-
ture. There we obtain the Hamiltonian function H, ) associated to L, v
and the Hamiltonian function H,, associated to the Lagrangian function L, .
The next step is to observe that

Hyvy(a) =e ifand only if Hgy (o) =1

for « € T*U,. The third step is the most elaborated. We must prove that the
fact that H }V)(e) = H,'(1) = ¥ implies that the respective Hamiltonian
vector fields are co-linear and, hence, their integral curves are the same up
to reparametrization. Indeed, since ¥ is a manifold with codimension 1 we

have that the distribution along >
TS = {v € T5(T*Q)|iyw(w) = 0, Yw € TX}

must be one-dimensional at each point of ¥, by Lemma [2.2.2] Also, it is
clear that

<dH(9»V)<a)7wa> = (nge(a),wa> =0,

for all € ¥ and w, € T>. Hence the Hamiltonian vector fields X Hiv) and
Xp,, lie in TS+, Therefore, they must be parallel. O
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3.3 Hamiltonian mechanics

In this section we will briefly describe the standard Hamiltonian mechanics
formalism. We will see that in very special occasions, the study of Euler-
Lagrange equations is related to the study of a Hamiltonian vector field
with respect to the canonical symplectic structure on the cotangent bun-
dle T*@. In these cases, the Lagrangian flow automatically inherits all the
distinguished properties that Hamiltonian vector fields possess.

Given a Hamiltonian function H : T*() — R we define the corresponding
Hamiltonian vector field Xg by

1x,wo = dH.

The integral curves of Xy are determined by Hamilton’s equations, whose
local expression is ‘

d¢¢ OH dp; OH

dt — Op;’ dt  0g
Example 3.3.1. Consider the euclidean space () = R" and the Hamiltonian
function given by

noo9
H(q',p;) = — +V(q").
(¢" pi) ;:1 5 T V()
Then, Hamilton’s equation in this case give

dg' _p dp_ OV
d  m’ dt  0¢’

which are equivalent to Newton’s second law. In fact, p; = mg’ is usually
known in physics as the linear momentum of the system. So, Hamilton’s
equations describe the evolution in time of linear momentum. A

Given a Lagrangian function L, we can define the Legendre transformation
FL:TQ — T*Q by

(FL(uy), v5) = &

dt L(uq+tUQ)

t=0

and if L is regular, its Legendre transformation is a local diffeomorphism. In
local coordinates oL
FL(¢",¢")= ¢ = | .
(¢, 4") (q ; W)
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We will see now how the Lagrangian and Hamiltonian descriptions are
related.

Lemma 3.3.2. Let L be a reqular Lagrangian function. Then, the associ-
ated Poincaré-Cartan 1-form and 2-form denoted by 05, and wy, respectively,
satisfy

HL = ]FL*HQ, Wy, = FL*Q.)Q.

Proof. We must prove the equality for the 1-forms. The relation between the
2-forms follows immediately from the first one.

It is enough check the equality on vector fields of the form XV and X°¢
with X € X(Q), since they generate the tangent bundle T7'Q.

Moreover, we only need to establish the first formula regarding the Poincaré-
Cartan 1-from. The second one follows by applying the exterior derivative.

Let X € X(Q), using (2.4.19) we have that
(61, X¥) = (dL, S(X¥)) = 0.
Similarly,
(FL™0q, X¥) = (0q, (FL).(X")) = 0.
Indeed, by definition of the canonical 1-form, given a, € T;Q
(O (), (FL)(XV)(ag)) = (g, Taymo(FL)(XV)(g)))-
Moreover given v, € T;() we have that
(TrzomQ) ((To,FL)(X™(v,))) = T, (mq o FL)(XY).

But the Legendre transform is a fibre-preserving map, i.e., mg o FL = 7¢.
Thus the last expression vanishes since the vertical lift projects to the zero
vector field.

On complete lifts the situation is very similar with the necessary adapta-
tions. On one hand, using again (2.4.19)), we obtain

(0L(vg), X(vg)) = (dL(vg), S(X)(vg)) = (dL(vg), X™(vg)) = (FL(v,), X(q))-
On the other hand, we have that
(FL*0q(vq), X(vg)) = (O(FL(vy)), (To,FL)(X(vy)))

= (FL(vy), (T, 70) (X (vg)))
= (FL(vq), X(q)),

where the last line follows because the complete lift projects to X. O
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As a corollary to the preceding lemma we deduce that the Poincaré-
Cartan 2-form is symplectic if and only if the Legendre transform is a diffeo-
morphism, which is equivalent to the regularity of L. This is a result we had
already proved.

Proposition 3.3.3. Let L be a reqular Lagrangian function and Ey, its La-
grangian energy. Consider the Hamiltonian function H = ELO(FL)_I. Then
the vector fields I'y, and Xy are FL-related and, thus, its integral curves.

Proof. Given a regular Lagrangian function L, let I'; be the Lagrangian
vector field and let H be the Hamiltonian function H = Ej o (IFL)_l. By
definition, the vector field I';, satisfies the equation

Z'prL = dEL.
Applying the pullback by (]FLY1 to both sides of the equation we obtain
igry.r, (FL)™*wp, = d(EyL o (FL)™Y).

Using Lemma [3.3.2] and the definition of the Hamiltonian function H we
conclude
Z.(IE‘L)*FLWQ =dH.

Therefore, by non-degeneracy of the canonical symplectic form wg, the Hamil-
tonian vector field Xy must be (FL).I';. O

An extensive account of this subject is contained in [AM78; [LR89|, for
instance.

Example 3.3.4. Let us now examine the example of a particle in a magnetic
field. Let the configuration manifold be ) = R? and suppose there is on Q
a magnetic field, which is a vector field Yz € X(Q)) determined by the closed
two-form B € Q?(Q) in such a way that

iy, (de Ndy Ndz) = dB.

In addition, suppose that B is exact so there exists a one-form A € Q'(Q)
such that B = dA called the magnetic potential.
Take the Hamiltonian function H : T*Q) — R given by

: (3.3.1)
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where the norm is with respect to the euclidean metric, m is the mass of the
particle, e is its electric charge and c is the speed of light. The Hamiltonian
system associated to H is FL-related to the Lagrangian system determined
by the Lagrangian function L : T'Q) — R given by

e

Lg,d) = gmlldlP + £(A(). )

A

The next example shows that the duality between Hamiltonian and La-
grangian formalisms exists even outside the scope of mechanics.

Example 3.3.5. In mathematical biology, Lotka-Volterra equations model
the growth of two animal species. If u(t) is the number of predators in time
and v(t) is the number of preys over time, then its evolution is given by

t=u(v—a), v=uv(f-—u),

where «a, 5 > 0 are constants. This may not be immediately recognized as a
Hamiltonian system but it is indeed one. Let () = R be the base manifold and
let the cotangent bundle be T*(Q ~ R?. Under the change of variables u = e?
and v = eP, Lotka-Volterra equations are equivalent to the Hamiltonian
equations with respect to the canonical symplectic structure wg = dg A dp
and the Hamiltonian function given by

H(q,p) = e — Bqg+ €’ — ap.

The corresponding Lagrangian formulation is obtained via the Legendre
transformation w = e — « so that

L(g.w) = (w+a)(In(w +a) — 1) — e + Bg.
A

Not every Hamiltonian system has a corresponding Lagrangian dynamics
as we will see in the next example.

Example 3.3.6. Consider the Hamiltonian function on T*R3 given by

((p1 +yps)® + (p2)?) -

DN —

H(q,p) =
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This Hamiltonian function appears when one applies the Pontryagin Maxi-
mum Principle (see [Blo15|) in order to study the sub-Riemannian geodesics
on R? subjected to the constraint 2 = yi. It turns out that the trajec-
tories of this Hamiltonian system, i.e., the projection to R? of its integral
curves, are the so-called normal sub-Riemannian geodesics minimizing the
sub-Riemannian length

L(e) = / (& + ) dr,

among all curves ¢ in R3 satisfying the constraint # = yi. However, this
Hamiltonian function is not regular since the Hessian matrix of H given by

1 0 vy
Hess(H)=(0 1 0
y 0y

has zero determinant everywhere and, thus, there is not a corresponding
Lagrangian vector field which is FL-related to the Hamiltonian vector field
associated to H. A

3.3.1 Mechanical Hamiltonian systems

Given a Riemannian metric ¢ and a potential energy function V on the
manifold (), we may consider the Hamiltonian function H,y) : T°Q — R
given by

1 %
H(g,V)<aq) = 592(05(1, aq) + V(Q)? Oy S Tq Qa

where we are denoting by ¢* the co-metric associated to the Riemannian

metric g. Indeed, given a Riemannian metric g, there is an isomorphism of
modules b, : X(Q) — QY(Q) called the flat isomorphism given by

(0g(X(a)),Y(q)) = 94(X(9), Y (q), X,Y € X(Q).
Then the co-metric is the map g : Q1(Q) x QYQ) — C>=(Q) given by
9504 (X(0)),by (Y () = 9,(X(0), Y (), XY € X(Q).

It is also interesting to note that the Legendre transformation of the
mechanical Lagrangian function L, y), denoted by FLzvy @ TQ — T7Q),
coincides with the flat isomorphism, i.e.,

FLgvy =Dy
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Moreover, we have that
(]]:—“L(gy))*wcg = wL(gyv) and (IFL(g,V))*H(g’V) = EL(g,V)’ (332)

where wq is the canonical symplectic form on 7). Therefore, we conclude
that

(bg)*FL(g,w = X, v

3.3.2 Noether’s theorem and symmetries

As we will see in this section, the symplectic formalism in which the equations
of motion are written is specially useful to describe conserved quantities. We
will see that when we have a symmetry then a conserved quantity arises.
In the centre of the discussion will be a map called the momentum map
introduced in its modern form by J. M. Souriau in 1970 (cf. [JM70]). The
history of the discovery of this map is actually quite interesting and can
be traced back until Sophus Lie’s book Theorie der Transformationsgruppen
11, who already wrote preliminary work on this concept and also coined the
term.

As it will become clear in the examples, the terminology is not arbitrary
and the momentum map can be seen as a generalization of the classical
concepts of linear and angular momentum. For more details on this subject
see the vast literature on mechanics: [AM7§|, [Blo15], [MR13].

Definition 3.3.7. Let (P,w) be a symplectic manifold and ¢ : G x P — P
a symplectic action. The map J : P — g* is called a momentum map if
for every ¢ € g the function jg : P — R defined by jg(p) = (J(p), &), with
p € P, satisfies

z'gpw = djg,

where £p is the infinitesimal generator vector field corresponding to £. In
other words, {p is the Hamiltonian vector field associated to the Hamiltonian
function J.

Now, we will see that if a Hamiltonian function H is invariant under a
symplectic action, then the components of the momentum map are conserved
quantities along integral curves of the Hamiltonian vector field Xg.

Theorem 3.3.8. Let ® : GX P — P be a symplectic action on the symplectic
manifold (P,w), with a momentum map J : P — g*. If the Hamiltonian
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function H : P — R is invariant under the action of G, that is, (Ho®,)(p) =
H(p), for anyp € P and g € G, then J¢ is a conserved quantity along integral
curves of the Hamiltonian vector field Xpg.

Proof. We will prove that {J¢, H} = 0 which is enough to deduce that J; is
a conserved quantity, by Proposition [2.2.16] Indeed, we have that

. d
{Je, Hy = w(ép, X)) = —dH({p) = — 7 (H o Pexpie)) = 0,
t=0
where we used the definitions of the canonical Poisson brackets, momentum
map, Hamiltonian vector field and infinitesimal generator. The last step
follows directly by invariance of the Hamiltonian function. [

Momentum maps not always exist. We will give two important examples
of momentum maps.

Theorem 3.3.9. Let ® : GX P — P be a symplectic action on the symplectic
manifold (P,w). Suppose that w = —df, for some 6 € Q'(P) and that o0 =
0, that is, ® is an exact symplectomorphism. Then the map J : P — g*
defined by

(J(p),&) = (0(p),&p(p))

1S a momentum map.

Proof. Since the action is an exact symplectomorphism it follows that the
Lie derivative of the one-form 6 with respect to the infinitesimal generator
¢p vanishes. Hence, using Cartan’s magic formula and the fact that w = —d6
we deduce that

ey = d (igp)

Therefore the function defined by J} = i¢,0 is the Hamiltonian function with
Hamiltonian vector field £p. Thus, by definition, J is a momentum map. [

Remark 3.3.10. In the special case where P = T*(Q) and 0, is the canonical
one-form, any action of G on @ lifts to an action on 7*(Q) defined in ,
which preserves g and so, we can apply the previous theorem to the lifted
action on T*Q).

As a corollary of the previous theorem we obtain Noether’s theorem,
which summarizes the situation when P = T'Q and the action is ®7, that is,
q)gT =T%,.
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Corollary 3.3.11. Let ® : G x Q — @ be an action on QQ and denote also
by ® the tangent lift of the action to TQ. Let L : TQ) — R be a reqular
Lagrangian function which is invariant under the tangent lifted action ®T.
Then, CI>;F 15 an exact symplectomorphism for wyp, = —df, associated to the
momentum map

j&(“q) = (FL(vy),&e(q))-

Moreover, the function J} is a conserved quantity along integral curves of the
Lagrangian vector field I'y,.

Proof. The proof lies on three facts: the first is that G' acts on T'Q) by exact
symplectomorphisms (with respect to the Liouville one-form 6 ), secondly
that the Hamiltonian function associated with the momentum map satisfies
the equality

(igrgfL)(vg) = (FL(vy), E0(q))

and third, that the energy is invariant. Then, the combination of the previous
two theorems leads to the conclusion.
Indeed, from the G-invariance of L, we may prove that

T* _ T
<I>g OFL—FLO(I)g.

Then using the previous equality together with the characterization of 6,
provided by Lemma we deduce that

(1) 0, =0L.
As for the function jg, we know from the previous theorem that

j&(vq) = (01.(vg), §1q(vy))

and so using again Lemma [3.3.2] and the definition of canonical one-form we
deduce that

j&(”q) =(0o(FL(vy)), TFL(§7q(vy)))
=(FL(v,), Tmq o TFL(&rq(vy)))

while the fact that FL is fiber-preserving and &g projects over {; implies
that

A

Je(vg)

(FL(vg), T1q(Erq(vy)))
(FL(vg),&q(vg)),
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as we have claimed. It remains to be shown that the energy is invariant with
respect to the lifted action @3, but as we have already said, the Legendre
transform satisfies

(FL(v),w) = (FLo ®](v), @} (w)), You,W € T,Q.
Hence, having into account that
Ep(v) = A(L)(v) = L(v) = (FL(v),v) — L(v)

we conclude that E; must be invariant.
H

Example 3.3.12. Consider the manifold () = R™ and the Lie group G = R"
acting by translations () such that the lifted action on T*(@) is given by

g-(¢,p)=(q+g,p).

The infinitesimal generator of the lifted action is given by

{r-q(q,p) = (£,0).

It is not difficult to check by direct computation that the map J : T#Q) — g¢*
given by
J(q,p) =p

is a momentum map called linear momentum. Hence the infinitesimal gener-
ator is the Hamiltonian vector field associated to the Hamiltonian function

A

Je(g,p) =p-&.
A

Example 3.3.13. Consider now the manifold ) = R? and the matrix Lie
group G = SO(3). If G acts on @) according with

Dy(q) =9-4q,

where the dot denotes the action of the matrix g on the vector q. The lifted
action to T*() is then given by

9-(¢,p)=(9 4,9 p)
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The infinitesimal generator is given by

rq(a,p) = (€ 4,6 p) = (€ x ¢,§ x p),
where ¢ € s0(3) and the map (A) : 50(3) — R3 is the standard Lie algebra
isomorphism. It is not hard to show that the map J : T*Q — s0(3)* given
by
J(g,p) =qxp

is a momentum map called angular momentum with associated Hamiltonian
function given by

A ~

Je(g,p) = (¢ x p) - €.

3.4 Mechanics under external forces

Lagrangian and Hamiltonian mechanics may be considered the building blocks
of mechanics. Although they have intrinsic mathematical elegance and pos-
sess many nice geometric features they do not cover many relevant physical
examples such as systems under the action of arbitrary external forces.

An external force can be interpreted as a fiber-preserving map denoted
by F': TQ — T*(Q satistying mg o I’ = 7. In canonical bundle coordinates
(¢, p;) on T*Q, the coordinate representation of the external force is of the
form F(q',q") = (¢, Fi(¢*,¢")). So, F is fiber-preserving if and only if the
following diagram is commutative:

TQ £ y T*Q
N

It is well-know that to each such map we can associate a semibasic one-

form on T'Q) defined by
(wr(vg), W) = (F(vg), T1q(W)), v, €TQ and W € T, TQ.

In coordinates ur = Fi(q', ¢*) dq' .
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A forced Lagrangian system (L, F') is a mechanical system described by
a Lagrangian function L : T() — R and subjected to an external force F'.
A trajectory of a forced mechanical system is a curve on () satisfying the
Lagrange-d’Alembert principle.

Definition 3.4.1 (Lagrange-d’Alembert principle). The trajectory of the
forced system given by the pair (L, F'), where L : TQ) - R and F : TQ —
T*() is a force map, between two fixed points ¢y, q1 € @) is a curve q €
C?(qo, q1) satisfying

d
ds

/0 L(q(t,s),q(t, s)) dt—i—/o <F(q(t),cj(t)), %(t,0)> dt =0, (3.4.1)

s=0
for all smooth variations q(s) € C*(qo, q1) of the curve gq.

Using standard arguments from calculus of variations, it is not difficult
to show that a curve q : I — (@) satisfies Lagrange-d’Alembert principle if
and only if in every coordinate neighbourhood it satisfies the forced Fuler-

Lagrange equations
d (0L oL
— - | — — =F; . 3.4.2
d (w) o7 (342)

Example 3.4.2. If we are in the euclidean space () = R™ and we have the
Lagrangian function

. "1 .
L(at. ¢*) = - AV
(¢',4") ; Smld')?,
then the forced Euler-Lagrange equations give the second-order differential
equations

mg' = F,
which are Newton’s second law in the presence of external forces. A

Example 3.4.3. A more interesting class of examples are the ones with
dissipative forces. These forces are associated with friction or with motion
in viscous media. In these cases, there is a force map F : T'QQ — T*(Q that is
coordinate-wise proportional to the velocity of the trajectory, i.e.,

F,=)\j", forl1<i<nand)\ecR.
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Moreover, if there is a function R : T'() — R such that the force F'is just the
Legendre transform of —R, then R is called a Rayleigh dissipation function.
In local coordinates, the forced Euler-Lagrange equations in this case give

d (OL\ 0L  OR
dt \oq') ¢ OF "

(3.4.3)

A simple example illustrating the situation is the damped pendulum. It
is described by the Lagrangian function L : TS' — R given by

. 1 :
L(6,0) = éml292 + mgl cos 6,

where the first term corresponds to the kinetic energy, the second one to the
potential energy, m is the mass of the pendulum, [ is the length of the rod
and g is the acceleration of gravity. Moreover, the function R : TS! — R
given by
. 1 .-
R@ﬁ):EM%% ANER
is a Rayleigh function. Then the forced Euler-Lagrange equations imply

6 = _g sinf — i9,
l m

which is a second-order differential equation known as the damped harmonic

oscillator. AN

As in the case of unconstrained systems, we may introduce a coordinate-
free equation equivalent to forced Euler-Lagrange equations.

Proposition 3.4.4. A curve q(t) on @ satisfies the forced Euler-Lagrange
equations (3.4.2) if and only if

X(L) (0 d) — L (X (L)(0.0) = (Fla.0). X o), ¥ X € X(Q). (34.4)

dt
Proof. Let X € X(Q) be a vector field locally given by
.0
X=X"—.
aq°
Fhen oL 0X" 0L oL
X¢(L)= X" i and XV(L)= X'

o¢ " o7 0 o¢"
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Thus equations (3.4.4)), along a curve ¢(t) have the local form

(0L d (OL\\ . ..
(5~ (7)) - B

Hence, we deduce that (3.4.4)) is satisfied for all vector fields if and only if
the curve ¢(t) is a solution of forced Euler-Lagrange equations. ]

Analogously to the case in which no forces appear, if L is regular, by non-
degeneracy of the symplectic form wy, there is a unique vector field I'(z r)
satisfying the geometric equation

ip(L’F)wL == dEL — UF. (345)

Proposition 3.4.5. Let L be a reqular Lagrangian function. Given a force
map F': TQ — T*Q, there is a unique vector field I' (1 ry satisfying equation
called the forced Lagrangian vector field. Also, 'y ) is a SODE
vector field on T'Q) and its integral curves satisfy the forced Fuler-Lagrange
equations (3.4.2)).

Proof. If L is regular, then the vector field 'z  in exists and it is
unique since wy, is a symplectic form.

Moreover it is a SODE, since the one-form pp is semi-basic we have that
S*(up) = 0. Hence, we have that

LAWL = 180}, py WL,

using the same arguments as in the proof of Proposition [3.1.6
Hence, the local expression of I'(;, ) is of the form

r Q)= — + (g, )~
. (q,4) =4 og 9 (¢,4) o7
If q(t) is a trajectory of I'(y gy, from (3.4.5)) it satisfies the local equations
0’L . O0*L . OL
0G'0qJ 0G'0qJ aq’
which are equivalent to forced Euler-Lagrange equations (3.4.2)). O

However, in the presence of forces neither the energy or the symplec-
tic form are necessarily preserved by the flow of I'(; ). Indeed, the forced
Lagrangian vector field may not be a Hamiltonian vector field.
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Lemma 3.4.6. We have that the energy along the flow of 'z ) satisfies
(dEL(vg), D(r,r)(vg)) = (F(vg),vg), V¥ vg € TyQ.
The symplectic form satisfies
£F(L,F)wL = _d,U«F~

Proof. As for the equation concerning energy, note that by equation (3.4.5))
and using the skew-symmetry of the symplectic form, we have that

(dEL(vg), T'z,r)(vg)) = (r(vg), Lz, ry(vy))-

Hence, by definition of the 1-form up associated to the force map F' and
since I'(y, ) is a SODE vector field we deduce that

(dEL(0g), T2, (vg)) = (F(vg), vg)-

To compute the Lie derivative of the symplectic form, we use Cartan’s
identity
£F(L,F)wL = iF(L,F)<de) + d(iF(L,F)wL)

and then, noting that the first term on the right-hand side of the above
equation vanishes since wy, is exact, we deduce by (3.4.5)) that

EI‘(L’F)CL)L = —d,uF.
[

Remark 3.4.7. The last lemma implies that if ¢ : I — @ is a solution
of forced Euler-Lagrange equations, the energy changes along the integral
curves according to the equation

BL(e(t), é(t) = (F(e.¢), &),

or, equivalently, the change in energy equals the work done by the force, that
is,
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Now, we move onto the Hamiltonian description of systems subjected to
external forces. Given a Hamiltonian function H : T#() — R we may define
the Hamiltonian external force to be a fiber-preserving map F* : T*Q —
T*Q, i.e., the following diagram is commutative:

We will say the the forced Hamiltonian system is determined by the pair
(H, F®). The Hamiltonian force map is associated to a semi-basic one-form
Orr defined by

(Brn(aq), W) = (F(ag), (To,mg) (W), for W € Tp(T"Q).

It is possible to modify the Hamiltonian equations to obtain the forced
Hamiltonian equations. The trajectories of forced Hamiltonian systems are
the integral curves of the vector field Xy pry determined by

iX(H,FH)wQ =dH — BFH. (346)

Locally, we obtain forced Hamilton’s equations as follows:

d¢  0H dp;  OH .
dt a_pi(q’p)7 P 8—qi(q,p)+Fi (¢, p)- (3.4.7)

In fact, the forced Hamiltonian vector field may be written as Xy + Yp
where the vector field Y2 € X(7*Q) is defined by

v d
Yi(ay) = —

di (g + tFH(aq)) :

t=0

In coordinates,

v _ pH [ ] a_H 9 — pH i
Yp = F, <q ¥ (q,p)) oo E (q,p)api-

If L is a regular Lagrangian function and F': T'Q) — T*(Q is an external
force map, it is possible to construct a Hamiltonian external force map F'7 :
T*Q — T*Q defined by F¥ = F o (FL)™'. Then the forced Hamiltonian
vector field Xy pny associated to H = Ej o (FL)™! is FL-related to the
forced Lagrangian vector field I'(z r).
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3.5 A brief introduction to Contact mechan-
ics

In this section, we will review the Lagrangian version of contact mechanics.
This very recent formalism of mechanics (see [LLV19b| and the references
therein), is especially useful to describe dissipative systems. As we will see,
this formalism allows to incorporate some specific kinds of force maps in such
a way that the dynamics will observe some geometric properties related with
the contact structure.

Let Q be an n-dimensional configuration manifold and consider the ex-
tended phase space T'(Q X R and a contact Lagrangian function L : TQ xR —
R. In this section, we will assume that the Lagrangian is regular, that is, the
Hessian matrix with respect to the velocities Hess(L) is regular, where

Hess(L) = (W) = (32‘3[;]]> : (3.5.1)

as before and (¢, ¢, z) are natural bundle coordinates for TQ x R. Equiva-
lently, L is regular if and only if the one-form

nL=dz— 0y (3.5.2)
is a contact form. Here,
oL .
0, = S*(dL) = —dq"’ 3.5.3
L= §'(dL) = Sdd (353)

where S is the extension of the canonical vertical endomorphism to T'Q) x R,
that is, in local bundle coordinates on T'() x R

.0
S =dq' - 3.5.4
¢ 5 (3.5.4)
The energy of the system is still defined by
0L
E,=A(L)— L= .Zﬁq”' - L, (3.5.5)

where A is the extension of the Liouville vector field on T'Q) to T'Q x R in
the natural way.
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The Reeb vector field of 7y, which we will denote by Ry, is given by
2
0 i o°L 0

Re=5:~ W0z 0

(3.5.6)

where (W) is the inverse of the Hessian matrix of L with respect to the
velocities (W;;) (Equation (3.5.1))).

The Hamiltonian vector field of the energy £, denoted by &, = Xg,,
hence

I?L(gL) = dEL — (RL(EL) + EL)”L, (357)

where by, (v) = i,dng+n5(v)ny is the isomorphism defined in Equation ([2.3.2))
for this particular contact structure.

The vector field &7, will be called the contact Lagrangian vector field. 1t is
a second order differential equation (SODE) and its trajectories are just the
solutions of the Herglotz equations (also called generalized Euler-Lagrange
equations) for L (see [LLV19b]):

d (0L 0L OLOL
dt \ 9¢ d¢t 0§ 0z

(3.5.8)

There exists a Legendre transformation for contact Lagrangian systems.
Given the vector bundle Q) x R — @ x R, one can consider the fiber
derivative FL of L : TQ) x R — R, which has the following coordinate
expression in natural coordinates:

FL:TQ xR —T*Q xR

o - OL 3.5.9
(¢, ) = (¢, g—q> (3.5.9)

If we consider the contact structure 7g on 7°Q) x R given by and the
one-form ny, on T'Q) x R then FL is a local contactomorphism.

In the case that FL is a global contactomorphism, then we say that L is
hyperregular. In this situation, we can define a Hamiltonian H : T*Q xR — R

such that E;, = H o FL and the Lagrangian and Hamiltonian dynamics are
FL-related, that is, FL.&, = Xp.

3.5.1 Herglotz variational principle

Equations (3.5.8)) can be derived from a modified variational principle [Her30].
In contrast to the symplectic case, the action is not a definite integral. The
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contact action is the endpoint value of a solution to a non-autonomous ODE
(see |LLV19b] for more details).

Let €2 be the (infinite dimensional) manifold of twice-differentiable curves
c¢:[0,1] - @ on Q. Given qo,q1 € @, we denote by Q(qo,q1) C Q the
submanifold whose elements are the smooth curves ¢ € §2 such that ¢(0) = qo,
¢(1) = ¢;. The tangent space of 2 at a curve c is given by vector fields over
¢, ie.,

T.Q0={0c:[0,1] > TQ | rgodc=c},

while the tangent vectors in T.€2(qo, q1) are the vector fields over ¢ vanishing
at the endpoints. Thus,

T qo, q1) = {0c € T.Q2 | 0¢(0) =0, dc(1) =0 }.

Now, we define the contact action functional as the map which assigns
to each curve ¢ and initial condition 2y, the integral of the Lagrangian over
a curve (c(t),¢(t), z(t)) on TQ x R where z is the solution of the following

ODE:
@ =Led2), (3.5.10)
2(0) = zo.

Thus we define the contact action functional as the map

A: QxR —R,

! 3.5.11
Alc, ) = /0 L(c(t), é(t), (1)) dt. (3.5.11)

When restricted to €(qo, ¢1) X {20}, the critical points of A,, = A(-, z)
are the solutions to Herglotz equation. More precisely,

Theorem 3.5.1 (Herglotz variational principle). Let L : TQ x R — R be a
Lagrangian function and let ¢ € Q(qo,q1) and zg € R. Then, (¢, ¢, z) satisfies
the Herglotz equations , with z(0) = 2o, if and only if ¢ is a critical

We will prove the preceding theorem, since the result is not so well-known
as the common Hamiltonian principle. Moreover, the careful inspection of
this proof will help us later in Chapter [§ proving the discrete version of this
principle.
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Proof. Given zy € R, let ¢ € Q(qo, q1) be a curve and consider some tangent
vector ¢ € T.Q(qo, q1)-
Consider a variation ¢, € () of the curve ¢ and let

des
ds ls=0’
Note that if z(s,t) is the solution of the differential equation (3.5.10)), asso-
ciated to the curve ¢, then define

dz
0z(t) = —(s,t .
2(t) = —-(s,1)]
Note that z(s,t) is a variation of z(t), defined to be the solution of the
differential equation ([3.5.10)), associated to the curve ¢ and satisfies z(0,0) =
20-
We compute the differential of the action to be

(@A) = [ SO0 + G (D)5 0) + G- (0300

where x(t) simply denotes the curve (c(t), é(t), z(t)).
But, the function dz must satisfy the variational equation of (3.5.10)), i.e.,
d oL , oL , oL
—iz = ‘ t))oc'(t —(x(t))oc (t —(x(t))dz(t).
02 = SO0+ ()0 (1) + S ((1)ox(1)
Thus, we deduce that

dc

Cop = C.

(dA,,,dc) = 0z(1) — 5z(0).

So the problem reduces to solving the variational equation above. Using that
0z(0) = 0, we can explicitly solve the Cauchy problem and obtain

dz(t) = L/0 o(T) (g; (x())oc' (1) + 2(5’ (X(T))(Séi(T)) dr, (3.5.12)

o(t) =exp (— i Z—S(X(T))dT) : (3.5.13)

Integrating by parts, we get the following expression

o[t OL dOL OLOL
02(1) = m/o ac'(t)o(t) (&li T a0 + 6q‘i§) dt.

It is now clear that c¢ is a critical value of A, if and only if ¢(t) and its
associated curve z(t) satisfy the Herglotz equations. ]
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3.5.2 Symmetries and dissipated quantities on contact
Lagrangian systems

As explained in |Gas+20; |LV20], given a symmetry on a contact system, one
does not obtain a conserved quantity, but a quantity f that dissipates at the
same rate as the Hamiltonian.

Given a contact Hamiltonian system (M, n, H), we say that a quantity
f: M — R is dissipated if

Lx,f=—R(H)S, (3.5.14)

or, equivalently,
¢ (f) = ou, (3.5.15)

where ¢ is the flow of Xy and oy, its conformal factor.

Notice that the quotient of two dissipated quantities (if it is well defined)
is a conserved quantity:.

We end this section by stating a Noether’s theorem in this setting, which
provides a link between symmetries of the Lagrangian and conserved quan-
tities.

Let L : TQQ x R — R be a regular Lagrangian. Let G be a Lie group
acting on @)

P:GxQ—Q. (3.5.16)

We defined the lifted action as
P:GxTQxR—TQ xR, (3.5.17)

given by ®(g, vy, 2) = (T,®(v,), 2), where v, € T,Q. We denote by {rgxr to
the vector field on T'Q) x R which is the infinitesimal generator by the lifted
action of an element ¢ of the Lie algebra g of G.

We define the momentum map J:

Jp:TQ xR — g*,
(Ji(vg, 2),€) = — [NL(Eroxr)] (vg, 2).

and we define J(€) : TQ x R — R by J(€)(vg, 2) = (J1(vg, 2), ).
Then we have the following |LV20, Section 4.1]

(3.5.18)

Theorem 3.5.2. If the lifted action ® preserves the Lagrangian L, then
& acts by contactomorphisms on (TQ x R,np, Er) and J(§) is a dissipated
quantity for every & € g.
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3.6 Nonholonomic mechanical systems

This section is a brief introduction to the subject of mechanics subjected
to nonholonomic constraints. More generally, one finds many examples of
systems which are constrained to move either in some submanifold of the
ambient configuration manifold or which are constrained to move along a
set of allowed directions, i.e., they move on a submanifold of the velocity
space. The first kind of constraints are called holonomic constraints while
the second kind is known as nonholonomic constraints. Some examples of
holonomic constraints are a pendulum which while being inserted in a plane
is constrained to move on a circle or the motion of a planet around a star
which in principle lives in the euclidean three space but it is constrained to
move on a plane.

The trajectories and properties of holonomically constrained systems have
been well-understood for a long time. With nonholonomically constrained
systems this was not the case. It was not until the end of the nineteenth
century that the equations of motion for nonholonomic systems were estab-
lished and in the last few decades mathematicians have been investigating
further properties.

We will review the precise mathematical definition of nonholonomic con-
straint, state the equations of motion and give some examples (for further
details see [Cor02; Blol5; LD96; CMRO1; |Cor+03; LM95; VET72; VM94;
Ko0192; BS93; [SCS95; |ISSCI6; [Blo11; BMZ05; Blo+96b; FBOS|).

3.6.1 Lagrange-d’Alembert principle

First we introduce the general notion of nonholonomic constraint. Then,
along the remaining of the section we will treat the case of linear nonholo-
nomic constraint.

Definition 3.6.1. A nonholonomic constraint on a system with configura-
tion manifold () is a submanifold M of the tangent space T'(), which is not
the tangent space to any submanifold of Q.

We remark that this is the most general definition. If M is a distribution
we say it is a linear nonholonomic constraint, which we will carefully examine
in what follows, otherwise we are in the presence of a nonlinear nonholonomic
constraint. Observe that if M was the tangent space of some submanifold
N of @, i.e., M = TN, the constraint would be implied by a constraint on
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the configuration manifold and we would be in the presence of a holonomic
constraint. Also, if the constraint M is an integrable distribution, then by
Frobenius theorem the manifold @ is foliated by immersed submanifolds of
() whose tangent space at each point coincides with the subspace determined
by the distribution at that point. Hence, each trajectory of a constrained
system of this type is confined to evolve in a submanifold N C (). This is
why this constraint is called semi-holonomic.

A (linear) nonholonomic mechanical system is a pair (L, D) where D is a
distribution on Q) and L : T'Q) — R is a Lagrangian function. The trajectories
of a nonholonomic system are subjected to the constraint in the sense that
its velocity vectors belong to the distribution D, i.e.,

q(t) € Dy,

where ¢ : I — () is a curve.
Locally, linear nonholonomic constraints are given by a set of n — k equa-
tions that are linear on the velocities

1 (q)g" =0,

where 1 < a < n — k, k is the rank of the distribution D and n is the
dimension od the manifold (). Geometrically, these equations define the
vector subbundle D° C T*(Q), called the annihilator of D, spanned at each
point by the one forms {} locally given by u® = ué(q)dq'.

The trajectories of nonholonomic mechanical systems satisfy the follow-
ing “pseudo-variational” principle (see [LM95; FBO§| for a discussion about
variational principles on systems subjected to nonholonomic constraints):

Definition 3.6.2. A curve ¢ : I — @ with ¢(0) = ¢ and q(h) = ¢, satisfying
g € D is a trajectory of the nonholonomic mechanical system (L, D) if it is
a critical point of the action integral S : C*(qo, q1) — R given by

among all variations satisfying d¢(0) = dq(h) = 0 and dq(t) € Dy).

Remark 3.6.3. Let us make a small parenthesis just to set the notation for
infinitesimal variations. We will denote by dq(t) the infinitesimal variation
vector field along the curve ¢ (recall the definition in (2.1.11))).
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Analogously to the previous sections, we find a system of equations that
give necessary and sufficient conditions for a curve to satisfy the Lagrange-
d’Alembert principle.

Theorem 3.6.4. A curve is a trajectory of the nonholonomic mechanical
system (L, D) if and only if it satisfies the Lagrange-d’Alembert equations,
whose local expression is

i(@L)_aL_)\ o(q)
at \og )~ ag ekl (3.6.1)

1 (q)g" =0,

for some Lagrange multipliers A\, which may be determined with the help of
the constraint equations.

Proof. The proof is very similar to the standard proof of Euler-Lagrange
equations that one finds in calculus of variations. Choosing a variation of
the curve ¢ : I — @ and denoting by d¢(t) the infinitesimal variation vector
field, the differentiation of the action integral gives

s = [ (2 -2 (%) Yo ar,

where we apply differentiation by parts. Since dq € D, the integration van-
ishes for all such variations if the term between brackets is in the annihilator
of D, i.e., there exist functions A, called the Lagrange multipliers’ such that

d (0L oL
) ZE (), 6.2
dt (8(}’) 0q* Aatti (4) (362)

The second equation in (3.6.1)) comes from the fact that ¢ satisfies the non-
holonomic constraint. [

There is a great variety of examples of nonholonomic systems in the liter-
ature (see [Blo15; |Cor02; Blo+96b; [FGNM19; VV88; FJ04; FBZ14; FGN10;
BMO1; BM03]). We will introduce three of them where we will be able to
compute the Lagrange multipliers’ explicitly and then we will see that equa-
tions belong to the family of differential algebraic equations, that is,
they are formed by a system of differential equations and a coupled algebraic
condition, the nonholonomic constraint.
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Example 3.6.5. We will introduce here an example of a simple nonholo-
nomic system to which we will get back all along the text: the nonholonomic
particle. Consider a mechanical system in the configuration manifold Q = R3
defined by the Lagrangian

1
L(w,y, 28,9, 2) = 5@ + 7+ 27)

and subjected to the nonholonomic constraint z — yz = 0. The one-form
it = dz —y dx spans the vector subbundle D°, which is the annihilator of the
distribution

D = span £+ ﬁﬁ
- P Ox yaz’ay '

Then the equations of motion of this system are given by Lagrange-d’Alembert
equations (3.6.1)), which in this case hold

I=-M\y T = —y%
0 P 0
Y = YT (3.6.3)
Z=A 7= ﬁ
z—yr =0 z—yx =0,
where the value of A is computed with the help of the constraints. A

Example 3.6.6. The vertical rolling disk is another classical example of a
nonholonomic system for which we can easily find the explicit solution of the
equations of motion.

The configuration space is Q = R? x S' x S! and the Lagrangian function
L :TQ — R is given by

. 1 1. 1
L(w,y, ¢,0.8,9,¢,0) = Sm(@” + %) + 510° + 5%,
where m is the mass of the disk and I, J are moments of inertia about an
axis perpendicular to the plane of the disk and contained in the plane of the
disk, respectively.
The disk is subjected to a constraint determined by the equations

T = Rcosp 9, y = Rsinp 9,

102



where R is the radius of the disk. The equations of motion are given by

(méc' = )\1

my: >\2

I«'9:.: —ARcosp — A Rsingp (3.6.4)
Jp =0

T = Rcosyp 9

Ly = Rsingp 0,

where A\; and Ay are Lagrange multipliers’ that can be determined with the
help of the constraint equations. A

Example 3.6.7 (Chaplygin sleigh). Consider the configuration manifold
Q = R? x S! where we define a Lagrangian function L : TQ — R by
L(z,y,0,%,7,0) = E(m + 9° — 2ax0sin 0 + 2ay6 cos0) + (I + ma )7,
where m is the mass of the sleigh, I is the moment of inertia about the centre
of mass and a is the distance between the point (x,y) and the centre of mass
(Check Figure . The limit case when a = 0, leads to the same kinetic
energy one considers in the knife edge example which we will find later on.
The sleigh is constrained to move in the direction of its orientation at
each point, i.e., it does not move sideways. Consequently, the constraint is
given by the equation
ycosfh — xsinf = 0.

Computing Lagrange-d’Alembert equations we obtain the equations of mo-
tion ) .

mi — am cos 00% — am sin 0 = —\sin

my — amsin 062 + am cos 00 = A cos 0

(I +ma®)f + mab (i cosf + ysinf) = 0

ycost — xsinf = 0.

(3.6.5)

Additionally, the Lagrange multiplier is completely determined by the equa-
tions and it may be computed to be

O(x cosf + ysinb)
5 :

A:

103



Figure 3.1: Representation of the Chaplygin sleigh.

3.6.2 The geometric formalism of nonholonomic sys-
tems

Now, we want to establish in which conditions are we able to determine
the Lagrange multipliers’. In order to do so, we will reproduce a more
general formalism, a geometric description of nonholonomic mechanics (see
[LD96],|CMRO1], [Cor+03], [LM95],|[ZBMIg| or [VET2] for a first geometrical
approach to nonholonomic mechanics and also [SCS95; SSC96]). Consider
the geometric equations

{ <Z.F(L,D)WL - dEL) ’D S (DO)V (3 6 6)
I'p) € X(D),
where (D°)Y is the vector subbundle of T5(7T'Q) — D whose fiber at v, € D,

is spanned by
{a¥(vy) | @ € T(D%)}.

We will use the notation F° = (D°)Y.
Now, the nonholonomic system (L, D) is called regular if L is a regular
Lagrangian and the following condition is satisfied (again see [LD96]):

T,D N (fu, )o(F?) = {0} for all v € D (compatibility condition).
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Here, 4, : T*(TQ) — T(TQ) is the sharp isomorphism and it is the inverse
map of the flat isomorphism defined by b, (X) = ixwr.

For a regular nonholonomic system we have the following result regarding
the geometric equations:

Theorem 3.6.8. If the nonholonomic system (L, D) is reqular, then equa-
tions have a SODE denoted by I p)y as a unique solution on D and
its integral curves satisfy equations . In fact, for each v, € Dy, there
exists a unique Fop(vy) € D C TrQ such that

iF(L,D)wL(Uq) — dEL(vy) = Fp(vg).

The following theorem is a useful sufficient condition to prove that the
nonholonomic system is regular (see [LD96]).

Theorem 3.6.9. If the Lagrangian L has either a positive definite or a neg-
ative definite Hessian matriz Hess(L), then the nonholonomic system is also
reqular.

Example 3.6.10. For mechanical Lagrangian systems of the form L = K-V
where the kinetic energy is associated with a Riemannian metric as in Exam-
ples[3.6.5], [3.6.6|and [3.6.7], there always is a unique well-defined nonholonomic
Lagrangian vector field I'(; py on D. As it will become clear below, this is in-
timately related with the fact that when the nonholonomic system is regular,
the Lagrange multipliers’ are determined by the nonholonomic constraints.
Indeed, if Hess(L) is positive (or negative) definite then the Lagrange multi-
pliers’ will automatically be determined. A

Before proving the preceding theorems we will introduce some useful no-
tation. To each of the one-forms p® associate the fiberwise linear function
p® 2 TQ — R defined by 1%(v,) = (1%(q), vy), for v, € T,Q. In local coordi-
nates, equation may be written like

it Wi — ABL = AoS™(d%) = Aapildd’,

for some Lagrange multipliers \,. Indeed, if D is characterized as the zero
set of i, then (TD)° is spanned by the one-forms dpu®.

If L is a regular Lagrangian, wy, is symplectic and recalling the definition
of the Lagrangian vector field I'z, in (3.1.3)), a solution I'(z, p) of must
be of the form

Loy =T+ 2%,
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where Z% = f, (uldq’). The Lagrange multipliers may be computed by
imposing the tangency condition in (3.6.6)), which is equivalent to

0= Dpm (%) = Do () + A Z°(R), for b=1,..,n — k.

This equation has a unique solution for the Lagrange’ multipliers if and only
if the matrix (C) = (Z%@’)) is invertible at all points of D. In local
coordinates, one finds that

c* = /L?Wij,u?, (3.6.7)

where W% is the inverse matrix of W;; = Hess(L). In fact, in [LD96], the
authors prove that the regularity of the matrix (C%) is equivalent to the
compatibility condition.

Proposition 3.6.11. The nonholonomic system (L, D) is reqular if and only
if the matriz (C%) is non-singular on D.

Proof. Suppose first that the nonholonomic system (L, D) is regular. Take a
linear combination of any column of the matrix (C%), e.g.,

w’ = X\, C® = N\, Z(11).

If w’ = 0 and since di® span (TD)°, we must have that \,Z%(v) € T,D.
But, by definition of the vector field Z%, the vector \,Z%(v) € (Hu,)o(F?)
and since T, D N (#,, )o(F2) = {0} for all v € D, we conclude that

Ao Z%(v) = 0.

Since Z® are linearly independent, we have that \, = 0, and (C®) is non-
singular.

Conversely, if (C?) is non-singular, take a vector X, € T,D N (f,, )o(F?).
Thus, by definition we have that

Xy =AZ%v) and X, (u") =0,
which implies that \,Z%(v)(1°) = 0. But since (C) is non-singular, any
linear combination of its columns vanishes if and only if A\, = 0. Thus,

X, =0. [l
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Proof of Theorem [3.6.8. Following the discussion above, if (L, D) is a regular
system then there is a unique solution of equations ([3.6.6)) of the form I'(, py =
'y + A Z%, where the Lagrange multipliers’ A\, are given by

)\a = _CabFL<,ab)7

where (Cy) is the inverse matrix of (C%).
Since I'y, is a SODE and the vector fields Z® are vertical, meaning that

S(Z9) =0,

the nonholonomic Lagrangian vector field I'(z, py is also a SODE.
Finally, computing the local expression of I'(;, py we deduce that if ¢(t) is
one of its trajectories, then it must satisfy the local equations

PL . 9L ., 0L
: : - j : : -y - Ca P ~b (l
piq" = 0.

These are exactly equations (3.6.1]) provided we compute the corresponding
Lagrange multipliers’. Indeed, from (3.6.1]) we obtain that

L . - JL
B B 7 [ [ 17 4 I ——
QngqJ a + 74 aqz

= )‘aﬂg

ue = — 2 i g

where (W;;) = (%) is the Hessian matrix. Then, multiplying the first
equation by the inverse matrix (W*) of (W;;) and contracting it with x5 we
get

CNa = 13§’ — f'(q,4)pt,

where f! = W4 (g—; — a?f 527@’). We have chosen to denote this expression by

f* on purpose since the Lagrangian vector field I' is precisely given by
.0 .0
I'n=¢—+ f"—.
L=4q g f Bl

Then, using the fact that (C®) is invertible we conclude that

ot
)\a —C, . ] i g . b
b('%ﬂq f@ﬂWJ
= abrL(ﬁb)a
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which is just what we wanted to prove. O

Proof of Theorem[3.6.9. If the matrix (W%) in equation ([3.6.7)) is positive
or negative definite, it generates for each fixed v, € T,() an inner product
with respect to which we may find an orthonormal basis of vectors in D. In
this way, the matrix (C) is equivalent to the identity or minus the identity
meaning that (C%) = AT(£I)A, for some invertible matrix A. Thus (C)
is non-singular. O]

Recall from symplectic geometry that F* = f,, (F°) for any distribution
F, where | denotes the symplectic orthogonal relative to wy. Hence, the
compatibility condition also implies the Whitney sum decomposition

T(TQ)|p=TD @ F+,

to which we may associate two complementary projectors P : T(TQ)|p —
TD and P’ : T(TQ)|p — F* with coordinate expressions

P(X) = X = CaX(@) 2%, P/(X) = CaX(@")7°.
Proposition 3.6.12. [LD96] The nonholonomic dynamics is given by
Py =P(TLlp).
Proof. This is a consequence of the fact that
Tp)=Tr — Calr(1") 2"
O

We will finish the review of nonholonomic mechanics discussing some of its
geometric properties. The first one is conservation of the energy. It is known
that if the constraints are not linear on velocities, then the conservation of
energy is not guaranteed. However, in this dissertation, we will only be
concerned with linear constraints, determined by a distribution. Therefore,
linear nonholonomic systems always verify the conservation of energy.

Proposition 3.6.13. The Lagrangian energy Ep, is conserved along the flow
of the nonholonomic vector field I' (1 p).
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Proof. Let us prove that the energy FEj is conserved along the flow of the
nonholonomic vector field I'(; py by computing the Lie derivative at points
on D. Noting that I'(zpy = I', + A, Z* and that by Theorem [3.1.8|the energy
is conserved along the flow of 'z, we deduce that

Loy oy Er = AdEL(Z°)
= )\adEL(ﬁUJL (S*dﬁa))a

where in the last step we used the definition of the vector field Z¢. So by
definition of the musical isomorphism f; we have that

Loy, o B = AaS*di*(Tp)
= Aadpi*(A) = Agpi”,
where we have used the SODE property S(I'y) = A. The fact that dp®*(A) =

1% may immediately be seen using natural bundle coordinates on T'Q). There-
fore, we have proved that

LF(L,D)EL<UQ) = Aa(V)*(vg), g € Dy
Since 1 vanishes on D, the result follows. ]

Observe that, from the physical point of view, the conservation of the
energy in nonholonomic systems is intimately related with the fact that the
nonholonomic force annihilates the distribution and, hence, does no work
along the flow. Indeed, we may define the nonholonomic force to be the map

F., : D — D° C T*Q (see Theorem [3.6.8)) determined in coordinates by the
right hand-side of equations (3.6.1)), i.e.,

Funi(vg) = Aa(vg)1i(q),  vg € Dy (3.6.8)
Hence, we have that
Er(q(t),4(t)) = (Funi(q(t), 4(£)), ¢'(¢))

which must vanish along the trajectories of the nonholonomic vector field.
Note that, if the nonholonomic force is extended to a map on the entire
tangent bundle F': T'Q) — T™(@), then nonholonomic trajectories may be seen
as trajectories of a forced Lagrangian system with initial conditions on D.
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The equations of motion can also be written on the cotangent bundle un-
der the so-called nonholonomic Hamiltonian equations [VM94]. Note that,
these will not be true Hamiltonian equations in the standard sense of sym-
plectic geometry. In fact, note that the flow of I'(; p) is not symplectic.
Indeed, computing the Lie derivative of wy, in the direction of the nonholo-
nomic vector field and using Cartan’s magic formula, we deduce that

Loy pywr = d(AS* (),

where the right-hand side is in general, non-vanishing. So, the symplectic
form is not conserved in general.

Nonetheless, one might transport Lagrange-d’Alembert equation to the
cotangent setting using the Legendre transform FL. Suppose that the non-
holonomic system (L,D) is regular and define, as usual, the Hamiltonian
function H : T*(@) — R given by

H(q,p) = Er o (FL) (g, p)

and consider the constrained phase space

M={(0.) € T'Q | FH)a.0) € D} ={ (0) €T°Q | i) 0.0) =0}

Transporting the nonholonomic vector field Iz, py to M using the Legendre
transform we obtain the nonholonomic Hamiltonian vector field Xy =
(FL).(I'(zp)), whose integral curves satisfy the nonholonomic Hamiltonian
equations

. oH

o
p_ aq a:uu

where the Lagrange multipliers’ may be computed using the equations defin-
ing the constraint phase space M. It is also shown in [VM94] that the vector
field Xy a¢ is the Hamiltonian vector field with respect to an almost Poisson
structure on M.

Finally, we will just mention that under some restrictive conditions we
may state a nonholonomic version of Noether’s Theorem relating invariant
Lagrangians with respect to some lifted action by a Lie group, with the ex-
istence of conserved quantities. The first modern treatment of symmetry
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and reduction on nonholonomic systems dates back to the early 90’s with
the paper [Koi92|. For a modern treatment the literature is quite vast. See
[FJ04; BGN12; BY20; [Ehl+05; BFMO09; |(GN10; BMO07; [VV88; Koz02; |Jov10;
BBM10; [BBM15; (GN19; [BS15; [Mes05; MLO5; [SCS99; [FMBO09; [FBZ14;
Ohs+11; [BMZ09; Shi+17; [SZB20; |Can+98].

Note that in the unconstrained case, when the Lagrangian function is
invariant with respect to the tangent lifted action ®7 : G x TQ — TQ (as
we have seen before, this implies that the energy Fj is also invariant), if
J : TQ — g* is the momentum map, then (see Corollary

I'(Je) = —dEL(érq) = 0,

where the last term vanishes due to the G-invariance of the energy. However,
if we carried a similar computation in the nonholonomic case, replacing I'y,
by I'(zp), we would obtain extra terms which in general do not vanish. In
fact, the associated Hamiltonian function jg is conserved only if &g lies in
the distribution D. In this case, we say that & € g is a horizontal symmetry.

Summarizing the situation, we have that if ¢ € g is a horizontal symmetry
then the function

JiM(vg) = (FL(vy), €(a)), v, € D,

is conserved along the nonholonomic flow.

3.7 Discrete-time Lagrangian mechanics

We will now describe a theory of discrete mechanics on the discretized veloc-
ity space @) X (). Discrete mechanics differs from continuous mechanics on the
description of motion, which will no longer be a curve on the configuration
manifold @, it will be rather a sequence of points on (). This is obviously
connected with numerical calculation since any numerical method approxi-
mating the solution of a continuous mechanical system is first and foremost a
sequence of points on its configuration manifold. Therefore when we compute
a discrete trajectory we will also be obtaining a numerical method.

We describe a variational discrete theory based on a discretized Hamil-
ton’s principle. From here we see that much of the theory evolves in parallel
with the continuous Lagrangian theory. See [MWO1] for the main biblio-
graphic account on the subject.
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3.7.1 Discrete Euler-Lagrange equations

Given a configuration manifold @, the starting point of the Lagrangian for-
malism is the choice of a Lagrangian function on the tangent space T'Q). In
order to develop a discrete Lagrangian formalism, the situation is similar
except that we replace the tangent bundle T'QQ by the Cartesian product
@ x Q. Then we consider a function Ly : @ X Q — R and call it the discrete
Lagrangian function.

For reasons we will understand later, the discrete Lagrangian function
over a pair (qo,q1) is intended to approximate the action over the unique
solution of mechanics connecting those points. Recall that the action is
given by

SO
La(qo, q1) = Slcor],

where cg; : I — @ is the unique trajectory connecting go and ¢;. We remark
that the existence of a unique trajectory is not a trivial question and we
postpone its discussion until Chapter [4l For the time being, we will just
admit that for two sufficiently close points and for a small enough positive
number A this trajectory exists and it is unique.

We will introduce two operators we will use intensively. Given a function
F:Q xQ — R, we will denote by Dy F the differential of the function F
relative to the first variable and by D, F' the differential of the function F
relative to the second variable. So if we denote by F), :  — R the function
F,(z) = F(z,y) then

D1F<Ji,y) = dFy(I)

and analogously for the other variable.

Remark 3.7.1. An usual way to obtain a discrete Lagrangian function from
a continuous one is by considering a map R, : U C Q x Q@ — U C TQ (with
U and U open subsets) that may depend on a real parameter h > 0. Such
a map is called an wnverse retraction map. Inverse retraction maps may be
used to construct discrete Lagrangian functions from continuous-time ones.

Suppose we have two nearby points in Q, say g and ¢, such that (go, 1) €
U. Also, consider the Lagrangian function L : T() — R. Then we may define
the discrete Lagrangian function L : Q x Q — R given by

LZ(C]m Q1) =h- (L o Rh)(Q(b Q1)-
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Example 3.7.2. Let ) = R" and consider the map
Rp:QxQ—TQ
<Qan1) = (q07 o ;qo> .

Take a mechanical Lagrangian function L : T'Q) — R, i.e., a kinetic minus
potential Lagrangian L = K — V| given by

L(g,d) = 54"~ V(a)

and define L" : Q x Q — R by L%(qo,q1) = h - (L o Ry)(qo, q1), which gives

n i )2
i i m\q; — g, i
LZ(QOan) = § <12—h0) —h-V(g)-
i=1

A

Now we will define a discrete analogue to Hamilton’s principle, by making
use of the calculus of variations on an appropriate discrete setting. The first
step is to find a new functional that replaces the action and the infinite
dimensional space where it is defined.

The discrete path space of length N is given by the space of sequences

C'(Q) = {atrmo lar € Q1

Furthermore, given gy, gy € @, we will work with the subset C(go, qn) C
C¥(Q) formed by sequences with fixed end-points gy and gy
The discrete action map is defined to be the map Sy : CY(Q) — R,

N-1
Salaa) =D Li(q, qe1)- (3.7.1)
k=0

Definition 3.7.3 (Discrete Hamilton’s principle). The discrete trajectory
of the discrete Lagrangian system determined by the discrete Lagrangian
function L is a critical value of the discrete action map among all
sequences of points with fixed end-points.

Proposition 3.7.4. A sequence {qi} is a critical point of the functional Sy
if and only if it is a solution of the discrete Fuler-Lagrange equations

DoLl(qe-1, qr) + DiLly(qr, qx1) =0, forallk=1,..,N—1. (3.7.2)
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Proof. Given qo and ¢y in @), take an arbitrary variation of sequences in
C¥(qo, qn), i-e., a sequence of curves of the form

qa(s) = {q0(s), q1(8), -, an (s) },

where ¢o(s) = qo and gn(s) = gy are fixed and let ¢;(0) = ¢; € Q. The
differential of the action is computed using an arbitrary variation in the
following way:
d
ds s=0
d

where dqq = - L:o ¢a(s). Then we immediately see that

Sa(qa(s)) = (dSa(qa), 6qa),

S

N-1
(dSa(qa), 0qa) = > _ [(D1Ll(qr: qis1) . 6qk) + (DoLli (i, qisr): 6qrs1)] -
k=0

Now using a discrete integration by parts (which is a just a rearrangement
of the summation index), we deduce

N-1

(dSa(qa), 0qa) = > _(D1Lh(qr, Grs1) + DaLli (g1, Gi), 61)-
k=1

The reader might have observed that we omitted two terms in the last line.
We did so since they vanish when the differential acts on a variation with
fixed end-points, namely

(D1L% (g0, 1), 090y = (D2 L% (qn-1.qn), dqn) = 0.
Since the variation is arbitrary the proposition follows immediately. O]

Example 3.7.5. Let ) = R" and consider the discrete Lagrangian function
introduced before, i.e.,

n i i\2
i m\q; — g, i
Li(gh,q1) =) (12—h0)—h-V(qo)-
=1

Then, discrete Euler-Lagrange equations imply that the sequence (qo, q1, ¢2)
must satisfy

, , , h2 oV
E—9gt — gt —
42 41 — 4 m oq —— (@)
which is a second-order discrete evolution map. A
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Given a discrete Lagrangian L : Q x Q — R we can define two discrete
Legendre transformations FEL : Q x Q — T*Q given by

F*Lli(qe-1, ax) = (@, DoLli(qe—1, @x)) ,

F~Ll(qr-1,ak) = (qr-1, =D L (-1, a)) -
We say that L if reqular if FTL% (or, equivalently, F~L" ) is a local diffeo-
morphism. This is equivalent to the regularity of the matrix Dy, L.

Moreover, if L" is regular, since the discrete Euler-Lagrange equations
(3.7.2) may be rewritten as

FJFLZ(Qk—l, Qk) = F_LZ(%, Qk+1),

then we can obtain a well-defined discrete Lagrangian map

FLZ R xQ — Q xQ
(Bo-1a1) +— (G Qo1 (Go—1, W) »

which is the discrete dynamical flow of our system. Here, gx1(qr—1,qx) is the
unique solution of the DEL equations (3.7.2)) for the given pair (qx_1, gk )

3.7.2 Discrete symplectic structure

This method to construct integrators for Lagrangian systems enjoys plenty
of nice geometric features such as a symplectic discrete flow and discrete
momentum conservation.

Proposition 3.7.6. If L" is reqular and wq is the canonical symplectic form
on T*Q, then the 2-forms (FXL)*wg are equal and define a symplectic form
on Q) x Q) denoted by QLZ'

Proof. First note that there are two 1-forms (which are the discrete analogue
of the Poincaré-Cartan 1-form) given by

0, = (FL1) 0.

where 0 is the canonical 1-form on T*Q. Locally, if (¢}, ¢%) are coordinates
on ) X ) they are represented by the expressions

ot o
6’2“2 = 8_qidq1 and QLZ = — 8q6 dCIQ
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Thus, we have that

dL! = 9;2 — 0. (3.7.3)
and so

—d% = —degg.
But since wg = —dbg, we conclude that

(F* L) 'wo = (F~ Ly wo = Q.
Moreover, €2 h is symplectic which is just a consequence of the fact that L

is regular. O]

We can check that the discrete flow preserves the symplectic form (2 Lh-
Indeed, consider again the differential of the discrete action this time over a
solution (qo, g1, q2) of the discrete Euler-Lagrange equations and apply it to
an arbitrary variation of the solution. In other words, we have that

(¢1,92) = Frn(go. q1) (3.7.4)
and so we deduce
(dSa(ga), 6qa) = (D1L} (g0, 01), 6q0) + (D2 L} (41, ¢2), 642)-
Moreover note that
(=D1Lg(a0, 01), a0) = {07, (a0, 01), (50, 001))
(D2 Lly(q0, q1), 6q0) = <923(QO, @1), (990, q1))

and that from (3.7.4)) we also have that
(0¢1,6G2) = (Fn)+(0g0, 61 )-
Thus, the differential of the discrete action may be rewritten as

(dSa(aa), 0qa) = = (07 (d0, @1); (300, 1)) + ((F1074) (90, 1), (590, 691))-

Finally, applying again the differential to the last expression, since ddS; = 0
and
- _ + _
_deLZ = _‘st = QL;dl

we obtain
Q=0
h — h.
Lh=%Ly L
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3.7.3 Hamiltonian viewpoint

Alternatively, using the discrete Legendre transformations, we can also define
the evolution of the discrete system on the cotangent bundle by introducing
the discrete Hamiltonian map FLS : T*Q) — T*(@ through any of the for-
mulas

Eg —=F* Lo (F L) =F Lo Fo(F L) =F Ljo Fypo(F L™

which are equivalent due to the commutativity of the following diagram:

F F
QxQ: Qk 1,% Qk7Qk+1 ’ qk+1,qk+2
F-Lh F+Lh
F+Lh F— Lh
Q- (qk, Dr) (Qr+15 Prt1)

The discrete Hamiltonian map F L (T*"Q,wg) — (T*Q,wq) is sym-
plectic with respect to the canonical symplectic form wg on the cotangent
bundle.

3.7.4 Discrete Noether’s theorem

Suppose that there is a symmetry of the discrete Lagrangian, i.e., there is
a Lie group G acting on the manifold () such that the discrete Lagrangian
function is G-invariant with respect to the diagonal action on Q x Q.
¢q : Q@ — @ is the Lie group action then the diagonal action is given by

P, QxQ—=QxQ
(90, q1) = (Dg(q0), Dg(q1))
The fact that LZ is G-invariant means that
Lhod, =L

Let g be the Lie algebra of G. It is not difficult to show that if {g €
X(Q) is the infinitesimal generator of the Lie group action ¢ associated to
¢ € g then the corresponding infinitesimal generator of the diagonal action
is characterized by

5QxQ(C]0,Q1) = (5@(%%5@(@1))-
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As it is the case with the Poincaré-Cartan 1-forms, there are, in principle,
two possible discrete analogues of the Lagrangian momentum map, which
are given by the maps chh : @ X QQ — g* such that

d

(5 (0, @1), €) = (07, (20, 01), Saxa (0, 1)
However, the fact that L” is G-invariant implies that

(dLa(q0; 1), @xq@(q0, 1)) = 0, (3.7.5)
hence, using (|3 we deduce that J}, * and J» must be equal. From now

on, we will Just use the notation J Ln to “refer to any of the two maps and we
will call it discrete Lagrangian momentum map.

Theorem 3.7.7 (Discrete Noether’s theorem). Let G be a Lie group acting
on @ and suppose that the discrete Lagrangian function L is G-invariant
with respect to the diagonal action. Then the discrete momentum map JLZ :
Q X Q — g is a conserved quantity of the discrete flow FLfdl, that is,

JhOFh:Jh.
Ly Lg Ly

Proof. Let € € g be an arbitrary vector in the Lie algebra. Using one of the
two definitions of J Lhy We have that

<JL3 © FL{;(Q& ¢), ) = <0£Z(FL2(QO7 C]l))anXQ(FLg(QOa q1)))
= —~(D1Lg(Fi (90, q1)): €o(@))
= <D2LZ(C]076]1)an(Q1)>

where in the last step we used discrete Euler-Lagrange equations and in the
second we have used the fact that FLh(qO, ql) = (ql, ¢2). Now, note that by

the infinitesimal invariance of L” given by (3 we have that

(D2Lij(g0, 1) qlar)) = —<D1LZ(qO,ql),§Q(qo)>

so that

<JLZ © FLZ(QO? Q1)7 é) = <92fdl (q07 q1)7 éQXQ(Q(]? Q1)>
- <JLZ <QO7 q1)7 £>7
which finishes the proof. m
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3.7.5 Implementation of variational numerical meth-
ods

Now, we will computationally observe the symplecticity of the discrete La-
grangian flow by plotting the phase space in an explicit example.

Example 3.7.8. Consider the simple pendulum in Q = S*. Using the same
technique described in Remark|3.7.1] we define a discrete Lagrangian function
Lh: Q x Q@ — R given by

1
L (6,6,) = ﬁmﬂ(@l — 00)? + hmgl cos .

Applying the discrete Euler-Lagrange equations to this system we obtain the
integrator

2
Opio =201 — O — Tg sinfy,1, forany k >0

with discrete momenta given by

mi?
Pk+1 = T(9k+1 — Qk), for any k 2 0.

In Figure [3.2] we plotted the trajectory in the phase space T*@Q with respect
to four different initial conditions. We see that the trajectories exhibit the
same qualitative behaviour than the exact solution of the continuous-time
equations we are numerically integrating.

A

Example 3.7.9. Another interesting example showing the potential of the
discrete Lagrangian formalism is the study of a satellite motion around the
Earth. The configuration manifold is @ = R?\ {0} and the Lagrangian
function L : TQ) — R is given in polar coordinates by

. 1 . Mm
L(r,0,7,0) = 5771(7"2 +720%) + y—),
r
where m is the mass of the satellite, v is Newton’s gravitational constant and
M is the Earth’s mass. Using an inverse retraction map similar to the one
used in the previous example, we construct the discrete Lagrangian function

given by

1 M
[(r1 = 10)? + 75(61 — 60)°] + hy m

h _
Ld(r()ue(brlael) - 2hm o
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Phase Space of Simple Pendulum
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Figure 3.2: Plot of four different trajectories (0, px) in the phase space T*Q).

and by computing discrete Euler-Lagrange equations we obtain an integrator
for the satellite motion. In Figure3.3, we analyse the behaviour of the Hamil-
tonian function along the discrete trajectory (g, px) where g = (7, %) and
pr = ((pr)k, (Pe)k), as well as the discrete analogue to the angular momentum
which is (pg)x. We observe that both values remain approximately constant
along the discrete flow generated by discrete Euler-Lagrange equations.

ian of the Satellite Discrete angular momentum of Satellite
1 1 1

1.0000000000008
1.0000000000006
§ 1.0000000000004
" 1.0000000000002
Vo ®

o en AWM
0.9999999999995 | SRR " Rvmif s

Hamiltonian Hy/H,

0.9999999999998

Momentum py. .. /Py,

0.9999999999996
0.999999999999
0.9999999999904

0.9999999999992

0. 0.

Figure 3.3: In the left-hand figure we plot the value of the Hamiltonian func-
tion along the trajectory (g, px) and divide it by its initial value H(qy, p1).
On the right we have the discrete analogue to the angular momentum (pg)y.
We plot its value along the trajectory and divide it by its initial value.

120



3.7.6 Exact discrete Lagrangian and discrete-continuous
correspondence

When one wishes to construct a numerical method using discrete Lagrangian
mechanics, one usually regards the value of the discrete Lagrangian on a point
(qo, q1) as being an approximation of the (continuous) action, integrated over
a solution connecting the two fixed points ¢y, q; in a fixed time-step h € R,
ie.

h
L g0, q1) ~ / Lgos (1), don (1)) dt,
0

where ¢o1(t) is the unique solution of the Euler-Lagrange equations connect-
ing go and ¢;. As we have mentioned at the beginning of this section, we will
admit that at least for two sufficiently close points in () and small enough
h > 0 this trajectory exists.

We will describe the exact correspondence between continuous and dis-
crete trajectories obtained by choosing the action integral as the discrete
Lagrangian function.

Now suppose that L is a regular Lagrangian function L : TQ) — R. We
know from Section that the dynamical vector field is a SODE I'y, on T'Q)
characterized by the geometric equation

iprL = dEL
We will denote by
exng U CTQ — Q xXQ

the exponential map associated with I';, for a sufficiently small positive num-
ber h (see for the definition). In Chapter [ we will show that this
map is a diffeomorphism when restricted to an appropriate neighbourhood
and so we may consider the exact inverse retraction associated with I'y to
be the inverse map R;  of exng.

Definition 3.7.10. The ezact discrete Lagrangian function Lfl’h QX — R
is given by

h
LZ’h(QOa (11) = / (L © ¢£L © R}ezi) (q07 91) dta
0

where {¢; "} is the flow of T'z.
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Now, denote by ¢ : @ x @ x [0, h] — @ the function defined by

(40, q1,t) = qo. (),
where qo1 : [0,h] — @ is the solution of the Lagrangian system satisfying
¢0.1(0) = qo and ¢o1(h) = ¢1. Then it is clear that
Qoa(t) = (rqo ¢y " o Ry (90, q1)-

So, with this notation, the map Lg’h may be written as follows

LZ’h(qufh) = /0 L(qo1(t),goa(t)) dt.

In [MWO1], the authors prove the following theorem which gives us the
correspondence between discrete and continuous Lagrangian mechanics:

Theorem 3.7.11. Take a series of times {t, = kh,k = 0,....,N} for a
sufficiently small time-step h € R, a reqular Lagrangian L : TQ) — R and
its corresponding exvact discrete Lagrangian function LZ’h QX Q — R. Let
q(t) be a solution of Euler-Lagrange equations for L satisfying the boundary
conditions q(0) = qo and q(tx) = qn. Define a sequence {q,}a_, in Q by

qr = q(ty), fork=0,...,N.
Then {qx}2_, is a solution of the discrete Euler-Lagrange equations for Lfl’h.
Conversely, if we let {qx}i_, be a solution of the discrete Euler-Lagrange
equations for LZ’h, then the curve q : [0,ty] — @Q defined by
q(t) = qrr1(t), fort € [ty trial,

where qik1+1(t) is the unique solution of the Euler-Lagrange equations con-
necting qx and Qr+1, 1S a solution of Euler-Lagrange equations for L on the
whole interval [0,ty].

In fact, the key ingredient to prove the previous theorem lies in a simple
lemma also stated in [MWO1]:

Lemma 3.7.12. Given a reqular Lagrangian function L : T(Q — R, the
discrete Legendre transformations of the exact discrete Lagrangian function
satisfy

F*L5" (g0, 1) = FLo Ry (g0, q1), T~ LG"(qo, 1) = FL o RS (qo, q1),

where R}~ is the exact inverse retraction associated with the Lagrangian vec-
tor field Ty, and RST = ¢ o RS~
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Proof. Using the notation introduced previously, we will compute the dis-
crete Legendre transformations of the exact discrete Lagrangian. For sim-
plicity and in accordance with the line followed along these notes, we will
use coordinate computations, though the proof can be done using exclusively
intrinsic objects.

So, choosing coordinates (g, ¢t) in @ X @ and since we have that

aLY"
g}

—reh ;
F Lfl <Qan1> - - dq(z)v

we must compute the partial derivatives of LZ’h. This represents no trouble
for us and we can proceed with differentiation under the integral sign, since
we are supposing that all maps are smooth. Thus,

oLs" /h [aL 03, o4 O 943,
0

g, g dq

¢ dqp

(t)] dt.

Using integration by parts we get

. , h
oL" "ToL  d 0L dg oL Oqp
d :/ Oh _ QOL ) Tty gy | S8 S0t
dgy  Jo LO¢ dtOF ] Ogp 9¢7 dgy " |
The term under the integral sign vanishes, since it is being evaluated over the

solution qp ; of Euler-Lagrange equations. Also, by definition of the function
o, given previously, we have that

aqgl j 8(]61
—(0) =9, ——~(h)=0.
Iy ) Aqy (*)
Hence, we have that
oLy oL
= ——— 0),go1(0
2 aq.z(CJO,l( ), d0,1(0)),
and thus
—Te aL . 1
]F Ld,h(Q(bql) = an (%,1(0),90,1(0))(1(]0

=TFLo Ry (g0, q1)-

The equality for the other discrete Legendre transformation is proved using
the same argument. O]
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Next, let us see a simple example illustrating the statement of Theorem

B.7II

Example 3.7.13. Consider the harmonic oscillator with configuration man-
ifold Q = S* and Lagrangian function given by

02 82
L(QJH) = ? - ?7

where we have set all physical constants equal to one for simplicity. Then
Euler-Lagrange equations reduce to the second-order differential equation

0 =—0,
which has as a general solution the curve 6 : R — @)
O(t) = 6y cos(t) + By sin(t),
satisfying the initial conditions
0(0) = 6o, 0(0) = b,

for some (6, 90) € TQ. Fixing an adequate positive number h, the exponen-
tial map exp¥ : TQ — @Q x @ is given by

expy; (0o, 6) = (907 0 cos(h) + sin(h)) :

which is invertible provided h # krn for any £ € N and its inverse map
Ry Q xQ — TQ is given by

01 — 6y cos(h
RS (0o, 60,) = (90, L(v .

sin(h)
Notice that the curve 6, : R — @ given by

0, — Oy cos(h)

eoyl(t) = 90 COS(t) + Sln(h)

sin(t),

is the unique solution of Euler-Lagrange equations satisfying the boundary
conditions

90,1(0) = 0, 90,1(h) = 04,
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with (6p,01) € @ x Q. Now, the exact discrete Lagrangian function Lfl’h :

@ X @ — R can be computed and it is given by

. 62 cos(h) + 0% cos(h) — 26,0
L5"(60,6,) = = ) 2s1in(h)( ) —.

After applying discrete Euler-Lagrange equations, we deduce that
02 = 200S(h)61 — 90,

but this is exactly the expression of 6y ;(2h) after trigonometric simplifi-
cations. Hence, we have experimentally obtained the result in Theorem

3. 711} A

Finally, we will just mention another reason why the methods arising from
discrete Lagrangian mechanics are so useful. This last feature is summarized
by the wvariational error order theorem, which states that the error of the
algorithm may be estimated from the error committed when approximating
the exact discrete Lagrangian function with a discrete Lagrangian L".

This result is originally contained in [MWO01] and it was correctly proven
later in [PC09].

Theorem 3.7.14. If fLZ 2 T*Q) — T*Q is the discrete Hamiltonian map of

an order r discretization L: Q x Q — R of the exact discrete Lagrangian
LZ’h: Q xQ — R, then

Fpy = ﬁLZ,h + O,

In other words, ﬁLZ gives an integrator of order r for the exact discrete
Hamiltonian map ﬁLZ,h THQ — TQ).

3.7.7 Forced discrete mechanics

When an external force is considered, we may formulate a forced Lagrangian
discrete formalism by incorporating the necessary changes to the discrete
theory we have just presented. In fact, one of the most important features of
variational integrators is the capability to adapt to more complex situations,
for instance, systems involving forces or constraints (see [MWO01]).

Given an external force map F : T'(Q) — T*(Q), we introduce its discrete
counterpart as two maps Fj : Q@ X Q@ — T*Q and F; : Q X Q — T*Q
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called the discrete force maps. These discrete forces satisfy mg o F = pr,
and mg o F; = pry, where mg is the canonical projection of the cotangent
bundle, and pry, : @ X @ — @ are the canonical projections onto the first
and second factors, respectively.

Now, the discrete equations of motion are derived from the discrete Lagrange-
d’Alembert principle:

=

-1

0S4(qa) - 6qa + [F (i1, a1) + Fy (e, qer)] - 0qi =0 (3.7.6)
1

T

for all variations dqy, with dgg = dgn = 0.
The forced Fuler-Lagrange equations are given by

DoLa(qr—1,qk) + D1La(qr, qe+1) + Ef (g1, qx) + Fy (@ @) =0, (3.7.7)

which implicitly define a discrete forced Lagrangian map F L QxQ —

QxQ.
As in the unforced case, we can define the corresponding discrete Legendre
transformations F/* Ly : Q x Q — T*Q given by

F/* La(qr—1, qx) = (@, DaLa(qr—1, &) + Ff (qh-1,q%))
F/~La(gr-1,qx) = (-1, —D1La(@r—1, ax) — Fy (qr—1,qx)) -

If the discrete forced system is regular, that is, the discrete Legendre trans-
formations F/* L, are local diffeomorphisms then we have an explicit discrete
forced Lagrangian map F, s which is a local diffeomorphism. In addition, we

may consider the discrete forced Hamiltonian map F L Q — T"Q
[ — /% fEp 7!
Frp=F*LyoFpo (F/*Lq) .

Now suppose that (L, F) is a forced continuous Lagrangian system with
regular Lagrangian function L : TQ) — R and an external force F' : T'Q) —
T*Q). Then, as we know (see Section , the dynamical vector field is a
SODE T'(; sy on T'Q) which is characterized by condition (3.4.5)).

We will denote by

exp, 7 UL CTQ = Q x Q
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the exponential map associated with I'z, py for a sufficiently small positive
number h. We will again assume that this map is a diffeomorphism when
restricted to a sufficiently small open subset U}, and so we may consider the
corresponding exact inverse retraction, which is its inverse map RZ‘F On
Chapter [ we will prove that our assumption is correct and we can always
consider an open set where the exponential map of any SODE is a diffeomor-
phism.

Using the flow (bZ(L’F) of I'(z r) and the associated exact retraction we may

. . . . o
introduce the forced exact discrete Lagrangian function L; Q@ xQ =R
given by

h
e r e—
Ld:];“(CIo, Q) = / (L og, "o Rh,F) (90, q1) dt,
0

and the double exact discrete force Fj’h tQ X Q — T*(Q x Q) defined by

h
(i 1), (s X)) = [ (Pl ™ o i) (). Xoalt)
0

r o
where XO,l(t) = T(Qo,tn)(TQ o ¢y o Rh,F)(qu’ qu)a for (qu’ qu) S quQ X
TQ1 Q

Then, the exact discrete force maps are just F §’+ QX Q — T*Q and
F7™ 1 Q x Q — T*Q given by

<Fde’+(q0, Q1)a XQ1> = <F57h(qo7 Q1>7 (qu Xq1)>
<Fde’7(q07 QI); XQO> = <F5’h(qm Q1)7 (Xq07 OQU >
Now, denote by ¢ : @ x @ x [0, h] — @ the function defined by
q(q0, q1,t) = qoa(t),

where ¢o; : [0, h] = @ is the solution of the forced Lagrangian system satis-
fying ¢o.1(0) = go and go1(h) = ¢;. Then it is clear that

r o
Qo (t) = (TQ og, "o Rhy) (90, q1)-

So, with this notation, the maps LZZ'}, Fo" and F7~ may be written as

follows h
LS}(CJO»CH) :/ L(go.(t), doa(t)) dt,
0

127



h
Fy'(qo,q) = /0 (F(q0,1(t),do (1)), %> dt

oq
and
e,— o 4 . 3q071
Fy(qo,q) = [ (F(qoa(t),Goa(t)), 8_> dt,
0 q0
where
O0qo, 9qo,
LI T, Q — TqOJ(t)Q, and —21. T,,Q — qu’l(t)Q
oq 0qo

are given by

<aQO,1

aq{),l
< X > - T(q07Q1,t)q(0q07 Xqu Ot)a a—a
do

o T Aaq XlIo> = T(Qo,q17t)q(XQO> 011170t)7
oq

for X, € T,,Q and X, € T, Q.

Using the previous definitions, one may prove a forced version of Theorem
(cf. [MWO1]). Moreover, in [DA18], the authors give a forced version
of the standard variational error theorem [3.7.14] using the variational error
order of an associated unforced system with double dimension.

Finally, we will state a useful Lemma from [MWO01|, which is again a
modified version of an existing theorem in unforced discrete mechanics.

Lemma 3.7.15. Let (Q, L, F') be a forced Lagrangian problem with regqular
Lagrangian function L. The corresponding exact discrete Legendre transfor-
mations satisfy

1. FI L5 (g0, 1) = FL(go,1(h), o ());

2. Ff—sz’,}fw(Qo, q1) = FL(q0,1(0), Go,1(0));
where qoq1(t) is the unique solution of the forced Euler-Lagrange equations

verifying qo,1(0) = qo and qo1(h) = q1.

3.7.8 A prior version of nonholonomic discrete me-
chanics

There have been several attempts to capture the nature of nonholonomic
mechanics in the discrete setting (cf. |[CMO1; MP06; FIDO0S; BZ15; [FBO12;
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Cel419; Igl+08; (GNV21; |(GNJ17; [FZ05]). We will not detain ourselves de-
scribing all the methods proposed so far because the literature is far too vast
on this topic and our purpose is not to make a comparison between the dif-
ferent methods (see [MV19] for an excellent comparison) but rather find a
method that agrees with the continuous dynamics, in a sense that we will
specify later.

For the sake of completeness, we will describe here the formalism proposed
in [CMO1] because it is the numerical method that most resembles the steps
followed in the unconstrained discrete Lagrangian theory. Moreover, it also
has the advantage that its construction resembles the numerical method we
will propose in Chapter [7} So, it serves our purposes for introducing our own
advances in the subsequent chapters.

Indeed, the starting point of the formalism proposed in [CMO1] (see also
[Cor02]) is the discrete Lagrangian function L% : Q x @Q — R on the discrete
velocity space @) X (). Let D be a distribution on ) and consider a discrete
constraint space My C @ x () satisfying two requirements:

1. its dimension agrees with that of the distribution D as a submanifold

of TQ, dimM,; = dimD,;

2. The diagonal set of Q) x () is contained in the discrete constraint space,
(q,q) € Mg for all ¢ € Q.

The discrete constraint space will thereby impose a restriction of the admissi-
ble pairs of points, namely (qx, gx+1) € My. In summary, within this discrete
formalism for nonholonomic mechanics, we need three ingredients: a discrete
Lagrangian function, a distribution and a discrete constraint space.

Then, the discrete Lagrange-d’Alembert principle asserts that the discrete
flow is a critical value of the discrete action map Sy : CY(Q) — R, which is
still given by

N-1
Sa(ga) = Y Li(qrs @i,
k=0

but this time we impose the restriction dq;, € D,,, that is, the infinitesi-
mal variation of the sequence must lie in the constraint distribution. More
formally, the discrete Lagrange-d’Alembert principle states the following:

Definition 3.7.16 (Discrete Lagrange-d’Alembert principle). The discrete
flow of the discrete nonholonomic Lagrangian system determined by the dis-
crete Lagrangian function L%, the distribution D and the discrete constraint
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space M, satisfies the constraint (qx, gxt1) € My for all k € {0,...,N — 1}
and is a critical value of the discrete action map S; among all variations
of sequences with fixed end-points whose infinitesimal generators satisfy
oqr € D%‘

As it happens with its continuous counterpart, the application of the
discrete Lagrange-d’Alembert principle leads to a set of equations which will
be the necessary and sufficient conditions to find critical values subordinated
to the imposed restrictions. Assume in the following that p® € Q'(Q) with
a=1,....n—k are 1-forms on () defining the distribution D

D={veTQ|u'(v)=0}

and p§ are a set of n — k functions on ) x ) whose zero set is the discrete
constraint space M.

Theorem 3.7.17. A sequence {qx}r_, of points in Q satisfies the discrete-
Lagrange d’Alembert principle associated to the triple (L, D, My) if and only
iof it satisfies the equations

D2Lg(9ka Qk—f—l) + D1L§(qk_1, qk) = A\ "

3.7.8
1 (s grs1) = 0. ( )

Proof. The proof follows along the same lines of the proof of Proposition
B.7.4 Indeed, given gy and gy in @, consider a variation of sequences in
C¥(qo,qn) of the form

qa(s) ={q(s), q1(8), -, an(s)},

where qo(s) = qo and gn(s) = gy are fixed and let ¢;(0) = ¢; € Q. Moreover,
let the infinitesimal variations lie in the distribution D, i.e.,

d

== ¢(s) € Dy,.

s=0

0g;

Then, the computation of the differential of the discrete action functional
holds

=z

-1

(dSa(qa), 0qa) = (DL (qr, qrir) + Do Ll (qe—1,q1), 0qi)-
1

x>
Il
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The sequence is a critical value if and only if the differential of the discrete
action map Kkills the infinitesimal variations with dq; € D. Thus, this is
equivalent to

Dy LGk, qres1) + D1LY(qr-1, @) = Aapt.

The second equation in (3.7.8) is just the assertion that the pair (gx, qr+1)
belongs to the discrete constraint space M,. [

This method is demonstrated to have a good long-time behaviour in most
of the cases, as well as satisfying a special case of Noether’s theorem, in
the presence of horizontal symmetries, simulating the general properties of
nonholonomic systems.

However, in contrast with the unconstrained case, there is no evidence
that the choice of the exact discrete Lagrangian function to be the discrete
Lagrangian leads to the exact discrete dynamics of nonholonomic systems.
This is a big issue in what matters numerical analysis and estimation of
the error order because we now lack the notion of how far are Lagrange-
d’Alembert equations from the exact dynamics. This is the main question
we will address in Chapter [7]
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Chapter 4

The nonholonomic exponential
map

The goal of this chapter is to define the nonholonomic exponential map asso-
ciated with a regular nonholonomic system (L, D) with configuration space
@ and dynamical vector field I'(; py € X(D) and to prove that it is a diffeo-
morphism onto its image, at least restricted to a small open neighbourhood.
This is one of the core concepts contained in this thesis and plays an im-
portant role in all the original results presented in the subsequent chapters.
While this construction is very common in Riemannian geometry and has
been applied to other fields such as sub-Riemannian geometry (cf. [ABR18])
or the study of second-order vector fields (cf. [HM20]), the concept of expo-
nential map was never previously introduced in the context of nonholonomic
mechanics, as far as we know.

In order to accomplish our goal, we need to prove the regular character
of the nonholonomic exponential map in the most general situation. For
that end, we will use an arbitrary SODE extension I' € X(7T'Q) of the non-
holonomic vector field ', py € X(D) and the SODE exponential map expj,
associated with I" at time h > 0. We will prove in Section [4.2] that such SODE
extension vector fields always exist. The fact that exp), is a diffeomorphism
at least locally has been either guessed or assumed by many authors but we
have only found a formal proof very recently in [MDM21]| (see also [MDM16]).
Anyway, in order to make the thesis more self-contained, in Section we
include the proof of this fact.

Finally, in the last section, we define the nonholonomic exponential map,
we prove that at a local level it is a diffeomorphism onto its image and we
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take a look into some examples.

4.1 Exponential map for SODE vector fields
on the tangent bundle

Let I' € X(TQ) be a SODE vector field on TQ). As we have seen in Section
2.4.2 a trajectory of I' satisfies in each coordinate chart a system of second
order differential equations of the type

for some smooth functions f* on T'Q). Our goal in this section is to prove
that the equations above have a unique solution satisfying the boundary
conditions

q(0) = qo, q(h)=q, (4.1.2)
with gy € @, h > 0 a sufficiently small number and ¢; a point in a sufficiently
small neighbourhood U C @ of ¢, and that the map 5 : U — Uy C T,,Q,
assigning to each ¢; € U the initial velocity of the unique trajectory of
satisfying the boundary conditions (4.1.2)), is a diffeomorphism.

Though the problem is local, we will try to use a geometric language
as much as possible. We remark that we are also obtaining an analytical
theorem as a by-product of our approach: we are deducing that if f* are
smooth then there exists a unique solution of satisfying and
the solution is smooth with respect to all variables.

A preliminary convexity result for a SODE I' may be deduced using the
theory of explicit second order differential equations (see |[Har02]).

Theorem 4.1.1. Let I" be a SODE in Q) and qy be a point of Q. Then, one
may find a sufficiently small positive number hg, a family of tangent vectors

OfQ at qo,
Ulh,q0) € T,Q, for0 < h < hy,

and two compact subsets C' and C of Q and TQ, respectively, with qo € C
and v, q0) € C, such that there exists a unique trajectory of I’

Oqoqoh - [O’ h] —C - Q

satisfying
JQOqoh(O) = qo; quqoh<h) = qo;
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and B
FTgan(t) € C, for every t € [0, hl.

Proof. Let (U, = (q')) be a local chart on @ such that

¢(U) = B(0;¢) and ¢(qo) = (0,...,0),

where B(0;€) is the open ball in R™ with centre the origin and radius € > 0.
We consider the corresponding local coordinates (7, YU), ¢ = (¢, ¢")) on

TQ. Note that ¢(1,"'(U)) = ¢(U) x R™. Since I' is a SODE, we also have

that
F:Ja. Q.
aq’ G’
Then, the trajectories of I' in U are the solutions of the system of second
order differential equations

d2 qz‘
dt?

+ &g, q)

= ¢Yq, %), for all 4.
Now, if we take
0<R<e and 0< R

then, using that ¢’ is a real C*™°-function on B(0;€) x R", we deduce that
there exist positive constants x, £’ > 0 satisfying

|D1&(q, )| < &, [[D2£(q,9)|| < &', for (¢,¢) € B(0; R) x B(0; R),

where B(0; R) and B(0; R') are the closed balls in R™ centred at the origin
and with radius R and R’, respectively. Thus, from Proposition m (see
Appendix , it follows that
I€'(al df) — (@, @Il < I1€°(ad df) — & aDI + 1€ (a3, ) — €' (e, @b
< kllge — il + #'llge — @]

for (1, 1), (33, 63) € B(0; R) x B(0; R!).
Moreover, it is clear that there exists a positive constant M > 0 such that

1€(e’, @)1l < M, Y(g,9) € B(0; R) x B(0, ).
Next, we choose a sufficiently small positive number hg satisfying
/@_h% n K ho Mh? M hyg

| <
g T3 <L 3 =&

<R.
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Now, if we take h € R, 0 < h < hg and the compact subsets C' and C' of Q
and T'Q), respectively, given by

€= (BOR), €= (BOR) x BO))

then, using Theorem (see Appendix [B), we conclude that there exists
a unique trajectory ggqon 1 [0,h] = C C @ of I such that

Taoaon(0) = G0, Tgeqon () = o,
and )
Fgpn(t) € C, fort e [0, h].
Therefore, if we take v 40) = Ggoqon(0), We end the proof of the result. [
Now, we will denote by ¢' the flow of the SODE T’
MV CRXTQ — TQ.
Here, M is the open subset of R x T'Q given by
MY = {(t,v) ERxTQ | ¢"(-,v) is defined at least in [0,¢]}.

Now, if ¢ is a point of ) and h > 0, we may consider the open subset M(Fh %)
of T,,Q given by

M gy = {v € Ty, Q | (h,v) € M}

h7q0

Note that if A > 0 is sufficiently small then it is clear that M(I,; %) # (. We
recall that the definition of the exponential map associated with I" at ¢y for
the time A is

eXP(n,g0) (V) = (Tq 0 03,)(v), for v € M), (4.1.3)

We remark that the map exp{o’ %) is constant. However, we have the following
result.

Theorem 4.1.2. Let I be a SODE in QQ and qy a point in QQ. We take a
sufficiently small positive real number h and v, 40 € T4 @ as in Theorem

4.1.1. Then,
Vhiao) € Minaoys €XPn.go) (Uhgo)) = o5
and

T, eXplgh,QO) T M(Fh,tIo) - quQ

V(h,q0) U(h,q9)

1 an isomorphism.
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Proof. From Theorem [{.1.7], it follows that
V(h,qo) € M(h o) and exp(rhyqo)(v(h,qo)) = qp.
Moreover, it is clear that the map
exp(quo) M(h w0 € Tp@ — Q

is smooth.
Next, we will proceed locally. So, we will denote by

(t.q',d") = (@ (t.q', ). 4 (t,¢', ¢"))

the flow of the SODE I' given by

0 o0
YAl A4 —
-+ &g ,Q)aq-,»7

(. ) = ¢
(¢, d¢) 5

so that the second order equations
Bt g ¢) = @kt ¢, ), i (t, ¢, &) (4.1.4)
are satisfied as well as the following boundary conditions
20,4, ¢) =¢q', #'0,¢.¢) =" (4.1.5)
The local expression of the map exp(Fh’ g) 18

§' = exp g0 (") = (27 (B, q0,")) -

Denote by qon the tangent vector V() € Ty Q). We must prove that the
Jacobian matrix of exp(h 1) &b don

(quXp{h’qoﬂ(q.oh) = (Dql‘)(h, qo0, QOh)

is non-singular which, by the inverse function theorem, automatically implies
that the map exp(Fh ) 15 2 diffeomorphism on a local neighbourhood of ¢gy,.

Denote by U
Gon, that is,

(q0.don) (1) the Jacobian matrix of the smooth map exp{t, 00 ab

U(QO»QOh)( ) (D eXp(t qo))(QOh) = (qu)(ta%’%h)-
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Then from the second order system of equations (4.1.4]), using a standard ar-
gument on the differentiability of solutions with respect to initial conditions,
we may prove that

U(QquOh)<t> = (qu) (‘Ti(t’ o, QOh)> j;i(t, o, QOh>>U(qo,d0h)(t)
+ (qu) (xZ (ta 4o, QOh)7 xz(t7 4o, q0h>>U(qo,q0h)(t)
and, in a similar way, using (4.1.5) we also deduce that
U(Qo#i()h)(o) =0, U(qoydOh)(O) = Id.
So, if we denote by B(g, 40 () and Fg 4,,)(t) the matrices

(Dg&) (2 (L, g0, Gon), & (t, G0 Gor)) and (Dy€)(x(t, g0, Gon), &* (¢, qo, don)),

respectively, it follows that

U(‘]O:‘i()h)<t> = B(QO,QOh)(t)U(fIO,QOh) (t) + F(q()quh)(t) U(lIO,d()h)(t)'

Now, we consider the linear system of second order differential equations

j(t) = B(QO:(iOh)(t)y(t) + F(Qo,d()h)<t)y(t)' (4.1.6)

Note that By, 4, and F{
positive number h.

So, taking into account that there exists a compact subset C' C T'Q such
that v(nq) € C (for every h), using Theorem and proceeding as in
the proof of Theorem [4.1.1], we conclude that there exists a sufficiently small
positive number py > 0 such that for all A the unique solution

- . .
g0.d0n) are C°-matrices, for every sufficiently small

t— y(‘]md%)@)
of the system (4.1.6) satisfying the boundary conditions

y(qoyd()h)(o) =0, y(qo,doh)(p) =0, with 0 <p < po,

is the trivial solution.

Thus, from Lemma in Appendix [B], we deduce that the matrix

Utgorion)(P),  with 0 < p < py,

is regular, for every h.
Therefore, it is sufficient to take h = p, with 0 < p < pg, and the result
is proved. O
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From Theorem |4.1.2] we have that there exist open subsets Uy and U in
M(Fh %) and @, respectively, with v, q,) € Uy and gy € U, such that the map

eXplgh,QO) HUy M(l;mo) —-Ucq

is a diffeomorphism.
Next, we will consider the open subset M} of T'Q given by

My ={veTqQ]| (hv)e M"}.
Note that
v E M}l; — M(I;Z,TQ(’U)) - M}l; N TTQ(U)Q g M]l;

Thus, since 7g : TQ — @ is an open map, it follows that (M} ) is an open
subset of () and
M), = U M(Fh,q)'

geTQ(MY)

Recall that the smooth map exp; : M} C TQ — Q x Q defined as

expg(v) = (TQ(U)yeXP(Fh,TQ(U))(U)), for v € M,f

is the extended exponential map associated with the SODE I' at time h.
Now, we deduce that

I

Lemma 4.1.3. Let v be an element of M} such that TP r (v)) 18 non-

singular at v. Then, exp} is also non-singular at v.

Proof. We must prove that the map

T,(expy,) : To(My) ~= T(TQ) = Tryy@ x T, Q

D, r () (¢)

is a linear isomorphism.
Suppose that

0 = (Ty(expp))(X,), with X, € T,(M}).
Then, we have that

0= (T,m)(Xy) and 0= (Toexp(y o) (Xo)-
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The first condition implies that
Xo € To(My, NTrg)Q) = To(My, )
and thus, using the second one, we conclude that
X, =0.
O

As we know, if A > 0 is sufficiently small and ¢y € @ then the map

eXD(1 g0 * Mgy — @ 18 non-singular at the point v, g € Mg, ). Therefore,
using Lemma , we deduce the following result

Theorem 4.1.4. Let ' be a SODE in T'Q) and qy be a point of Q. Then, one
may find a sufficiently small positive number h, an open subset U, C M} C
TQ, with v, 4 € Up, and an open subset U of Q, with qo € U, such that:

1. The map
expy, Uy CM; - UxUCQxQ

18 a diffeomorphism.
2. For every couple (q,q") € U x U there exists a unique trajectory of I’
Ogn : [0,h] = Q
satisfying

qu/h(o) =4q, qu/h(h) = q/ and &qqlh(o) € uh‘

We will denote by RS : U x U — U, (respectively, Ri™ : U x U — Up,)
the inverse map of the diffeomorphism expl : U, — U x U (respectively,
expy o ¢*, 1 o (Uy) — U x U).

The maps

R, :UxUCQxQ—U, CTQand R, :UxU C QxQ — ¢k(Uy) CTQ
are called the ezxact inverse retraction maps associated with I'. We have that
R;{ (Q7 q/) = O.—qq’h(())? R;j (Q> q/) = é—qq/h(h)-
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Note that
et e
Rh = ¢£ © Rh )

that is, the following diagram

U, CTQ a UxUCQxQ
oF RZ+

@, (Uy) CTQ

is commutative.
In [MDM21] (see also [MDM16]), the authors give a generalized version
of the previous theorem in the scope of SODE vector fields on Lie algebroids.

4.2 SODE extensions for the nonholonomic
dynamics

We will see that global SODE extensions of the nonholonomic dynamics
I'(1p) € X(D), associated with a regular nonholonomic system (L, D) with
configuration space @), always exist.

For this purpose, we will consider a Riemannian metric g on ). Then,
we have the orthogonal projectors

P:TQ—1D, Q:TQ — D+

where D+ is the orthogonal complement to D. Thus, we can define a vector
bundle isomorphism
(P,Q):TQ — D&y D+

over the identity of Q. So, the tangent map to (P, Q)
T(P,Q): TTQ — T(D ®q D) = TD &rq TDH

induces a vector bundle isomorphism (over the identity of T'Q)) between TT'Q)
and

TD ®rq TDH = {(X,Y) € TD x TD* | (T'7)(X) = (T7)(Y)}
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where 7 : D — Q and 7+ : Dt — Q are the canonical vector bundle
projections. In fact, if v, € T;,() then

T,,(TQ) ~ {(X,Y) € TpwyD x Tow)D" / (TpwyT)(X) = (Towym)(Y)}.

Under the previous identifications, the canonical inclusion of D in T'() and
the nonholonomic dynamics

iD:D%TQzD@QDL, I'r.p) :D—)TDQTTQ:TD@TQTDl
are given by
Z.'D(uq) = (Uq, OL(Q))a F(L,D) (Uq) = (F(L,’D) (uq)7 (TQOL)(U’q))a

for u, € D,, with 0+ : Q — D+ the zero section in D+. Moreover, a vector
field T : TQ ~ D ©o D+ — TTQ ~ TD Grq TD* on TQ ~ D © D*

[(ug, vg) = (P1(uq, vy), P2(uq, vy)) € Tu,D x1,0 T0, D+, (ug,v4) € Dy x D
is a SODE if and only if
(Tag,00) ™) (L (g, vg)) = g + vg

with 7 : D @g D+ — @ the canonical projection. So, I' is a SODE if and
only if

(T(uq,vq)T)(Fl (uqv Uq)) =Ug + Vg = (T(uq,vq)TJ_)(F2(uqa Uq))-

Now, using again the previous identifications, we can introduce a SODE
I':Ddg D+ - TD Dro TD+ on D Do D+, which extends ['(zp), given by

['(ug, vg) = (I'p(ug, vg), I'p (ug, vg))

with I'p and I'p. defined as follows.
Definition of I'p

If feC>®Q), a:Q — D*is a section of the vector bundle 7 : D* — Q
and & : D — R is the fiberwise linear function induced by « then there exists
a unique tangent vector I'p(uy, vq) € T, D which satisfies

Up (g, vg) (f o 7) = uy(f) + vy(f), (4.2.1)
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and

I'p(ug, v)(&) = T'(1,p)(ug) (&) + Tp(a)(ug, vy), (4.2.2)
where Tp : I'(D*) = I'(D* ®¢ (D*)*) is a R-linear map and
Tp(fa)(ug, vg) = va(f)e(q)(ug) + f(@)T(a)(ug, vg)- (4.2.3)

For instance, we can take
Tp(a)(ug, vg) = (V,@)(ug),

with V the Levi-Civita connection of g. Note that v may be considered as

a 1-form on @). In fact, a may be considered as a section of the annihilator
(D) — Q of D+ (a vector subbundle of T*Q).

We remark that (4.2.1)) and (4.2.2)) are compatible. In fact, using (4.2.1)),
(4.2.2), (4.2.3) and the fact that (75, 7)((z,p)(uq)) = ug, it follows that

Tp(tg, vg)(fa) = Tp(ugv,)((f 0 7)d)
= T)(ug)((f 0 7)a) + Ti(fo)(ug, vy)
— () + vl ))(a)(w)
+ F(@) (T (ug)(@) + To(a) (ug, v,))
= Tp(ug, vy)(f o 7)a(q)(ug) + f(@)Tp (g, 1) (G).

So, there exists a unique tangent vector I'p(ugq, vy) € T, D which satisfies
(4.2.1) and (4.2.2)). In addition, from (4.2.1)) and (4.2.2)), we have that
(T, 7)(U'p (g, vg)) = g + vg, I'p(ug, 0%(q)) = L(z.p)(ug)- (4.2.4)

Definition of I'p.
If (ug,vy) € Dy x Dy, [ € C®(Q), a" : Q = (D)* is a section of
the vector bundle (71)* : (D1)* — Q and ot : D+ — R is the fiberwise

linear function induced by o then there exists a unique tangent vector
Upi(ug,vy) € Ty, D+ which satisfies

P (g, vg) (f o 75) = ug(f) + vy (), (4.2.5)

and e
Lpi(ug, vg)(at) = Tps (O‘J—)(uqvvq)a (4.2.6)
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where Tpi : T((D+)*) — T(D* ®¢ (D+)*) is a R-linear map and
Tpr(far)(ug, vg) = (uq +v9)(Flar(q)(vg) + f(q) Tpr (@) (ug, vg).  (4.2.7)

That relations (4.2.5)) and (4.2.6)) are compatible may be proved using (4.2.7)
and proceeding as in the definition of I'p. Furthermore, from (4.2.5)) and

, it follows that
(T, ) Tpe (g, vg)) = tg + g, Tpr(ug,07(q)) = (T,07)(uy). (4.2.8)
Now, using the first relations in equations and , we obtain that
T(ug, vg) € Tiuywy) (D B DY),

and that I' is a SODE. On the other hand, using the second relations in

Equations (4.2.4) and (4.2.8)), we conclude that
[ (ug,07(q)) = (L'ez.p) (uq), (T,07) (uy)),

and, thus, I' is a SODE extension of the nonholonomic dynamics I'(z p).

An example of a map Tp. : [((D*)*) — [(D* ®¢ (D*)*) satisfying the
previous conditions may be obtained as follows. First of all, we will consider
a vector field I't in D+ which vanishes on the zero section 0+ : Q — D+ and,
in addition, it is a SODE along D+. For instance,

I (vy) = (T,,,Q)(Ty(vy)), for v, € D, (4.2.9)

where I, is the geodesic flow associated with the Riemannian metric g. In
fact, using that I'y is a SODE in T'Q) and that it vanishes on the zero section
0:Q — TQ, we deduce that T'*, defined as in ([4.2.9), is a SODE along D*
and it vanishes on the zero section 0+ : ) — D*. Next, we can take the
R-linear map Tp: : I'((D+)*) — T(D* ®q (D)) given by

Ip. (O‘Lxuq»fuq) = (quaj_)(vq)-
Then, our map Tp: : D((D*)*) = T(D* ®¢ (D+)*) may be defined by

Tou () (ug, vg) = T4 (vg)(@h) + Tpi () (ug, v,)-
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4.3 Exponential map and the exact discrete
submanifold for the nonholonomic dynam-
ics

Let L : TQ — R be a regular Lagrangian function and D a regular distribu-
tion on @ such that the non-holonomic system (L, D) is also regular and let
I'(z,p) be the SODE on D which is solution of the non-holonomic dynamics.

Denote by ¢tF &P D — D the flow of 'z p) and for h a sufficiently small
positive number, we consider the open subset of D given by

M;(L’D) —{veD| ¢ (v)is defined for t € [0, h]}.
Note that, if I' € X(T'Q) is a SODE extension of I'(; py then
M, =® = M} N D.
Definition 4.3.1. The map
epo(L’D) : Mi(L‘D) CD—-QxQ

v €D (19(v), (Tg 0 6, ) (v) € Q x Q

is called the nonholonomic exponential map of (1, py at time h.

(4.3.1)

Now, we may prove the following result

Theorem 4.3.2. Let (L, D) be a regular nonholonomic system with configu-
ration space Q) and qo a point in Q. Then, one may find a sufficiently small

positive number h, an open subset UM C M, EPC D and an open subset
U CQ, with qo € U, such that the map

r r
exph(L’D) :U,?h c M, =P s UxU

15 an embedding.

Proof. Let I" be a SODE in T'Q such that I'p = I'(.p) (see Section .
Then, using Theorem [4.1.4] we may find a sufficiently small positive number
h, an open subset U, C M} C TQ, with V(h,qo) € U, and an open subset U
of @, with g9 € U, such that the map

exp; U, C My - UxUCQxQ
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is a diffeomorphism.
Now, since I'ip = I'(1, p), it is clear that

r INGA ).
ex = eX
( ph)|u M, I'(L,D) Pn

So, if we take the open subset of D
U = Uy, 0 M, -

then, using that every immersion is a local embedding, we can suppose (with-

out the loss of generality) that the map exp, T@) UM — U x U is an
embedding. |

Now, we may introduce the following definition.

Definition 4.3.3. The exact discrete nonholonomic constraint submanifold
is the submanifold of () x @) given by

M = exp, “P U™
In view of Theorem [4.3.2 the map
L'(z,p)

h
exp, U — M

is a diffeomorphism and we can define its inverse diffeomorphism, called the
nonholonomic exact inverse retraction map

e . e,nh nh
h,nh . Mh } uh .
The following diagrams are commutative:

'L,p) e”

eXpy, Me ,nh M(i ,nh Rha

\/ \/

We will also use the map: R§', : ME™ — ¢, Uph) defined by

F(L D)
Rh nh — h nh
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h Ri+h T
e,n n N (L,D) nh
M, r o (UT)

Q

We will compute and analyse the trajectories of two of the nonholonomic
systems we have seen before, namely, the nonholonomic particle and the
vertical rolling disk, in order to have a practical understanding of the objects
we have just defined.

Example 4.3.4. Consider the nonholonomic particle in Example The
nonholonomic vector field is given by

- 00 0 iy 0 @y 0
= r— —_— XrT— — JEE— -
WD) = e Ty TV, YT 20 T 114202

and the equations for this system have an explicit solution given by

Zan(t) = $2+/y5 + 1(arcsinh(got + yo) — arcsinh(yo)) + 2o
Ynn(t) = Yot + Yo

Zun(t) = 580/y5 + 1/ (ot +90)? + 1= V/yg + 1) + 20, if 0 #0,
(4.3.2)

or
ZL’nh(t) i‘ot + X

Ynn(t) = Yo (4.3.3)
Znn(t) = Yoot + 2o, if 7o = 0.
From (4.3.2) and (4.3.3), we construct its corresponding flow and non-

holonomic exponential map

F(L,'D) . . . o . . .
t (I'(), Yo, 20, Lo, Yo, yoﬁo) - (I‘nha Ynhs Znhs Tnhs Ynh, Znh)7

I . . .
exph(LD) (mOa Yo, 20, Lo, Yo, yOJ:O) - (an Yo, 20, xnh(h)a ynh(h)7 Znh<h))

We see that this is an invertible map, when we restrict the co-domain to its
image, and we may explicitly compute the inverse to be

o, Yo, % (21— 20)(y1 — Yo)
" /Y2 + 1(arcsinh(y; ) — arcsinh(yp))

Y1 — Yo 3/0(331 - xo)(yl - yo) )

-
Rh,nh(anyOvZOaxhylaZl) = (

h 7 hy/y? + 1(arcsinh(y;) — arcsinh(y))
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in the case where y; # yo. Note that the domain of the map Rj ,, is not
R? x R3, it is restricted to M$™ which explicitly means that

Aoz ow (VEFT-VEST)
o h(arcsmh(y1)—arCSlnh(yo)) . 434)

In fact, let the left-hand side of equation (4.3.4) be denoted by pg: Q@ X Q —
R. It is a constraint function whose annihilation gives the discrete space

MG A

Example 4.3.5. The Lagrange-d’Alembert equations for the vertical rolling
disk are easily integrated. Indeed, in equations (3 we may substitute the
value of A\; and Ay in the third equation, by the ﬁrst and second equations.
Moreover, the values of & and § are determined by the constraints. In this
way, the solution is completely described by the four equations

(I +mR*)H =0
Jp =20

T = Rcosgoé
y= Rsingp 0.

Thus, the solution of these system is given by

a(t) = Qt + 6,
p(t) = gt %o (4.3.5)
z(t) = LRsin(wt + ¢o) + (zo — 2R sinpy)
y(t) = =2 Rcos(wt + o) + (yo + ZRcos o), if w0,
and
G(t) Qt + 6,
x t) QR cos(po)t + o

(
y(t) = QRsin(po)t + yo, if w=0,

Hence, if (xo, Yo, 0o, @0, 2, w) are coordinates on D, the nonholonomic ex-
ponential map is given by the map

expg@’” (xmyo,eo, 900>Q>W) = (330,3/0,907900,5U(h):y(h)a9(h), go(h))
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which is a diffeomorphism between D and the submanifold M&™ of (R? x
S x St) x (R? x S! x S!) determined by the local expressions

T — Ty =

0, — 0 0, — 0
~ L R(sin gy —singg), y1—yo = ———

R(cos pg — cos .
P P (cos o ©1)

Hence, using the coordinates (¢, yo, 6o, ¥0, 01, 1) on MZ’"h and the previ-
ously mentioned coordinates on D, the exact retraction reads

01 — 6o ©$1 — Yo
h h ’

RZ,_nh(x()? Yo, ‘907 %0, 917 ()01) - (x()? Yo, 907 ¥0,
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Chapter 5

Radial trajectories of
nonholonomic mechanical
systems

In this chapter, we will start a program relating mechanical nonholonomic
systems, that is, nonholonomic systems (L, D) with configuration space @
and where the Lagrangian is of mechanical type

L(v,) = %g(quvq> -V(g), qeQ, v, €TQ,

with ¢ a Riemannian metric on ) and V' € C*(Q) the potential energy,
with typical constructions from Riemannian geometry. Our main goal in
this chapter will be to characterize the nonholonomic trajectories with fixed
starting point as length minimizing geodesics in a prescribed Riemannian
manifold. Together with the fact that the nonholonomic exponential map
is a diffeomorphism onto its image at a local level, this collection of results
leaves the door open for further developments in this direction. The fact
that the exponential map is regular has a clearer simpler proof when the
Lagrangian is kinetic.

In the first section, we will review the definition of nonholonomic connec-
tion proposed by |[Lew98| which allows us to see the nonholonomic trajectories
as geodesics of a non-Levi-Civita connection. In the second section, we will
prove that nonholonomic trajectories are indeed geodesics with respect to
a proper family of Riemannian metrics characterized by the Gauss condi-
tion. Then, on the next section, we will generalize the results to mechanical
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systems, using a nonholonomic version of the Maupertuis principle.

5.1 The nonholonomic connection

We have seen that trajectories of unconstrained mechanical Lagrangian sys-
tems are the geodesics of the Levi-Civita connection in the absence of a
potential energy (see Section [3.2)).

When a mechanical Lagrangian system is subjected to nonholonomic con-
straints, a similar result holds. The first to observe this was Synge ([Syn28]),
who observed that nonholonomic trajectories satisfy a geodesic equation,
though the associated connection, for which nonholonomic trajectories are
geodesics, was not introduced until [Lew98|, where the author studies further
properties of this connection, to which we will call the nonholonomic connec-
tion (see also [BC95; BC98|). We recall the definition of the nonholonomic
connection with a slight modification: we will start with a semi-Riemannian
metric instead of a purely Riemannian metric. This modification will be
useful to our purposes later.

If h is a semi-Riemannian metric and D is a distribution on @, then D+
will denote the orthogonal distribution, i.e., at each point ¢ € @, Dql is the
orthogonal complementary subspace to D, with respect to the inner product
hy.

Definition 5.1.1. Let (@, h) be a semi-Riemannian manifold. A distribution
D C T of the smooth manifold () is said to be reqular with respect to h if
DN D+ ={0}.

Note that if the semi-Riemannian metric was in fact a Riemannian metric,
i.e., h is a positive definite tensor, then the distribution D would automat-
ically be regular. However, in general, there is no reason why we should
have D N D+ = {0}. For example, consider the semi-Riemannian metric h
induced by the non-degenerate symmetric bilinear form on R? also denoted
by h given by

h:R*xR* —R
(U,U)) = V1w — VWa.

h is obviously a semi-Riemannian metric in R? but if D is the distribution
spanned by the vector field % + 8%, then its orthogonal complement is exactly
D!
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Lemma 5.1.2. The distribution D s reqular with respect to a semi-Riemannian
metric h if and only if TQ = D &g D*.

Proof. We may prove that (see Lemma 22, Chapter 2 in |[O’N83])
dim(D,) + dim(D,) = dim(7,Q) =n, Vq € Q.
Thus, applying the equation
dim(D, + D, ) = dim(D,) + dim(D;, ) — dim(D, N D)

we deduce that 1T,Q) = D, ® DqL if and only if the distribution is regular with
respect to h. O

Hence, if D is regular with respect to h, we may consider the orthogonal
projectors P : TQ — D and P': TQ — D+.

Definition 5.1.3. Let & be a semi-Riemannian metric and V" the associated
Levi-Civita connection. Let D be a constraint distribution on @, regular
with respect to h. The nonholonomic connection is the linear connection

Vi X(Q) x X(Q) — X(Q) given by
VY = VALY + (VA P)(Y). (5.1.1)

Remark 5.1.4. We will often use the equivalent expression for the nonholo-
nomic connection given by

VY = P(VAY) + VA (P'(Y)). (5.1.2)

Remark 5.1.5. If & is a Riemannian metric, then the regularity condition is
automatically satisfied and the nonholonomic connection is well-defined for
every distribution.

This connection is not symmetric, in general, neither it is compatible
with the metric. Nevertheless, it satisfies the more restrictive condition of
compatibility with the metric over sections of D (see [Lew98|), i.e.,

X(WY,2))=hV¥Y,Z)+ h(Y,V¥Z), VX,Y,ZeT(D). (51.3)

Another important property that we will use is the following one: if
Y € (D), then VY = P(VLY) for any vector field X € X(Q), as a

consequence of ((5.1.2)).
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If h is a pseudo-Riemannian metric on @, recall that Lj, : TQ) — R is the
kinetic Lagrangian function associated with h defined by

Ly(v) = %h(v,v), veTq.

Note that, using the fact that h is non-degenerate, we deduce that the
Poincaré-Cartan 2-form wy, = —dfy, is symplectic (see Section [3.1).

We will show first a useful property relating the symplectic and the metric
structures, which we will use in the proof of the theorem below.

Lemma 5.1.6. Let h be a pseudo-Riemannian metric on (), Ly the associated
kinetic Lagrangian and wy, the associated symplectic form on T'Q). Denote
by tn - T°Q — TQ and jijh :T*TQ — TTQ the musical isomorphisms
with respect to the metric and symplectic form, respectively. Then for any
a € QYQ) we have

by, 0 0% = —(fh00)",

where a¥ € QYTQ) and (8, 0a)¥ € X(T'Q) are the vertical lifts to TQ of the
1-form « and the vector field &y, o o, respectively (see Appendiz .

Proof. 1t follows using the first relation in (A.0.5)) (see Appendix [A)). O]

Now we will see that a distribution is regular with respect to a pseudo-
Riemannian metric if and only if the induced nonholonomic system is regular.

Theorem 5.1.7. Given a pseudo-Riemannian metric h on a manifold () and
a distribution D, the following are equivalent:

1. DND* = {0}, where D+ is the orthogonal distribution with respect to
h;

2. The nonholonomic system (Ly, D) is regular.

Proof. We recall that the nonholonomic system (L, D) is regular if and only
if

T,DNG, = {0}, YvenD,
where G is the distribution on 7'Q along D defined by G = f,, ((D°)¥) (see

Section |3.6.2)).

So, suppose first that D N D+ = {0} and take X, € T,D N G,.
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Since X, € GG, then there exists a € D° such that

Xy = ﬁw;:h (O‘Z) = _<ﬁh(a))z € T.D,

where the last equation follows from Lemma [5.1.6|

Therefore, #,(a) is in D, but since f,(D°) = D+, it must be the zero
vector. Hence X, = —(#,(a))y = 0.

Conversely, if u € DNDL, there exists a € D° such that u = #;,(a). Now,
using Lemma [5.1.6] the vector

(#n(@))y € TuD N Gy = {0},
then f5(«) = 0 or, in other words, u = 0. O

By the theorem above, if the distribution D is regular with respect to h
then the nonholonomic system (Ljy, D) is regular and we may consider the
nonholonomic SODE T'(z, py on D, as a consequence of Theorem [3.6.8, We
will show next that the trajectories of I', p) are just the geodesics of the
associated nonholonomic connection V™" with initial velocities in D.

Theorem 5.1.8. Let h be a pseudo-Riemannian metric and Ly : TQ — R
its associated Lagrangian. If D is a nonholonomic distribution satisfying DN
D+t = {0}, then the trajectories of ['(1,,p) are the geodesics of the connection
V" with initial velocities in D.

Proof. Let ¢, : I — @ be a trajectory of Iz, py with initial velocity ¢,(0) =
v € D. We must prove that
vilé, =0.
Given any X € I'(D), we will apply the geometric equation which defines

['(z, p) to the complete lift X of X (see Section [2.4.1)) at points in D. In
fact, given u € D, there exists p € (1T'D)® such that

(0 0 = L) (), X)) = (8" () (), X ().

Using the skew-symmetry of wy, and the fact that SX°¢ = XV (see Section

2.4.1)) we get
—(ixewr,, Uz, p)) — X(Ln) = (u, X).
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Note that the right-hand side vanishes because XV € X(D) and u € (T'D)°.
Also, using Lemma and equation (A.0.5) from Appendix [Al on the

left-hand side of the previous equations we deduce

—

—d(on(X))(Tiz,m) +20L . (Lznp)) — Lexn =0,

where (V"X) is the (0, 2)-tensor field defined by

(Vhx)

(VEX)(Y, Z) = M(VLY. 2),

V" the Levi-Civita connection associated with h and bh/()?) is the fiberwise
linear function on 7'Q) induced by the 1-form by, (X).

By Lemma , we deduce that Lz, = 2L(gny). Moreover, since the
vector field I'(z, py is a SODE along D, it follows that STz, py = Al|p, with
A being the Liouville vector field on T'Q) and

OL o, Liwnp)) = AlLwrx))lp = 2L(vrx)|p.
So the equation boils down to
L (1,0 (w) (05(X)) = 2Ly x (u) = K(ViX, u).

Evaluating the last equation over the curve ¢, and noting that I, p)(¢é,) is
just ¢,, we deduce

& (on(X)) = R(VEX, ).
Then, of course,
a
dt
which is by definition

(X)) = h(VE X, 0),

d

dt
Using the fact that the connection is compatible with the metric, the previous
equation reduces to

(M(X 0 ¢y, ) = h(VE X, é,).

hVE X, )+ h(X 0c,, VEé,) =h(VE X, ¢,)

where the first term on the left-hand side cancels with the term on the right-
hand side, giving
h(X oc,, VI é,) =0.
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Since X is an arbitrary section in I'(D) we conclude that P(V? ¢,) = 0. But,
since ¢, € D, the connection is forced to satisty P(V% ¢,) = V#¢,. Hence,
we conclude

Vite, = 0.

Cy

]

Using Theorem [5.1.8] we will describe the action of the nonholonomic
SODE I'(;, py on basic and fiberwise linear functions on D.

Note that a basic function on D is of the form f o 7p, with f € C*(Q)
and 7p : D — @ the vector bundle projection. On the other hand, a fiberwise
linear function on D is given by @, with « € I'(D*).

In addition, a fiberwise quadratic function on D has the form 79, with T'
a section of the vector bundle D* ® D* — () and

T%v) =T(v,v), wveD. (5.1.4)

Remark 5.1.9. If U is an open subset U of Q with local coordinates (¢'),
{e,} is a local basis of sections of I'(D), {e“} the dual basis of I'(D*) and

a=aq)e*, T =Ty(qe*® eb,

then
a(qd',v") = aplgv®,  T(q",v") = Tu(q)v™0®,

where (¢',v®) are the local coordinates in D induced by the local coordinates
(¢") on @ and the local basis of sections of I'(D).

Theorem 5.1.10. Let h be a pseudo-Riemannian metric and D be a distri-
bution in the same conditions as in the previous theorem. If 'y, py is the
nonholonomic SODE associated to the problem then it acts on basic functions
and on fiberwise linear functions on D in the following way

Loy (f o) = dflp, T, (@) = (V™) (5.1.5)

for € C®(Q) and o € T(D*), where V™ is the nonholonomic connection
and V™« is the section of the vector bundle D* @ D* — Q given by

(V") (X,Y) = (VZa)(Y) = X(a(Y)) — a(VEY), for X,Y € (D).
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Proof. Take f € C*(Q) and v € D. Evaluating the vector field Iz, py at v
and then applying it to the basic function f o 7p is equivalent to apply the
vector (T,7p)(I'(z, p)(v)) to the function f.

Since ', p) is a SODE on D, its projection to the tangent bundle 7'Q)
is the identity on D. Therefore, we obtain

L,y (0)(f o 7p) = v(/f),

which is exactly df lp(v).
As for the second expression, let a be a section of D* and take a trajectory
of I'(z, p) denoted by ¢, : I — @, where the subscript means that ¢,(0) = v.
Let fs(a) : @ — D be the section of D given by

h(tn(a), X) = a(X), VX e[(D).
Applying I'(z, py(v) to the fiberwise linear function @ is equivalent to
L1,y (0)(@) = &,(0)(@).
Using the definition of derivative along a curve, the last line is equivalent to

d

L, p(v)(@) = pr

_(@oa),

and thus, using the notation we have just introduced we write

h(ﬁh<a) © C’U(t)7 Cv(t))a

t=0

L,p)(v)(@) = pr

Using the compatibility condition ([5.1.3]), this is equivalent to
L2,.0)(0)(@) = h((V3"tr(@))(co(0)), v) + h(En(a) (0 (0)), V3" ¢ (0)).

Since by Theorem [5.1.8] ¢, is a geodesic of the connection V"™, the last term
above vanishes.

Suppose now that X is a section of D extending v, i.e., X(q) = v. With
this new ingredient the last equation may be rewritten as

L0 (0)(@) = h(V¥'tnal(q), X (q)).
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By adding and subtracting the term h(#,a(q), V¥ X (q)) in the previous equa-
tion we may apply (5.1.3) and get

Lz, 2 (0)(@) = X(q)h(fha, X) — h(tna(q), VX' X (q)),

and finally unwinding the definition of #;,(«) we deduce

Le,.p)(v)(@) = (V') (X)) (q)-

The right-hand side of the last equation is a (0, 2)-tensor, as such, its value
does not depend on the whole section and thus V™ «a(v,v) is well-defined.
Therefore, using the notation introduced before the theorem, it can be rewrit-
ten as (V™a)9(v). O

In the following, we will see how the trajectories of Lagrangian systems
with mechanical Lagrangian function are related with the nonholonomic con-
nection. Suppose we are given a nonholonomic system (L,yy, D) with La-
grangian function of the form

Linvy(vg) = Li(vg) =V 0 70(vy), (5.1.6)

where h is a pseudo-Riemannian metric on @), V : Q — R is the potential
energy (with V € C*(Q)) and 7¢ : TQ — @ is the canonical projection.

Given a pseudo-Riemannian metric h, define the gradient vector field with
respect to h, grad,V, as

grad,V = f,(dV), (5.1.7)

where f;, : Q1(Q) — X(Q) is the inverse isomorphism of by,.

Then, we will prove a Lemma that will allow us to extend some results we
have already proved for kinetic type Lagrangian functions to the mechanical
type Lagrangian functions with little effort.

Lemma 5.1.11. Let h be a pseudo-Riemannian metric on QQ, V' a potential
energy on Q and L,y a mechanical Lagrangian associated with h and V
defined as in (p.1.6). If Or, ., Wi, and Er, . are the Poincaré-Cartan
1-form, the Poincaré-Cartan 2-form and the Lagrangian energy with respect
to L(n,vy, respectively, then we have that

0L(h,V> =0L,, WL, vy = WLy EL(h,v) =Lp+Vorg.
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Proof. By the definition of the Poincaré-Cartan 1-form we have that

O = S*(dLguyvy) = S*(dLy — dVY).

(h,V)

Note that we used that VvV = V o 7g. By ([2.4.10)) and since the pullback
commutes with the differential one has that

(dV)¥ =d(VY),

for every V € C*°(Q). Then, applying (2.4.21]) we deduce
GL(hy) = S*(dLnvy) = S*(dLp) = 0y,.

Moreover the equality for the Poincaré-Cartan 2-form follows directly from
the above.
As for the Lagrangian energy just observe that

A(Vv) = 0, and A(Lh) = 2Lh,
where A is the Liouville vector field on T'Q). Then it is clear that

EL(h,V) == A(L(hy)) — L(h,V) == Lh + Vo TQ.

Now we will prove a result which is analogous to Theorem [5.1.7

Theorem 5.1.12. Given L, vy a mechanical Lagrangian on T'Q) associated
with a pseudo-Riemannian metric h and a potential energy V', defined as in
and a distribution D, the nonholonomic system (L vy, D) is reqular
if and only if the distribution D is non-degenerate, in the sense of Theorem

B-L7

Proof. Note that Theorem [5.1.7] is a consequence of the Lemma preceding
it, which in turn is a consequence of the first relation in , which by
Lemma remains unchanged for mechanical type Lagrangian functions.
Therefore, the proof of Theorem extends to this case. O

Now we prove a result analogous to Theorem [5.1.8] In fact, we charac-
terize the trajectories of I'y, ) p) as the solution of an equation involving

the nonholonomic connection V™.
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Theorem 5.1.13. Let Ly, vy be a mechanical Lagrangian on TQ associ-
ated with a pseudo-Riemannian metric h and a potential energy V defined
as in (5.1.6). If D is a non-degenerate distribution then the trajectories of

U(zg,vyp) are solutions of
szév = —P(grad,V oc,), ¢(t) € De,), (5.1.8)

where V™ is the nonholonomic connection associated to h and P : TQ — D
15 the orthogonal projection onto D.

Remark 5.1.14. We remark that, in the absence of constraints (where D =
TQ), then the vector field Ly rq) 18 exactly Lroyyie. the Lagrangian
vector field associated to the Lagrangian L, vy. Moreover, a curvec, : I — @
is a trajectory of I'y, . if and only if it satisfies

fovév = —grad,V o c,,
where V" is the Levi-Civita connection associated to h (see Theorem [3.2.2)).

Proof. We may follow the proof of Theorem 5.1.8 making the appropriate
changes. The first change is to substitute Lj, by Ep, ,, on the geometric
equation. Then, following the same arguments we will eventually get

Lty (1) 01 (X)) = B(VEX 1) — XC(u)(V °7q),
which by the definition of the complete lift (see ) is equivalent to
L (10,2 (1) 0 (X)) = B(VEX, 1) — dV (X) (7 (u)).

Then, evaluating the last equation over the curve ¢,, noting that I' , ., p) (¢y)

is just ¢, and using , we deduce
& (H)?)) = h(VE X, ¢é,) — h(grad,V o, X 0 c,).
As in the proof of Theorem [5.1.8] the last expression reduces to
h(X oc,, V! é, +grad,Voc,) =0
and since X is an arbitrary section of D we deduce that
P(V! ¢, +grad,V oc,) =0,

which finishes the proof. ]
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5.2 Trajectories of kinetic nonholonomic sys-
tems

In this section, we will study the radial trajectories of a kinetic nonholonomic
system starting from a fixed point. We will show that we may find a fam-
ily of Riemannian metrics on the image submanifold of the nonholonomic
exponential map, for which the radial nonholonomic trajectories are exactly
the Riemannian geodesics. We will rely on special properties we find in the
nonholonomic exponential map associated to a kinetic Lagrangian.

Suppose that we are given a Riemannian manifold (@, g), a distribution
D and consider the associated nonholonomic connection V™. Let ¢, denote
a geodesic with respect to the nonholonomic connection and initial velocity
v € D. We will sometimes call it a nonholonomic geodesic, for simplicity.

In the following lemma, we summarize some simple useful properties of non-
holonomic geodesics.

Lemma 5.2.1. Let ¢, : I — @ be a nonholonomic geodesic with initial
velocity v € Dy, i.e.

co(to) =q and ¢é,(ty) =v

1. We have that
el = llvll, fortel. (5.2.1)

2. If v =0 then c,(t) = q, for every t € I.
3. If v # 0 then a reparametrization of c,,
cyoh:J—Q, s+ c,(h(s))
18 a nonholonomic geodesic if and only if

h(s) =as+b, with a,be R.

Proof. Using (5.1.3)) and the fact that ¢,(t) € Deq), for every t € 1, it follows
that

%(Q(Cv(t))(év(t),év(t))) = 29(co()) (Vi Go(t), éu(1)) = 0.

Thus, we deduce that

leo(®)F = lle.O))] = [loll,  for ¢ e I.
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This proves 1. 2 follows from 1.
On the other hand, if v # 0 then for the reparametrization c,oh : J — @,
we have that

Vb oh) = Vii dc,,hd’%d o h)

yds \ dt
2 .
(% ) Vit o (G 0 1) + G5 (G 0 ).

Now, from , we obtain that

dce,
( = © h)(s) #0, Vs.

(dC“ o h) =0, we conclude that

£ (cyoh) ds (

Therefore, since V"ﬁ’% oh)
dt

2
ds?
with a,b € R. O

d
v —(cyoh)=0%&

4 (cyoh) I =0< h(s) =as+Db,

The tangent lift of the nonholonomic geodesics of a kinetic nonholonomic
system (@, g, D) are the integral curves of the vector field I'¢z, p) € X(D),
which is a second order differential equation along the points of D considered
as a vector subbundle of T'Q (see Section [3.6.2)).

r
Denote by ¢, 9P D — D the flow of Iz, p) and for h a sufficiently
small positive number, we consider the open subset of D given by

M, "™ = {v €D | ¢, (v) is defined for ¢ € [0, h]}.

Using the last part of Lemma [5.2.1] we can assume, without the loss of

r
generality, that h = 1. Then, we will denote the open subset M, FaP) of D
by M eP)

From the flow of I'(z, p), we can define the nonholonomic exponential
map

exp’ “a?) : MTEe?) CD = Q x Q
r
v (mq(v), 7o 0 6" (v))

(see Section [£.3). We remark that if ¢, : [0,1] — @ is the nonholonomic
geodesic with ¢,(0) = v then

exp' 0P (v) = (mq(v), cu(1)) = (c(0), e(1)).
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We will use in the sequel the restriction of this map to the open subset
r
M, EaP) — Mg D, of D, with ¢ € @ fixed, that is, we define

r
expgh = pry o exp e P) M, 0" D, — Q

r
M, (Lg,D)

So, if v, € D, and ¢, : [0,1] — Q is the nonholonomic geodesic with initial
velocity v, then
exp)”(vg) = ¢y, (1).

The reader can compare this definition of exp™ with the definition of the

Riemannian exponential at ¢ (see equation ([2.1.7)) in Section [2.1.2)).
In fact, the nonholonomic exponential map conserves many of the prop-

erties we may find in Riemannian exponential maps. Thus,
exp™(0,) = . (5.2.2)
The second result we are going to prove is the rescaling lemma.

Lemma 5.2.2. Let ¢,, : [0,1] = @ denote the nonholonomic geodesic with

r
initial velocity v, € My "™ . Then we have that
Co, (1) = expl®(tvy), fort € [0,1].

Proof. 1f t = 0 the result is obvious.
Suppose that ¢ # 0. Then, we can consider the curve

5 = q(s) = cy,(s).

Using the last part of Lemma [5.2.1, we deduce that the previous curve is a
nonholonomic geodesic. Moreover, its initial velocity is tvj,.
Thus,
Cro, (8) = Cy, (t5).
As a consequence of this and by the definition of exponential map, it follows
that
expgh(tvq) = Cpy, (1) = cy, (t).
O

Using the previous results, we may give an alternative simpler proof of
the fact that the tangent map of the exponential map at 0, is an isomorphism
onto its image (for the general case see Section .
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Proposition 5.2.3. If ¢ € ) then, under the canonical linear identification
r
between Ty, M, TP ond D,, the linear map

h . Lrgm)
To,expy " To,Mq " =~ Dy — TyQ

is just the canonical inclusion of Dy in T,Q). So, there exists a star-shaped
open subset Uy of Dy around 0, € Uy such that the nonholonomic exponential
map eXth Uy — Q 1s an embedding.

Proof. Observe that for v, € D,,

n d .
(To,expi™)(vy) = pr 1t:Oequh(tvq)
d
= Sl (1) =1,

using Lemma . Therefore, Toqexpgh : Dy — T,Q is just the canonical
inclusion.

Thus, there exists a star-shaped open subset U, of D, around 0, € Uy,
such that expgh Uy — Q is a diffeomorphism over its image. ]

5.2.1 The geodesic character of radial trajectories

The goal of this section is to prove the following theorem:

Theorem 5.2.4. Let (Q,g,D) be a kinetic nonholonomic system and q a
fixed point in Q). Then:

i) There exists a submanifold ./\/lgh of Q, with ¢ € M™, and a diffeo-

q 7
morphism expgh Uy C Dy — M;‘h C @, where Uy is a star-shaped

open subset of D, around 0, € Uy and expgh(()q) = q. expgh is the
nonholonomic exponential map at q. Moreover, we have that:

(a) Under the canonical linear identification between Dy and Ty, Uy,
the linear monomorphism

Ty, exp;‘h :To, Uy = Dy — T,Q
is just the canonical inclusion of D, in T,Q).
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(b) For every v, € Uy,
expi” (tvg) = ¢, (), t €[0,1],

with ¢y, : [0,1] = M2" C Q the (unique) nonholonomic trajectory
satisfying c,,(0) = q, ¢,,(0) = v,.

it) All the radial kinetic nonholonomic trajectories from the fized point
q € Q are a homothetic reparametrization of nonholonomic trajecto-
ries as in (b). In addition, they are minimizing geodesics for a Rie-
mannian metric g(’]‘h on /\/lgh if and if only if the Riemannian metric
Go = (expp™)*(ga") on Uy satisfies the Gauss condition, that is,

Go(vg)(vg, wq) = Go(0g)(vg, wy),  for vy € Uy and w, € D,

iii) Such Riemannian metrics on ./\/lgh always exist and if g;‘h is one of
them then the Riemannian exponential associated with ggh at q is just
expgh.

In order to prove it, we will need to make a small digression through
Riemannian structures on vector spaces. In particular, we will present a
motivation for using the terminology “Gauss condition”.

Let g be a Riemannian metric on a manifold () and ¢ a point in (). Denote
by exp? : T,QQ — () the Riemannian exponential at the point g. As we know
(see Section and also [Car92; |O’N83),

expd(vg) = ¢y, (1), (5.2.3)

for v, € T,Q, where ¢, : [0,1] — @ is the unique geodesic in @ with initial
velocity vg, that is, ¢, (0) = ¢ and ¢,,(0) = v,. Note that exp?(0,) = q.
Moreover, there exist open subsets U C T,() and U C @, with U starshaped
about 0, € Y and g € U, such that

exp] U = U
is a diffeomorphism and
eng(tvq) = Cy, (1), To,expd = idr,q : ToU ~ T,Q — T,Q. (5.2.4)

In fact, the curve ¢ € [0,1] = ¢, () € @ is a minimizing geodesic from ¢ to
Cy,(1). Then the Gauss’ lemma (see equation (2.1.8)) on Section implies
that

9(exp(v)) (T, exDf)(0,)Y,, (Toyexpf) (0)Y,) = 9(0) (0w, (5.2.5)

166



for v, € U and w, € T,Q, where (v,)y , (wy)y, € T,,(T,Q) are the vertical

lifts to 7'Q) at v, of v, and w,, respectively, qgiven by (2.4.5). So, under
the linear identification y : T,Q — T, (1,Q) between T,Q and T, (T,Q),

equation (5.2.5) gives ’
(XD () (Toyexp (1), Top@xpi(1) = 9(a) (v 10,). (5.2.6)

Thus, if we consider the Riemannian metric Gy on U defined by

Go = (epo)*(g)

then we deduce that

Go(vg) (Vg wg) = Go(0g) (vg; Wy)-

The previous fact motivates the definition below. Given a vector space F
equipped with a Riemannian metric G, if v € E then, as above, we will
identify the tangent space T, F with F.

Definition 5.2.5. We say that the Riemannian manifold (E, G) satisfies the
Gauss condition if

G(v)(v,w) = G(0)(v,w), Yo,we E .

The previous definition may also be applied to an open subset U of E which
contains the zero vector of E, that is, a Riemannian metric G on U satisfies
the Gauss condition if

G(v)(v,w) = G(0)(v, w), Vo el and w € E. (5.2.7)

Let G be a Riemannian metric on E, {e;};—1. ., a basis of E, (z',... 2")

,,,,, » and U an open

subset of E, with 0 € U. Denote by G;;, with 7, j € {1,...,n}, the compo-
nents of G with respect to the global coordinates (z!, ..., z"), that is,

gijiE%R,UEE-)gij(’U):g(U>(a 0 >ER

ox’ |'u7 oxJ |v

Then, from (5.2.7)), it follows that G satisfies the Gauss condition on U if and
only if

' (v)(Gij(v) — Gi;(0)) =0, for je€{l,...,n} and v € U.
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Remark 5.2.6. If G is the flat metric on £ induced by a scalar product on E
then it is clear that G satisfies the Gauss condition (in fact, G;;(v) = G;;(0),
for every v € E). More generally, let G be an arbitrary Riemannian metric
on E and expg : ToFF — F the Riemannian exponential at 0. As we know,
there exist open subsets Y C ToE and U C E, such that 0 e Y N U and

expg:U—>U

is a diffeomorphism. Then, proceeding as in the previous discussion to Defi-
nition 5.2.5) we deduce that the Riemannian metric on U given by

G = ((exp)u) @)

satisfies the Gauss condition.

Now, let G be a Riemannian metric on a vector space E and expg :
U C1TyE ~ FE — U C FE the Riemannian exponential map at the zero
vector 0 € E (where we have used the canonical identification between Ty F
and F). Then, we denote by r§ : U C E — R the standard Riemannian
radial function at 0 for the Riemannian manifold (£, G), that is, (see [Car92;
O’N83|),

75 (v) = [l(expg) ' () llg), forv e U.

Moreover, using that the Riemannian manifold is a vector space, we can also
define the radial distance function r9 : E — R given by

r9(v) = vl = VG(v)(v,v) -

In general, we have that r§ # (r9);. However, if (F,G) satisfies the Gauss
condition in U, we will see that expg :U C E — FE is the canonical inclusion
of U in E (see Theorem below) and, thus, 7§ = (r9)y.

First, we will prove the following result:

Lemma 5.2.7. The radial distance functionr9 : E — R is smooth on E\{0}.
Moreover, if (E,G) satisfies the Gauss condition, then the gradient vector

eld grad rg) of 19 on E \ {0} is given b
fild gradgr|  of r¥ on '\ {0} is given by

v

, forve E\{0}

and, in addition, it is unitary relative to the metric G, that is,

ngadgrg(v)Hg(v) =1, forve E\{0}.
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Proof. The first part of the lemma is obvious. On the other hand, using the
definition of the gradient vector field and the Gauss condition, we have that,
forve E\ {0} and u € E,

G(v)(gradgr?(v),u) = (drf(v),u) = (drf(v),
d

:O(U + tu))

\/(Q(O)(v + tu, v + tu)

r9(v + tu) =

- dt\ V””UHQW%G 0)(u,0) + 22 [[ul 2,
G(0)(v, )

[vllg(
v
= 6 (i)
[vllg0)
This implies that,
g v
gradgr?(v) = ———
’ [vllg0)

Now, using again the Gauss condition, it follows that
v v G0)(v,v

g () S0k,
[llgo) " lvllgw / (lvllgw)

which concludes the proof of the result. ]

Another fact which is relevant for our purposes is the following.

Lemma 5.2.8. If (E, G) satisfies the Gauss condition then the integral curves
of the vector field U = gradgrY are geodesic.

Proof. This follows using that U is unitary and the gradient vector field of a
real C*-function on F \ {0}.

In fact, if V is the Levi-Civita connection of G and X € X(E \ {0}) then,
since V is metric and torsion free, we have that

G(VuU,X) =U(G(U,X)=G(U,VuX) = U(X(r)=G(U, [U, X))+G(U, VxU).

On the other hand, using again that V is metric and that U is unitary, we
deduce that
0=X(G(U,U))=2G(U,VxU).
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Thus, we obtain that

G(VoU,X) = UX(r9)) - [U, X](r9)

= U(X(9) - UG + XU =0, Y

where the last equality follows using that
U(r9) =dr9(U) = G(U,U) = 1.

Finally, relation ([5.2.8]) implies that VU = 0 and, therefore, the integral
curves of U are geodesic. O

Now, let us characterize the Riemannian metrics on vector spaces satisfy-
ing the Gauss condition on U as those for which the exponential map is just
the inclusion or, equivalently, those for which the geodesics through zero are
straight lines.

Theorem 5.2.9. If G is a Riemannian metric on a vector space E and
expl U CTHYE~FE — E,

15 the exponential map at the zero vector then the following conditions are
equivalent:

i) The map expg U C FE — FE is the canonical inclusion of U in E.
ii) For each u € U, the line
te0,1] »tuecld

starting at the zero vector is a minimizing geodesic for (E,G) with
initial velocity u.

iii) (E,Q) satisfies the Gauss condition in U.
Proof.  As we know,
exp§ (tu) = ¢, (t), fort € [0,1]

where ¢, : [0,1] — E is the minimizing geodesic with initial velocity u € U.
[i) < i1)] If exp{ : U — E is the inclusion of U in E then ¢, (t) = tu which
proves i) = ii).
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Conversely, if i7) holds then it is clear that
exp§ (tu) = tu, foru €U,

and, thus, expg :U C F — FE is the canonical inclusion of ¢/ in E.
[i) = iii)] If u € U and v € F then, using the Gauss’ Lemma and i), we
have that

G(u)(u,v) = Glexpg (u))(Tuexpg (u), Tuexpg (v))
= G(0)(u,v).

So, (F,G) satisfies the Gauss condition in U.
liii) = )] Let 79 : E — R be the radial distance function and U =
gradgrY. From Lemma [5.2.7, we have that U(u) = —“—, for u € E \ {0}.

— lullgo

This implies that the line [« : (0,00) — E \ {0} given by

llulig (o)

u

[ w (1) =t
Tullg (o) ( ||u||g(o)

is an integral curve of U. Then, using Lemma [5.2.8] l” b is a geodesic.
ullg(o)
Thus, the homothetic reparametrization of [ . defined by

“lig(0)

=l ([lullgot) = tu

Tllg (o)

is also a geodesic. It is clear that the curve defined above is continuously
extendible to ¢ = 0. So, from Lemma 8 of Chapter 5 in |[O’N83], it is also
extendible as a geodesic. Moreover, its initial velocity is u. Thus

exp§ (tu) = tu, for t € [0,1].
This proves ). O

We will prove each one of the items in Theorem [5.2.4

Proof of Theorem [5.2.4. i) Take in Proposition m
/\/lf;h = expgh (Up)-
Then, using (5.2.2), Lemma and Proposition [5.2.3] we deduce the first

part of the theorem.
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it) Let t — ¢, (t) be a radial kinetic nonholonomic trajectory departing
from ¢, that is, ¢,, is a nonholonomic trajectory and

Cuy(0) = q, ¢4,(0) = ug € Dy

Then, using that U, is an open subset of D, and 0, € Uy, there exists v, € Uy
and a real number A > 0 such that v, = %. Also, by item ) of this Theorem,

the radial kinetic nonholonomic trajectory
Co, 2 [0,1] = Q, ¢, (t) = expgh(tvq)
is contained in ./\/lgh. As

. u, Gy, (0)
Co,(0) = vg = Xq = un’
from Lemma [5.2.1], ¢,, is just the homothetic reparametrization of c,, given

by
Cug(t) = €y, (AL), for 0 <t <

> =

This proves the first part of i) in the theorem.
Now, suppose that g/" is a Riemannian metric on M?" and that Gy is

the Riemannian metric on Uy given by Gy = (exp)™)*(g2"). From Theorem
5.2.9} it follows that the lines through 0,, which are of the form

t €10,1] — tv,, for v, € Uy,

are minimizing geodesics in the Riemannian manifold (U, Gy) if and only if
Gy satisfies the Gauss condition.

On the other hand, from the definition of Gy, we have that expgh :
(Un, Go) — (M2, gi") is an isometry and, from Lemma , the image
by expgh of the lines through 0, are just the radial kinetic nonholonomic
trajectories departing from ¢. Thus, we conclude that these trajectories are
minimizing geodesics in (M, gi) if and only if G, satisfies the Gauss con-
dition in Uj.

i11) As we know, there exist Riemannian metrics on U, which satisfy the
Gauss condition (see Remark @ . So, if Gy is one of them and we define

the Riemannian metric ggh on My" to be given by

9" = ((expg™) ™)™ (Go),
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it is clear that, using item #7) in this theorem, the radial kinetic nonholonomic
trajectories departing from ¢ are minimizing geodesics in the Riemannian
manifold (M7", gi"). This proves the first part of item iii).

Now, under the canonical linear identification between Tq/\/lgh and D,
induced by the linear isomorphism

Tp,expl’ : Dy — T,M,

nh
let expy? - Ty M ~ Dy — M7 be the Riemannian exponential associated
with g(’;h at the point ¢. We may assume, without loss of generality, that

9" nh
expg’ Uy € Dy — M;

is a diffeomorphism. Moreover, if v, € Uy then, since the radial kinetic
nonholonomic trajectory ¢,, : [0,1] — /\/lgh is a minimizing geodesic in the
Riemannian manifold (M}", g#*) with initial velocity v,, we deduce that

nh

expy’ (tvg) = ¢y, (t) = exp™(tv,), fort € [0,1].

gnh
So, expy’ = expgh. ]

Remark 5.2.10. Suppose that the distribution D C T'Q) is integrable and
that M, is the leaf of D that passes through ¢ € Q). Then, it is well-known
that the restriction to M, of the nonholonomic vector field I'(z, p) is tangent
to M,.

Moreover, by Proposition 6.5 in [Lew98|, we have that

(VEY )i, = Vil Yin, VXY € T(D),

where iy, : M, < @Q is the canonical inclusion and V'™ is the Levi-Civita
connection associated with the Riemannian metric ¢}, g on M,.

Therefore, a nonholonomic trajectory cﬁf . I — (@ satisfying

Cnh(o) =dq, énh(o) =y € Dy =T1T;M,

Vg Vg

is contained in M, that is, cﬁf([ ) € M, and it is a geodesic with respect to
the Riemannian metric i, 9- Hence, the nonholonomic exponential map at
q satisfies

exp™ = expg™’ 1 Uy € D, = T,M, — U C M,,
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where Uy is a starshaped open subset of D, about 0, € Uy, U is an open
subset in M, with ¢ € U, and exp?M 7 is the Riemannian exponential map
at ¢ associated with the Riemannian metric 4}, g. Therefore, we have that
./\/lgh is an open subset of M, and i, 9 belongs to the family of Riemannian

metrics ggh defined in i7) of Theorem since it satisfies Gauss Lemma
and, thus,

sk

n k 3k ? g k ok
Go = (expp™)*ing, g = (expg " )iy, 9

must satisfy the Gauss condition.

We illustrate the statement of Theorem [5.2.4| with some examples. First
of all, we will see that if i, : ./\/lgh — ( is the canonical inclusion then the
Riemannian metric

Go = (expi™)*(itg)

on Uy € D, does not satisty, in general, Gauss condition.

Example 5.2.11. Consider the nonholonomic particle in ) = R3, that is,
g is the standard flat Riemannian metric on R?® and D is the constraint
distribution determined by

D={(x,y,2,2,9,2) € TQ | 2 =yi}.

Here, (x,y,2) and (z,y, z,4,7, %) are the standard coordinates on R? and
TR3, respectively.
For simplicity we will fix ¢ = 0 = (0,0,0). It is clear that

IDO:<U:2

0
ox "V

= —| >.
0 dy

0

Denote by (u,v) the linear coordinates on Dy induced by the previous basis.

The nonholonomic exponential map exp?” : Dy — @ is known to be given
by (see (4.3.2) and (4.3.3))

expgh(u, U) = (Q—L arcsinh(v), v, E(\/U2 1 1))
v

[

if v # 0 and
expp™(u,0) = (u,0,0), ifv=0.

174



The tangent map of expi® at U = U + V € Dy is represented in coordinates
by the matrix

arcsinh(1) ‘/75 — arcsinh(1)
T(Ll)engh = 0 1 y
V2 -1 1—¥2

2

where U is represented in coordinates by (1, 1). Therefore, we have that

V3
nh (77 2
Taexpy (U) = | 1
V2
2
arcsinh(1)
Tayexpg"(U) = 0

V2 -1

and so
nh (717 nh \/§ .
9 (Tayexpy™(U), Tayexpy™(U)) = T(arcsmh(l) +v2—1) ~0.9161

But, g(U,U) = 1, thus, the Riemannian metric Gy = (expg”)*(i%g) on Dy
does not satisfy Gauss condition. A

Next, for a fixed point ¢ € @), we will give examples of Riemannian met-
rics Gy satisfying Gauss condition on D, and we will obtain the corresponding
metrics

9" = ((expy") ™) (Go)
on /\/lgh )
Example 5.2.12. Consider again the nonholonomic particle in @ = R3 and

fix the point ¢ = 0 € R3.
Let Gy be the standard flat metric in Dy ~ R? so that

10
(@t = (g 7).
It is clear that G, satisfies the Gauss condition in Dj.
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Denote by (%) the coordinates on Mg" induced by the coordinates (u, v)
on Dy and by the nonholonomic exponential map exp?”. Since

Go = du ® du + dv ® dv,

and

e o) = ()

arcsinh(y)’

we have that
gt = Bdx @ do + Fdx @ dy + Fdy ® do + Gdy ® dy,
with

e zy(arcsinh(y)y/y2 + 1 —v)
F=—"- 5 , F = —
arcsinh”(y) Vy? + larcsinh®(y)

—2arcsinh(y)\/y? + 1z%y + arcsinh?(y)(y? + 1)a? + 22y?
arcsinh?(y)(y2 + 1)

G = + 1.

A

Example 5.2.13. For the same nonholonomic system, one could choose
other Riemannian metric satisfying the Gauss condition. Consider the Rie-
mannian metric on Dy given by

Go = (1 —v¥)du ® du + uvdu ® dv + uvdv @ du + (1 — u*)dv @ dv.

Note that, this tensor is degenerate on the unitary circle around the origin of
Dy (where the radius is measured with respect to the euclidean metric). To
overcome this technicality, we will restrict ourselves to the open ball with unit
radius on which the metric Gy is non-degenerate. This example illustrates
that Theorem [5.2.4] could in principle be extended to convex subsets of vector
spaces.

The Chrystoffel symbols with respect to this metric are

e _ 2uv? v o (2u? — 1)v . _ 2(u® — u)
242 —17 ™ w2402 -1 % w2402 -1
o 200 —w) o (2uw? —u) . 2uPv
w22 =1 W 22— 10 W 242 — 1
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Consider now the lines c(yy,,) : [0,1] = Dy contained in the unitary open
ball in Dy departing from 0, with the coordinate expression

Cluo,w) (t) = (uot, vot).

It is easy to check that the curves c(y,.,) satisfy the geodesic equations and
therefore the lines through the origin are in fact geodesics. At the same time,
it is clear that the exponential map is the identity and we can check that the
Riemannian metric G, satisfies the Gauss condition: let X,Y € D, with the
local expression (X", XV) and (Y, Y"V), respectively.

Then

Go(X)(X,Y) =(1 — (XV)HX“Y" + X"XV(X"YY + XVY")
+ (1 . (Xu)2)Xva
=X"Y" 4+ XYYV = Go(0)(X,Y).

A

Example 5.2.14. Consider the example of the vertical rolling disk with
Q = R? x S! x S!, parametrized by the coordinates (z,y, 0, ¢). This system
is described by the Lagrangian function L : T'(Q) — R given by

: 1 1 5 1
L,y 0,0.8,9, ¢, 0) = oml(@* +9°) + 510° + 5%,

and subjected to the constraint distribution D C T() determined by the
equations . .
= Rcosp 0, y=Rsiny 0,

where R is the radius of the disk, m is the mass of the disk and I, J are
moments of inertia about an axis perpendicular to the plane of the disk and
contained in the plane of the disk, respectively.

For simplicity, we will assume from now on that both the mass and the
radius are unitary m = R = 1. Inspired by an example in [BFM09], we will
consider a modified Lagrangian function L™°¢ : T(Q) — R given by

1/ )
Jmod _ 5 (292+¢2+y2+¢2) — 0 (tcosp +ysing).

The trajectories of the Euler-Lagrange equations for L™°? with initial velocity

in the distribution D are exactly the nonholonomic trajectories for (L, D).
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Indeed, the vector field I';mo.a restricted to points of D is

. 0 . 0 o, 0
F mod - 0 - 9 ] - 0_ H—ro
() D “B 0w * Sm(p@y + 00 * (pé?go

... 0 - 0
—0¢sin p— + +0¢p cos p—
oz dy
and it is tangent to D since
T pmod (& — O cos @) = 0, T fmod (1) — sinp) = 0
which imply that the trajectories on D remains on D and satisfy
izécosgo, g):ésingp, =0, » =0,

that is, they coincide precisely with the nonholonomic equations.

Consider now trajectories departing from the point ¢ with coordinates
(0,0,0,0). We will show that the metric ¢g™°¢ associated to the kinetic La-
grangian L™ is related to a metric on D, satisfying the Gauss condition.

Indeed, the Lagrangian L™ is of the type

1
Lm0d<v) — égmod<v7 U),

where
1 0 —cose 0
0 1 —sinep 0
mody = _
(9™ —cosp —sing 2 0
0 0 0 1

Hence, the trajectories of the Euler-Lagrange equations for L™°? are just the
geodesics with respect to ¢™°?. Denote by expgwd : T,Q) — @ the exponential
map at ¢ associated to ¢g"™°? and by i, : D, < T,Q the inclusion map. The
fact that nonholonomic trajectories of (L, D) coincide with geodesics of g™*?
starting at D may be translated into the equation

mod . nh
equ Oy = equ s

where expgh : Dy, — @ is the nonholonomic exponential map. Define now
the Riemannian metric on D, as

go — (eXth)*ngd.
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The nonholonomic exponential map may be computed to be

u u
expgh(u,v) = (; sinw, ;(1 — cosv), u, v)

if v # 0 and
exp;‘h(u, 0) = (u,0,u,0), ifv=0.

Hence, we obtain

Go = Fdu ® du + Fdu ® dv + Fdv ® du + Gdv ® dv,

with
2 (v? —wsin(v) — cos(v) + 1) u (v* — 2 cos(v) — 2usin(v) + 2)
b= 2 , F=- 3
v v
u?v? — 2uv sin(v) — 2u? cos(v) + 2u? + v*
G = " ,
if v # 0 and

2

Qozdu®du+(uz+1) dv®dv, ifv=0.

This metric is easily seen to satisfy the Gauss condition and moreover,
the nonholonomic metric ggh turns out to be simply the pullback of ¢™°? to
the submanifold ./\/lf;h! YA\

5.3 Trajectories of mechanical nonholonomic
systems

In this section, we will state a nonholonomic version of the Maupertuis-
Jacobi principle (check Theorem for the classical unconstrained prin-
ciple). Then, using Theorem , we will immediately deduce that radial
nonholonomic mechanical trajectories with fixed energy e € R are, for suffi-
ciently small times, strictly increasing reparametrizations of minimizing Rie-
mannian geodesics on a suitable Riemannian manifold. For the moment,
we will restrict ourselves to the necessary results to achieve our immediate
purposes. Later, on Chapter |§| (see Section [6.3)), we will resume the discus-
sion about mechanical nonholonomic systems, when studying nonholonomic

Jacobi fields.
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Let g be a Riemannian metric on the n-dimensional manifold @), V' : Q) —
R the potential energy (with V' smooth) and let D be a rank r distribution on
Q. Let Ly : TQ — R be the mechanical Lagrangian function associated
with the Riemannian metric g and potential energy V', that is,

1
Lgvy(v) = 59(0,0) —Vorgv), veTQ.

The triple (@, Lg,v), D) is called a nonholonomic mechanical system and, as
it is well-known, it is automatically a regular nonholonomic system. Thus
the solutions of the nonholonomic system are the integral curves of the non-
holonomic vector field I' ¢y, , ., p) € X(D) defined by equations (3.6.6)). Hence,
given v, € D, denote by ¢,, : I — @Q the corresponding unique trajectory
with initial conditions

v, (0) =¢q, ¢,(0) = v,

The energy of the system (Q, L(yv), D) is given by the function Epg,y
T() — R defined by

1
B, (v) = 59(%0) +Vorgv), veTq.

Recall that the energy is a first integral of the vector field I'z, |, p), which
implies that the energy is constant along the trajectories ¢,,, i.e.,

EL(g,V)(éUq (t)) =e, Vte [7

where e € R is some real number. Note that, e > V (¢, (1)), for every ¢ € I.
Fixing a real number e € R, it is possible to classify the mechanical
trajectories into two different types:

(i) Singular trajectories: the energy of the trajectory c,, satisfies e = V(q),
which automatically implies that the initial velocity is zero vy, = 0.

(ii) Regular trajectories: the energy of the trajectory c,, satisfies e > V(q)
and the velocity of the trajectory may be written as

léw, ()]1> = 2(e = V(cy, (1)), VEe L

So, there exists a real number £ > 0 such that the curve ¢,, : (—¢,¢) —
Q@ is a regular trajectory.
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Now, if for a fixed e € R, the curve ¢,, is a regular trajectory, that, is
e > V(q), then it is clear that the initial velocity is in the sphere centred at
the zero vector 0, and with radius y/2(e — V'(¢)), which we will denote by

vy € 5, ( 2(e — V(q))) ,

where the subscript ¢ indicates that the norm is measured relative to the
Riemannian metric g.

Remark 5.3.1. The set {¢ € Q | e > V(q)} is usually called the Hill region
and the set {¢ € Q | e = V(q)} is called the Hill boundary or also sometimes
called the zero velocity surface.

Now, take e € R such that the set
Ue={q€@Qle>V(g)}

is a non-empty subset of Q). In fact, U, is an open subset of () and if it is
non-empty, it inherits the smooth manifold structure of ). We can consider
on it the Jacobi metric

ge=(e=V)g (5.3.1)
and the kinetic nonholonomic system (Ue, g., D.), where the distribution D,
is nothing but the fibers of D at the points in U.. In other words, D, =
(tp) "1 (U.), where 7p : D — Q is the bundle projection.

Given a vector v, € D., we will denote by cﬁq : I — U, the nonholonomic

trajectory of (Ue, ge, D), with initial velocity v, that is

Vi, =0, &.(0) =1, €Dy ) (5.32)
where VY := P(V%Y) + V% [P(Y)], X,Y € T'(D,). Observe that since
ge and g are in the same conformal class of metrics the orthogonal projectors
P and P’ are the same for both metrics.

Therefore, there exists a SODE I';, p,) € X(D.) whose integral curves
with Initial velocity v, are precisely the tangent lift of the trajectories ¢f, :
I —U..

Moreover, the energy of this system is simply given by the Lagrangian
itself, that is, Fr, : TU. — R coincides with the Lagrangian function L, :
TU., — R given by

1
Lge (u) = 596(““7 u), u E TUe
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Thus, Ly, |p, is a first integral of 'z, p,).
Moreover, it is not difficult to prove that if the trajectory ¢; has energy
equal to 1, then the initial velocity v, satisfies

2
’qusg< 6_—W>,

using the same notation as before.
Now, let us introduce two projections and a suitable diffeomorphism be-
tween the two spheres mentioned above.

Let P, : T,Q \ {0,} — S, <\/2(e - V(q))) be the projection given by

Py(vg) = /2(e = V(q))

[[glg

and Q, : T,Q \ {0,} — 5, ( ﬁ@)) be the projection given by

2 Vg

e =V(a) llvglly

Consider the map ¥, : S, <\/W) — S (, /%) that makes

the diagram below commute. Observe that ¥, is a diffeomorphism with

Qqy(vy) =

T,Q \ {04}
Pq Qq
/ . \
! » S

S, (\/2(6 — V(q))) 9 ( 67‘%(q)>

Figure 5.1: Definition of the diffeomorphism W, between spheres.

explicit expression
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5.3.1 Nonholonomic Maupertuis-Jacobi principle

Now, we present the nonholonomic version of Maupertuis-Jacobi principle
below relating nonholonomic mechanical trajectories with nonholonomic tra-
jectories of the kinetic nonholonomic problem associated with the Jacobi
metric.

Theorem 5.3.2 (Nonholonomic Maupertuis-Jacobi theorem). Let (Q, L4,v), D)
be a mechanical nonholonomic system, q € Q) a fizxed point of the manifold
and let e € R such that e > V(q). For a non-zero v, € T,U,. denote by

CPy(vg) - J —> Ue and cg v, : I —> U with 0 € I,J

the nonholonomic trajectories for the systems (U, L(gv)| 0., De) and (Ue, Ly, , D)
with initial velocities Py(v,) and Qq(v,), respectively. Then, we have that

CPq(”q)(S) = CQq(”q)(h(S))a
where h . J — I is a strictly increasing reparametrization satisfying

dh
ds
This theorem will be proven in an intrinsic geometric setting called the
contact bundle formulation of the nonholonomic Maupertuis-Jacobi princi-
ple. This section is precisely devoted to develop this formalism and proving
the above results. Indeed, we develop the machinery we need to prove the
nonholonomic Maupertuis-Jacobi Theorem [5.3.2 In order to do that, we
must first discuss the symplectic bundle formulation of nonholonomic me-
chanical systems.
For the rest of the section, let (Q, L(4,vy, D) be a mechanical nonholonomic
system with rank D = k and let I', , ., p) be the corresponding nonholonomic
vector field.

=e—Vocp ), h(0)=0.

The Lagrangian side

We will review the main ingredients of the construction given by |[BS93| (see
also [Cor02; |Cor+09b]). In their paper, they define the set

T’D= |J {XeT,D|(T,7)(X) <D}
v, € Dy
q€Q
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which is a symplectic vector bundle of rank 2k over D, that is,

TPD, w v

( vg L(g,V)( Q> 7;2@)
is a symplectic vector space of dimension 2k, for all v, € Dy, where wr, .,
is the Poincaré-Cartan 2-form associated with the mechanical Lagrangian

Ligv)-
Let £y, be the corresponding Lagrangian energy. Then we have that

dEL(g,V) (UQ)

_— € (T,)D)*, for all v, € D,.

Moreover, we have that the nonholonomic vector field I'( Lig.v),D) is geometri-
cally characterized by the equations

<Z-F(L(g,v)!D>wL(9,V)|D> |TDD - (dEL(g,v>|D> |TDD

(5.3.3)
F(L(g,V)vp) 6 F<TDD) N

As an immediate consequence, we deduce the preservation of energy for the
nonholonomic trajectories:

Lty (B0 lp) = 0. (5.3.4)

The Hamiltonian side

Given a Riemannian metric ¢ and a potential energy function V' on the
manifold (), we may consider the Hamiltonian function H,yy : T%Q — R

given by
1

Higv)(0q) = 5050, 00) + V(a), 0y € T;Q.

where we are denoting by ¢* the co-metric associated to the Riemannian
metric g (see Section [3.3.1).
If Dt is the orthogonal complement of D with respect to the metric g
and
(D)’ = U{O‘q € T,;Q | (ag,vg) =0, Vv, € IDqL}
qeQ

then we have that
FLv) (D) = (D).
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It is clear that (if)|p1)e : (D+)° — D* is an isomorphism of vector bundles
where ip : D < T'Q is the canonical inclusion. From now on, we will use
the previous canonical identification. We have that TFL(, ) = Th, is a
vector bundle isomorphism over FL(, 1) = b,. Hence, if 7 : T*Q — @ is the
cotangent bundle projection, considering the following vector bundle over D*

TP = | {Y €T.D | (T.m)Y) €Dy},
o, € D,
qe@
we have that
Tr,(TPD) = TP D*.
So, the previous discussion and the first equality in (3.3.2]) imply that

(TD*D*’ leTD*D*XTD*D*)

is also a symplectic vector bundle over D*.
As a consequence, there exists a unique section Xp, ., p) € NG
satisfying

(Z.X(H(%V),D)WQ D*) "TD*D* = (dH(g,V) D*) ‘TD*D*' (535)

Note that, X, p) € X(D*). Moreover, since
X(H(g,v)ﬂ_)) o) (bg)|p = (Tbg)lTD’D o) F(L(g,v)ap) (536)
it follows that if o : I — D* is an integral curve of X(Hw,v)"D) then
mgoo: Il —Q

is a trajectory of the nonholonomic mechanical system (Q, Ly, D).

The kinetic nonholonomic system with Jacobi metric

Let Hyyvy : T*Q — R be the Hamiltonian function associated to the me-
chanical nonholonomic system (@, L,,v), P) and consider the corresponding
Hamiltonian vector field Xy, ., p) € X(D*).
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Suppose that e € R is such that U, = {g € @ | e > V(¢)} is non-empty.
Again consider the Jacobi metric g. on U, defined in ([5.3.1) as well as the
distribution D, and its dual distribution

D; = | D; CTU..

qeU.

In the Hamiltonian side of the nonholonomic kinetic system (U,, ge, D.),

we will denote by Xy, p,) € X(D}) the corresponding Hamiltonian vector
field.

As we know
(TDE D; wQ ‘7’Dé‘ DixTPEDy )

is a symplectic vector bundle over D} and also

<iX(ng,De)WQ Dg) |T®$D; = (nge D;) |7’73é‘D;7 (5'3'7)
where Hy, : T*U. — R is the Hamiltonian function in the Hamiltonian side
of the kinetic nonholonomic system (Ue, g., D,). It is important to note that

the Hamiltonian function H,, is defined by

1
Hg, (O‘q) = §g£(&q, aq)7

where g* is the Jacobi co-metric which is given by

1
f— f, 5.3.8

For simplicity, when we have a co-metric g* associated to a Riemannian
metric g, we will denote by [|ayl4, with oy € T7Q, the norm on the fibers of
T*Q induced by ¢, i.e.,

HO‘qHz = gﬁ(aq,aq).

Let us introduce the subset S¥ of D} given by

i = U lag e D} | llayll; = 2(e = V())}-

q€Ue

Then we may prove the following result:
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Theorem 5.3.3 (Contact bundle formulation of the nonholonomic Mauper-
tuis-Jacobi principle). Using the notation we have introduced before, we have
the following:

1. The subset S; satisfies

S: = (Hyv) ;) (1)

-1

Dz) (6) - (ng

and, in addition, if oy € S} then
(dH g (0q)) loep: = (dHy, (0q)) |7z pe 7 0,

so S} is a submanifold of codimension 1 in D}. In fact,

T,,5: ={X € TanZ | <dH(g,V)(O‘q>7X> =0}

aqg™~e

={X ¢ Toqu: | <nge(O‘q)7X> = 0}

and S¥ is a bundle over U, with fiber at ¢ € U, the sphere centred
at 0, € D} and radius \/2(e — V(q)), with respect to the Riemannian

metric g.
2. If C, is defined by
.= U (sinTlin;)
o, € D,
qe U

then C. is a vector bundle over S} which admits a contact bundle struc-
ture and the Reeb section R, is just X(m,, p.)

D -

3. We have that
(e=V)

v.Re = X(u, yy0)ls:-

4. If v, € Dy is a non-zero vector with ¢ € U, and cp,,) = J — Uk,
€,y : I — U are the nonholonomic trajectories of the systems
(Ue, Ligylu., De), (Ue, ge, De) with initial velocities Py(vg) and Qq(vy),
respectively, then

CPy(vg) (8) = CQy(wy) (P(5));
where h . J — I is a strictly increasing reparametrization satisfying
% =e—Vocp,w,), h0)=0.
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Remark 5.3.4. In the above theorem we used some notations introduced in
the previous sections, namely the projections

P D0} = (Eryy) (N,

given by
Yq

[[vglg

and Q, : T,Q \ {0,} — (ELge)_1 (1) N D, given by

2 Uq
Qy(vy) = \/e—iv(q)uvq“g.

Proof. Let us prove each item in the Theorem by order of appearance:

Py(vg) = \/2(e — V(q))

1. We have that

is equivalent to

1
2(e = V(q))
and so, using the definition of the Jacobi co-metric g? in (5.3.8)) we have
that .
5“% 35 =1,

p:) (1),

which proves that oy € (Hgv)|p:) - (e)if and only if g € (Hy,
Now, let A* be the Euler vector field of D* defined by

A*(a) = () = &

V=] (@ tag) e 2D

t=0

Then, if oy € S} we have that

(dHgv)(0q), A" () = llaglly = 2(e = V(g)) > 0

as well as
(dH,, (), A*(ag)) = llagll2, =2 > 0.
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Hence, S} is a submanifold of D} of codimension 1 and

1,,5; ={X €1,,D;

ag™~e

- {X eT,D:

| {dHgv)(ag), X) = 0}
| {dH,g, (0g), X) = 0}
Thus,

T, D =T,,5; ® (A" ().

agMe
Therefore, using that A* is vertical with respect to the projection 7 :
D: — U, it follows that the restriction of 77 to S} is also a bundle
with projection 7}|g: : S — U.. In addition, it is easy to prove that
the fiber of 77|s- at ¢ € U, is just the sphere centred at 0, € D; and
radius \/2(e — V(q)), with respect to the Riemannian metric g.

. If oy € S7 then, from the previous item, we deduce that the set
T2:D;NT,,S:
is a vector subspace of codimension 1 of ’7;73; D;. Therefore,
. * D} 1y*
c.- U (TaqSe NT2 De)
o, € D,
qeUe

is a vector bundle over S} with rank 2r — 1.

Now, we consider the sections (fg). and (wg). of the vector bundles
C: — S* and A* (C) — S7, respectively, given by

(B)e(a) = 500(00)| o,

and

1
(wWo)elag) = 5wa(ag)lcon, (e
for o, € S.

We will see that ((fg)., (wg)) is a contact bundle structure on the
vector bundle C, — S}, that is,

(0g)e A (wo)e™" € T(A*(CY))
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is non-vanishing at every point of S¥. In fact, using that

X(ge,De)(aq) (ng D;) =0

it follows that Xy, p,)(aq) € (Ce)a,. Thus, we deduce that Xy, p,|s: €
I'(C.). In addition,

1

((0Q)elaq), X(g..p0) (@) = 5 (0a(aq), X(g..p) ()

1
= §<aq,TaqTZ (X(gep0) (@),

where we used the definition of the canonical 1-form of the cotangent
bundle and 7 : D — U, is the bundle projection. On the other hand,
from ([5.3.6)), we have that

X(ge,De) o (bge) De = (Tbge)

Now, denote by f,, : Di — D, the inverse map of the flat isomorphism
bg. : De — D7. Then, using that

TPeD, © F(967De) .

Je
To, 7.0 (Thg)|7rop = Ty, (ag)Te>

where 7. : D, — U, is the canonical bundle projection, we deduce that

1
((60)e(q), Xig..p0) (@) = 5 {0, Ty, () ™. (Tige,00) © (@)

But, since I'¢, p,) is a SODE the previous relation reduces to

((Ba)el0), Xig 2 (00)) = 5 (00 By ()
= Syl =1

Moreover, we have that

[iX@evDe)(O‘q)(wQ)e(O‘q)] = dH,, (aq)|(Ce)aq = 0.

(Ce)ag

This implies that ((6g)., (wg)e) is a contact bundle structure on the
vector bundle C. and that X, p,)|s: € ['(Ce) is the Reeb section of
this contact structure, that is,

Z'X(ge,De)ISé( (0g)e = 1, iX(ge7De)|Sg (w@)e = 0.



3. Using that
<X( Sz) (Hglp.) =0

it follows that X Hi,v)D)ls: € ['(Ce). In addition, proceeding as in the
previous item, one may prove that if o, € S then

((BQ)e(20): Xt 20 (00)) = 3 lalls = ¢ = V(a)

and

X (@) Q)00

Therefore,

(e = V(g)

UEX(ngDE) S;j = X(H(gyv),'D) Sé‘ (539)

4. It is easy to prove that the following diagram commutes:

Figure 5.2: Commutative diagram.

Thus, if v, € D, \ {0,} then
bg(Pq(Uq)) = bge<Qq(vq)) =a, €5;. (5.3.10)

Now, we consider the integral curves oo, : J — S; and of, : [ — 5]
(Wlth 0 € 1,J) of the vector fields X(g\/D) s+ and Xy, p,) s* respec-
tively, satisfying the initial conditions
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Then, using Equation (5.3.9) in the previous item , it follows that there
exists a strictly increasing reparametrization h : J — [ such that

dh

Eze—VOWD*oaaq, h(0) =0

and
Oa,(8) = 05, (h(s)), forse€J,
with 7mp« : D* — () the canonical projection. But, recall that, if
vy = 4(c,) then using (5.3.6)), Figure and ([5.3.10)), we deduce that
Tp+ O Oa, = CPy(v,) aNd  Tp= 007 = Co,(u,);
which implies the result.

]

Remark 5.3.5. A coordinate derivation of nonholonomic Maupertuis-
Jacobi principle (see also [Ko0i92|)

Having chosen a system of coordinates (¢°), 1 < i < n = dim(Q then
we induce a system of coordinates (¢, ¢") on TQ. In these coordinates, the
Lagrangian L, vy : TQ) — R is written as

L(¢',q") = 59@']’((1)(] @ —V(q)

where g;; = g(0/9q",0/0q¢’). The linear velocity constraints are determined
by the distribution D where rankD = m < n and it is locally determined by
its annihilator:

D’ = span{p® = pf'(q) dg';m +1 < o < n}

However in the case of nonholonomic mechanics it can be better to adapt
the coordinates on the tangent bundle to the linear velocity constraints and
to the Riemannian metric. To this end, consider a local basis {X,, Ya.},
1<a<mand m+1<a<n of vector fields such that locally

D, = span{Xu(q)} and D, = span{Ya(q)},
where Dql’g is the Riemannian-orthogonal to D, i.e.

9(X,,Ya) =0, 1<a<m and m+1<a<n.
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Denote by ga, = 9(X4, Xp) and consider the Lie bracket:

Observe that the non-vanishing of some of functions Cg; implies the non-
integrability of the distribution D.

Obviously we have that 7,Q) = D, ® Dj’g . Therefore, the adapted basis
{X,,Y,} induces a new set of coordinates on the tangent bundle (¢*, y*, y*).
Observe that the elements v, € D, are distinguished by the condition y* = 0.
That is, the nonholonomic constraints are now y* = 0 and D is completely
described by coordinates (q*, y*).

Denote by {X* Y} the dual basis corresponding to {X,,Y,} inducing
coordinates (¢, pa, po) on T*Q and (¢, p,) on D*. The Hamiltonian is now

. 1
p-(q',pa) = 59‘“’(61)%1% +V(q).

The equations of motion of a nonholonomic system are written in the sys-
tem of adapted coordinates (q',p,) as follows (see, for instance, |Cor+09a;
Cel+19)):

H(g,V)

'aH(gvv) |D* i _ab

' = Xy—5—— = X39"Pa
b apb b
OHgv) D ;O gv) D
Pa = —CopPe—7 - Xo— 5.3.11
b Ipy dq* ( )
- (10g® ov
— _Cc bd . _ Xt 222 . : 7
w9 Pepa — X, (2 og PP T an>

where X, = X! a?;i' The dynamics is precisely the given by the vector field
X Heyv),D) intrinsically defined in Equation (5.3.5)).

From the other hand, if we consider the Hamiltonian Hg, |p: : D} — R:

H ( 7 ) _ 1 ab
ge | D¥ q,Pa) = 2(@ — V(q))g PaPb -

Then the corresponding nonholonomic equations are:

y 1 .

(" =~ X49"Pa

e=V(g)"
1
.a - _ Ce bd .
p e _ V(q) abd PcPd (5312)

1 g 1 ov )

- X, (q) (2(6 “ V() 0 Pepy + Wé_quCbpcpb
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These equations are precisely the ones defined by the integral curves of the
vector field Xy, p,) given in Equation (5.3.7)).
Therefore

1 - 1 oV ovy\ o0
EE—" . = X - - - cb . . :
e—V(q)" Hom PP () <2(6 “V(g) og 7 PP 8ql) OPa

Along the set S; = (Hyv)
and in consequence,

X(ng 7DE) -

DZ)_l (e) we have that %gd’pcpb =e—V(q)

1

R.=X =X
(ngvpe) 52 e — V<q) (H(g,V)vp)

e

as appears in Theorem [5.3.3|

5.3.2 The geodesic character of radial mechanical tra-
jectories

We are now in position to formulate the main result of this section.

Theorem 5.3.6. Let (Q,(g,V),D) be a mechanical nonholonomic system,
q € Q a fized point of the manifold QQ and let e € R such that e > V(q).
Then:

i) There ezists € > 0 and a submanifold Mgh’e C Q with q € ./\/l:}h’e and
a diffeomorphism

2e
nh,e . . nh,e
exp, : Bg <Oq, e——V(q)> - Dq — Mq )
where the domain denotes the open ball in D, around 0, with radius
#‘s(q), with respect to the Riemannian metric g.
Moreover we have that exp™€(0,) = q and:

q

(a) The tangent map of eXth’6 at 0y, under the canonical linear iden-

tification between D, and Ty, (Bg (Oq; %)),

Toqexpgh’e : Dy — T,Q,

is just the canonical inclusion of Dy in T,Q).
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(b) For every non-zero vector v, € B, (Oq; A /%) the nonholo-

nomic mechanical trajectory cp, (v, : [0, \] = @ satisfies

CPy(ug) (5) = exp™ (h(s) Qq(vy)), (5.3.13)
where h : [0, A] — [0,0] is a strictly increasing reparametrization
satisfying

dh

=€ Vocp,w,), h0)=0

and X is sufficiently small in such a way that

2e
e —V(q)

it) All the nonholonomic trajectories with starting point q and energy e
are, for sufficiently small times, of the form (5.3.13)). In addition, if

gohe is a Riemannian metric on MR such that G§ = (expi™©)*gne
satisfies the Gauss condition, then the curves

t €[0,1] = expi™*(tv,) € MM,

h(s)Qq4(v,) € B, (Oq; ) . Vsel0,\.

e—V(q)
nonholonomic trajectories

S € [0, )\] — 0pq(vq)(s) c Mgh’e

with vy € By (Oq; 2—€> are geodesics for gl]’” and, therefore, the

are reparametrizations of minimizing geodesics for the metric ggh7e. In
particular, these nonholonomic trajectories minimaize length in Mgh’e.

iii) The Riemannian metrics g}]h’e on ./\/lgh’e always erist.

Remark 5.3.7. We have that the map

2¢e
e B 0yq | ——— | €D U, C

is given by

nh,e r e,e
exp (1) = 7q (61" (v,))
for v, € B, (Oq; —6_2‘/5((1)> and where gbf(ge’%) is the flow of the SODE I'(y, p.)
along D.. In other words, exp™"¢ is the nonholonomic exponential map at g

q
associated with the kinetic non-holonomic system (Us, g, D,).
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Proof of Theorem[5.53.6, Now we have all the ingredients to prove of Theo-
rem since it is a direct consequence combining first the nonholonomic
Maupertuis-Jacobi principle stated in Theorem [5.3.3|and then Theorem [5.2.4}

We just add a few reasons why we take the open ball B, <0q; \ /%), with

¢ a sufficiently small positive number, as the domain of the map expgh’ez

o It is clear that B, <0q; \ /%) is a star-shaped open subset of D,
about 0, € D;

o If v, € D, \ {0,}, then Q,(v,) € B, (oq; L) So, if we fix £ >

e=V(q)
0 small enough, it is possible to choose a sufficiently small positive
number A such that

h(s)Qq(vq) € By <0q; ef%) , Vs €0,
(note that h(0) = 0);
e Using the previous facts, we can directly apply Theorem to the
map exp;™ : B, (Oq; %) CD,— Q.
O

Example 5.3.8. Let us first consider a mechanical nonholonomic system
describing a particle with unitary mass in euclidean three dimensional space
Q = R? equipped with the euclidean metric ¢, subjected to a potential force
V@ — R given by

V(z,y,2) =z,

and to the nonholonomic constraint determined by
D={(q,9) €TQ | 2 =yi}.
Let e € R be a fixed energy value and consider the set
U ={(z,y,2) €Q | z < e}

where the Jacobi metric
ge = (6 - Z)g
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is defined. The kinetic nonholonomic system (g.,D,) associated to the me-
chanical nonholonomic system (g, V, D) is associated to the kinetic Lagrangian
Ly, :TU. — R given by

€E—z

Lge (q’ q) -

(&* + 9> + 27).

To observe explicitly the results of Theorem [5.3.3] it is easier to work on the
Hamiltonian side and using a basis adapted to D, as in Remark [5.3.5] In
that sense, we will use the basis given by

0 0 0
X =— —, Xo=—
- + Vo2 7 oy
spanning D and the vector
0 0
Yi=—y—+ —
! e * 0z

spanning the orthogonal complement D*. Hence, we obtain the following
non-vanishing components of the Riemannian metric

=149 gn=1
Finally, the non-vanishing structure functions (C¢,) relative to this basis are
1 3

Y 3 1
Cl, = -C Coa = ——-— =(C%,.
12 233 23 2+ 1 12

_m:

The Hamiltonian function is written with respect to this basis as

i 1 p% 2
D*(Q>pa)_§ y2+1+]92 +z

Hg,v)

and the corresponding Hamiltonian equations in this adapted coordinates are

P=ps
S Py =B —y
= D2 .

p2 =10

;. — _Yp1

y2+1
On the other hand, the kinetic Hamiltonian function Hy, : T"U. — R is
given on these coordinates by

Hy (¢, pa) = 5— 7 +p3
gl e —2) \y2+1 TP
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implying the following Hamiltonian equations

b= -1 P 5

e—z y>+1 s _1 ypips y PI_ 2
-1 == y2+1 2(e—2)2 \ y2+1 D2
Y= =ZD2 .
3 — 1 ym p2 = 0.

e—z y2+1

D;)fl (e), we have

Then it is clear that if we restrict to the set S} = (Hgv)

that ) )
1 2\ _
2(e — 2) <y2—|—1+p2)_6 &

on S, showing that

* 1 *
Se = ;X(H(g’v)7'D)|Se .

X(ng 7D€)
It is now clear that the integral curves of X Hy,.y,D) Must be a reparametriza-

tion of the integral curves of the Hamiltonian vector field Xy, p,yon S;. A

Example 5.3.9. The vertical rolling disk with harmonic potential in the

steering angle. Consider the mechanical Lagrangian function L, vy : T'Q —
R in the manifold Q = R? x S x S* given by

N D ST

Ligw)(a,4) = 5 (& +§° + 0"+ ¢%) — -,

subject to the constraint

D={(q,9) € TQ | m’zécosg@, yzésingo}.

It is not difficult to show that the general solution is

z(t) = [, cos(p(s)) ds + g
y(t) = [y sin(p(s)) ds +yo
0(t) = Qt+ 6,

with g0 = (20, ¥0, 60, p0) € Q, (2, w) € R? a coordinate chart on D,,, rep-
resenting the initial angular velocities. Then the nonholonomic exponential

map expgoh Dy — Q

DLy vy,D)
eXPZ:(qu) = (1Q o ¢, V) )(vg),
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r
where ¢, “@)™ i5 the flow of the nonholonomic mechanical system (Lg v, D),
is a local diffeomorphism onto its image and so its inverse map is Rgoh :
MM — Dy, given by

R0, ) = (9 — o, %((BS(D) |

The corresponding kinetic nonholonomic system is determined by the
Lagrangian function L, : TU. — R given by

_ ¢

2?($2+y2+92+¢2).

. e
Ly (q,4) =

After some computations, we may eliminate the Lagrange multipliers ap-
pearing in Lagrange-d’Alembert equations and find that the trajectories of
the nonholonomic system (L, , D,) must satisfy

( .

i =60cos
=0 sin
"9' _ 2¢p0
p—
s pp?—ph?
Sl
Then the trajectories of this system form the exponential map exp((]ge’pe) :

Dy, — Q.

Moreover, using Theorem [5.3.2, we know there is a strictly increasing
function h : J — [ satisfying

dh

ds

Solving the differential equation above, we obtain that

1 ((gpg — w?) cos ssin s N (08 +w?)s

his) = es — =
(s) =es i 5 5

=e—Vocpw,) h0)=0.

+ pow sin? s) .
A
Example 5.3.10. The vertical rolling disk with linear potential in the steer-

ing angle. Consider the mechanical Lagrangian function L,y : TQ — R in
the manifold Q = R? x St x S! given by
. L. . ; .
Ligw)(a,4) = 5 +7° + 0"+ ¢*) — o,
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subject to the constraint

D= {(q.4) €TQ | & = beose, j=fsing}.

It is not difficult to show that the general solution is

with go = (20, Yo, 0o, p0) € Q and (Q,w) € R? a coordinate chart on D,,, rep-
resenting the initial angular velocities. Then the nonholonomic exponential
map expgf : Dy, — Q given by

DL, vy,
expp(vg,) = (Tgo gy ) (vg),

r
where ¢, "™ i5 the flow of the nonholonomic mechanical system (L,,v), D),
is a local diffeomorphism onto its image and so its inverse map is Rgoh :
Mih — Dy, given by

" 1
Rqoh(H,sO) = (9 — o, p — o + 5) .
The corresponding kinetic nonholonomic system is determined by the
Lagrangian function Ly, : TU. — R given by
. e—9 . . : .
Lo (g,4) = —5 (@ +§° + 0"+ ¢7).
After some computations, we may eliminate the Lagrange multipliers ap-
pearing in the corresponding Lagrange-d’Alembert equations and find that
the trajectories of the nonholonomic system (Lg,, D.) must satisfy

i =0cos %)

y = 0 sin %)

i — eOtsin(p)yteos(p)s)
2 og2 2e—2p

)

v = 26724,0 :
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Then the trajectories of this system form the exponential map expgge’pe) :

Dy, — Q.

Moreover, using Theorem [5.3.2), we know there is a strictly increasing
function h : J — I satisfying

dh

ds

Solving the differential equations, we obtain that

=e—Vocpw,) h0)=0.

83 LOSQ

h(s):es+g—7—<pos.

Moreover, by the definition of nonholonomic exponential map we have
that

nh,e __ e
equ (UQ) - qu<1)7
where ¢ is the trajectory of the kinetic nonholonomic system (Lg,, D). In
addition, note that every non-zero vector in D might be uniquely written in

the form
-V
0y = A0)Q(wg). Meg) = ) 7 Dy,

Hence, by the homothetic property of kinetic nonholonomic trajectories we
deduce

expy™(vg) = €40y (A(vg)).
Alternatively, using again Theorem we may also write
expg ™ (vg) = €p, (uy) (B (A(vg)))-
Let (£2,w) be coordinates on D associated to the basis

{cos 2+sin 24—2 i}
r oy " 90’ 9y

and (0, ¢) coordinates on M = M?" under which

t2
Co, (t) = (Qt + 0y, wt + @ — 5) .

Now, Ef,, (2, w) = e if and only if the initial velocity (2 is equal to

w

OF =4+ (6—900)—57
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so that

t2
Cp(fuq)(t) = <Qit + 907wt + Yo — 5) .

If kK = h~!' o )\ then we have that

E2(QF
expgh’e(Qi,w) = (Qik(ﬂi,w) + 0y, wk(QF, w) + ¢o — M) )

2

Considering the flat metric in D as a Gauss metric, i.e., the metric
Go = dQ ® dQ + dw ® dw

then the reparametrization by the function A of the unit energy geodesics
(i.e., with velocity 1) with respect to the metric

ggh,e _ ((eXth’e)_l)* gO

are just the mechanical nonholonomic trajectories with energy e with initial
point ¢q. Therefore, the nonholonomic trajectories are reparametrizations of
minimizing geodesics for the Riemannian metric ggh’e. In particular, they
minimize the Riemannian length associated with this metric. A
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Chapter 6

Nonholonomic Jacobi fields

In this chapter, we will introduce the notion of a nonholonomic Jacobi field
and we will discuss some general classes of examples. Then we will use a
technique of lifting the nonholonomic systems to the tangent bundle to find
a nonholonomic Jacobi equation satisfied by nonholonomic Jacobi fields, in-
volving the torsion and the curvature of the nonholonomic connection, which
is the nonholonomic analogue of the well known Jacobi equation in Rieman-
nian geometry. The chapter is subdivided in two sections: the first dedicated
to kinetic nonholonomic systems and the second to mechanical nonholonomic
systems.

As it happens with Riemannian geodesics, nonholonomic Jacobi fields
measure how much nonholonomic trajectories spread apart or join together.
However, as we will see in the following, the tidal forces associated to the
nonholonomic connection, are much more complex than in Riemannian ge-
ometry, in which only curvature is responsible for this effect.

6.1 Definition

First of all, we will introduce the notion of a Jacobi field for a general non-
holonomic system as an extension of the definition of a Jacobi field (over a
geodesic) for a Riemannian metric.

Definition 6.1.1. Let (L, D) be a nonholonomic system with configuration
manifold Q. A vector field W : [ — TQ along a curve ¢ : I — @ is said to
be a nonholonomic Jacobi field for the system (L, D) if it is the infinitesimal
variation vector field of a family of nonholonomic trajectories of (L, D).
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So, according to the definition,

W)= 55| (rao (s
where
¢ :(—c,e)x I —7D
(s,t) — Dy(t)
is a smooth map and, for each s € (—¢,¢), &5 : I — D is the tangent lift
¢s : I — D of a trajectory ¢s : I — @ of (L, D), with ¢o = c.

We remark that, in general, W is not a section of D (see example
below).

6.2 Nonholonomic Jacobi fields for kinetic sys-
tems

In what follows, consider the nonholonomic kinetic systems (L4, D) with g a
Riemannian metric, so that the nonholonomic system is regular. Thus, we
may consider the nonholonomic SODE T, py and

T
O (t) = ¢y " (v(s)),
F(LgaD)

where ¢, is the local flow of I'(z, p) and v : (—¢,e) — D is a smooth
curve on D. Therefore, a Jacobi field could be written as

0 r
wit)= | (reoa ™™ (v(s).
0s|,_
In particular, if the variation has fixed starting point ¢, then for each
r
s, the curve c,(t) = 79 o ¢, """ (v(s)) is a radial nonholonomic trajectory

departing from ¢. Hence, it lives on the exact discrete constraint submanifold
./\/lgh (see Theorem . Therefore, following Theorem , we deduce
that the nonholonomic Jacobi field W associated with this variation must be
also a (Riemannian) Jacobi field associated with some Riemannian metric
g(’;h satisfying the Gauss condition (see Theorem .

On the other hand, note that the tangent bundle of Mgh is generated
exactly by nonholonomic Jacobi fields associated with variations by radial
nonholonomic trajectories departing from gq.
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Remark 6.2.1. If the system is unconstrained, that is D = T'Q, then it is
clear that W : I — T'Q) is a Jacobi field for the system (L4, 7'Q)) if and only
if W is a Jacobi field for the Riemannian metric g on @ (see Section [2.1.4]
and also, for instance, [O’N83)|).

Next, we will present a method that allows us to obtain, under certain
conditions, nonholonomic Jacobi fields.

Theorem 6.2.2. Let (L,, D) be a purely kinematic nonholonomic system
on the manifold Q) associated with the Riemannian metric g, ¢, : I — Q a
nonholonomic trajectory and let W € X(Q) be a vector field satisfying the
following three conditions:

(1) [W.I(D)] € T(D) ;
(i) Lwdlrpyxro) = 0;

(i) Lw glippy rpyxro) = 0-
Then Woc, : I — TQ 1s a Jacobi field along the nonholonomic trajectory

Co-

Proof. Let us first show that the vector field W¢|, € X(D), which is clearly
equivalent to having its flow T'¢}" contained in D. Given a € I'(D°), its
associated fiberwise linear function @ € C*°(7'Q) vanishes on D. In fact,

D={veTqQ|al)=0,Vaecl(D}.

Therefore, it is enough to show that We(a)|p = 0, for o € I'(D?). Let
X € I'(D) then

We(@)o X = Lyyao X,

using the definition of complete lift (see equation (2.4.2))). Applying now the
characterization of the Lie derivative of a one-form we deduce

We(@) o X = W(a(X)) — a([W, X]).

The first term vanishes identically since « is a section of the annihilator of
D and X is a section of D while the second one vanishes since [W, X]| is a
section of D, by the first hypothesis in the statement of the theorem. Hence,
since X was arbitrary, we deduce that W¢|p € X(D).
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Now, assume that the vector fields W¢|p and I'( L,,p) commute. Then their

r
flows T¢! and ¢, 9P regpectively, also commute. Take v € D and project
the composition of the flows to @) using the bundle projection 7p : D — Q.
Then

(TD o To¥ o gf)tF(L"’D)) (v) = (TD o gth(Lg’D) o TgbgV) (v).

Since the tangent lift of the flow of W is a vector bundle isomorphism over
#" and since the projection Tp((thLg’D(v)) of gthLg‘D(v) is just the trajectory

of I'(z, py with initial velocity v € D, which we denote in general by c,, we
find

(¢gv O Tp © ¢£(L9’D)> (v) = crew (v ().
And applying similar considerations again, the last line reduces to
¢y 0 cy(t) = crgw ) (t).
This computation proves that the 2-parameter family
D (t,s) > ¢ ocy(t) (6.2.1)

is actually a variation by trajectories of Iz, p). Moreover, its infinitesimal
variation vector field is given by

d®
ds

=0 o ou(t)= W)

s=0

s=0

Therefore, Woc, : I — T(Q is a Jacobi field along c,.
So, all we need to show is that W¢|p and I 1,.,p) commute. We will prove
this result in the next proposition. O

Proposition 6.2.3. If (L,,D) is a nonholonomic system on Q) and W is a
vector field on @) in the same conditions as in Theorem then we have
that

We€p, Lz, m)] = 0.

Proof. We will prove the proposition by computing the action of [W¢|p,T'z, p]
on basic and fiberwise linear functions in C*°(D), which are generated by
functions of the type forp and @, with f € C*(Q) and o € I'(D*). We have
that

Wep, Lz, )l (f o mq) = W n(L'(z,p)(f 0 7Q)) — Tz, 0)(WCn(f 0 7q))-
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Using again equation (2.4.2)) and Theorem [5.1.10| the last line becomes

(Welp, Dz, my](f © 70) = Welp(df|p) — Dt 0y (W (f) 0 )
= Lwdflp — d(W (f))|p = 0.

On the other hand, the action over functions & with a € I'(D*) is given
by

Wep, Lz, myl(@) = WEp(L (1, 0) (@) — T'z,0)(Wn(Q)).

It is a simple computation to show that on D
a=Palp, (V") = (V"P*a)|p = (VIP*a)p, (6.2.2)

where P : T(Q — D is the orthogonal projector, V™ is the nonholonomic
connection and VY is the Levi-Civita connection with respect to g. In the
expression above, we extended the notation for fiberwise quadratic functions

we introduced before (see equation ([2.4.3) in Section [2.4.1). Indeed, given
any vector bundle V' — @) and a section T of V* @ V* — @, then T is the

fiberwise quadratic function on V induced by T'.

Hence, from (2.4.2) and Theorem |5.1.10| we have that
(Welp, T, 0)(@) = (Lw(VIP*))|p — (V" Lw (P a)[p)?,  (6.2.3)
where we have also used equation (2.4.4) on the first term of the right-

hand side. Both terms appearing above are fiberwise quadratic functions
associated to (0,2)-tensors. Given X € I'(D), the first term reduces to

Ly (VP a)(X, X) = W(VE P a(X)) — Vi, Pra(X) = VP a([W, X]).
Note that there exists a section Y € I'(D) such that P*a = b,(Y"). So we can

rewrite the expression above in terms of the vector field Y. Moreover, using
the identity

b, (VSY) = Vb, (Y), X,Y € X(Q), (6.2.4)

we get
Lw (VAP ) (X, X) = W(bg(VEY) (X)) =0y (Viiy, 3 Y ) (X) =g (VEY) (W, XT).
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Now we use Lemma to reduce the previous to
1 1
L (V9P 0) (X, X) = W (Lxg(X, X)) ~ 5 (Lg((IV, X], X)

— (o, (V)(IW, X1, X)) — 3 (Lvg(X, [W, X]
— d(o,(¥V))(X, [W, X])
= W (Lrg(X, X)) ~ Lyg(IIWV, X], X)

2

= S LwlLyg)(X, X).

But, one can prove that for a (0,2)-tensor g and any X,Y, Z, 7' € X(Q) we
have

E[X,Y]Q(Za Z,) = Lx(Lyg)(Z, Z,) — Ly(Lxg)(Z, Z/)- (6.2.5)

Hence, using this fact and Lemma [2.1.3] we conclude that
1 1
Ly (VP a)(X, X) = §£[W,Y]9(X7 X)+ §£Y(£Wg)<X7X)
1
= g(V&[W. Y], X) + §£Y(£W9)(X7 X),
but . .
vanishes because W satisfies hypothesis (i7) and (zii). Thus,
(Lw (VP ) (X, X) = g(V&[W, Y], X).
As for the second term in (6.2.3), we proceed by unwinding the definitions
VYL Pra(X, X) = Vi (Lwbe(V))X = X (Lwby(Y)(X))—Lwby (V) (VEX).
For any Z € I'(D) one has that
Ly (Y)(Z) = by (W, Y])(Z) + (Lwa) (Y. Z) =b,((W.Y])(Z).  (6.26)
Therefore,

V" Ly Pra(X, X) = X (0, ((W.Y])(X) = by (W, Y])(VE'X)
= X(g(W.Y], X)) — g([W, Y], V¥'X)
= X(g(W,Y], X)) — g(W, Y], PVLX).
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So, using that [W,Y] € I'(D), it follows that

VM Ly Pra(X, X) = X(g([W, Y], X)) — g([W, Y], V4 X)
— g(V4[W, Y], X).

Hence both terms in equation (6.2.3) cancel and [W¢|p,I'r, pl(@) =0. O
From Theorem it follows that

Corollary 6.2.4. Let (Ly, D) be a purely kinematic nonholonomic system on
the manifold and ¢, : I — @ a nonholonomic trajectory with initial velocity
veD. If W is an infinitesimal symmetry of the system (L,, D), that is, W
is a Killing vector field for the Riemannian metric g (i.e., Lyg =0) and an
infinitesimal symmetry of D (that is [W,1'(D)] C I'(D) ) then Woc, : I — TQ
is a nonholonomic Jacobi field for the system (L4, D).

Remark 6.2.5. If the system (L,, D) is unconstrained (that is, D = T'Q),
then using Corollary [6.2.4] we recover a well-known result in Riemannian
geometry (see, for example, Lemma 26, Chapter 9 in [O'N83]): the restriction
of a Killing vector field to a geodesic is a Jacobi field for the Riemannian
metric.

Example 6.2.6. We show, by applying the previous corollary, that the vec-
tor field W = % is a Jacobi field for the nonholonomic particle, along any
nonholonomic solution.

It is clear that the first condition in the theorem is satisfied, since the
vector field % commutes with the vector fields e; = a% + y% and ey = a%
generating the module of sections I'(D).

On the other hand, % is a Killing vector field for the euclidean metric ¢
on R3, so it satisfies the hypothesis in Corollary

Therefore, by Corollary , the vector field % is a Jacobi field along
any trajectory of the nonholonomic system (L4, D). However, it is clear that
0

5, 1s not a section of D. AN

Example 6.2.7. A more physical example is the vertical rolling disk, which
models the motion of a rolling penny on a plane. It is a nonholonomic system
with a Lagrangian function of kinetic type given by L, : T(R*xS' xS') — R,
with
Ly(z,y,0,0,4,7,0 '):1('2+ 2+ 167 + Jp?)
el yY,v,0,2,Yy,0,p 2$ Yy ®w ),
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where I and J are real numbers known as moment of inertia and nonholo-
nomic constraints imposed by the equations

i = Rfcos(p), = ROsin(p),

where R is the radius of the disk (for more details see |[Blo15]). Now, it is
easy to see that the constraints form a distribution D with rank(D) = 2
generated by the vector fields

0 0

o) 0
e1 = Rcos(¢)— + Rsin(yp )a 62:%.

ox y 00
It is easy to see that the vector field W = % is an infinitesimal symmetry
of D. Moreover, W is a Killing vector field for the Riemannian metric g on
R? x S' x S! associated to the Lagrangian L,. So, W is a nonholonomic
Jacobi field along any nonholonomic trajectory. A

Example 6.2.8. We will consider again the nonholonomic particle. However,
now we will obtain an example of a Jacobi field which is not a Killing vector
field for g and another one of a Jacobi field which is not a symmetry of the
distribution.

Let ¢y : I — R3 be a trajectory of the nonholonomic particle with
c»(0) = (20, Yo, 20) and initial velocity v(s) = (2o($), Y0(s), Yoto(s)) for each
s € (—¢,¢).

On one hand, suppose that go(s) = 0 and so the trajectory has the local
expression given by equation (4.3.3)).

The curve W : I — T'() defined by

c = ut 0 + 0
- v(s) — 8 Yo7~ Oz

is a Jacobi field along c,) by definition, where u denotes %|S:0$'0(s). Sup-
posing that i4(0) is not zero then the vector field W € X(R?) defined by

Wzy,2) =u- (xxo—((;f)o) (88?6 " y(’i)

extends W (t) over the curve ¢, (), that is,

W(t) = %

W (t) = (W o cy)(1).
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However, as it is clear, W is not a symmetry of the distribution.

On the other hand, suppose that ¢y(s) does not vanish. Then the local
expression of the trajectory is given by equation (4.3.2)).

Suppose that

d . d
T B Zo(s) =u and T

Then the vector field W : I — T'Q) defined as before is a Jacobi field over the
trajectory c,) and has the local expression

W(t) = Q()L(())\/yg +1- [(arcsinh(y'o(O)t + yo) — arcsinh(yp)) %

+ (Vw1 - i 1) o]

Following the same construction as before, supposing that #¢(0) does not
vanish, then the vector field

(a9 = 55 (0=l + =)

extends W (t), in the same sense than before. However, it is easy to check

that 5 9 )
(L379) (g, %) = 0 (6.2.7)

hence W is not a Killing vector field for g. A

Example 6.2.9. Let us find a similar counterexample for the vertical rolling
disk dynamics.

Let ¢y : I — R?* x S' x S be a trajectory of the vertical rolling
disk with ¢,(0) = (x0, Y0, 60, o) and initial velocity in D given by v(s) =
(Zo(s),9o(s),2s),w(s)) for each s € (—¢,¢).

The explicit solution of the nonholonomic dynamics is discussed in Ex-
ample (see also [Blo15]), where we find that

{Gs(t) = Q(s)t + 0y (628)

ps(t) = w(s)t + o
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and the expression for the variables z and y is determined by integrating the
constraints.
Suppose that w(s) = 0, in which case the trajectory is given by the local

expressions (6.2.8) and

zs(t) = Q(s)tR cos(po) + o
ys(t) = Q(s)tRsin(pg) + yo.

Now, let

dis B Q(s) =u and Q(0) = Q,

with €y different from zero. Then the vector field W : I — T'Q) obtained by

d

Wit) = —

0 0 0
p— t . — ] — —
_ Co(s) = U (R Cos(goo)ax + Rsm(gpo)ay + 89)

is a Jacobi field along ¢, by definition.
Moreover, the vector field W € X(R? x S* x S') defined by

W _ ., (0= 0 . o 0
W(IL‘,?J,Q, 90) =U- ( QO ) . <RCOS(@O)% =+ RS]n((’DO)a—y + %)

extends W (t) over the curve c, (), that is,
W (t) = (W ocyo)(t).

However it is easy to see that W is not an infinitesimal symmetry of the
distribution and it is not a Killing vector field with respect to the metric
g. A

6.2.1 The lift of the kinematic nonholonomic system
and the nonholonomic Jacobi fields

Before starting this section, we recommend the reader to take a look into
Section in Appendix [A] to recall the definition and the main features of
the complete lift of a kinetic Lagrangian system.

Denote by ¢g¢ the complete lift of the Riemannian metric g (see equations
(A.1.1) in Appendix[A). Then ¢ is a pseudo-Riemannian metric on 7'Q) and
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we may consider the Lagrangian function Lg : TT'¢Q) — R associated with
g°. We recall that (see Lemma [A.1.1)

Lge = Lj o kg,

where L¢ is the complete lift of the Lagrangian function Ly and kg : TTQ —
TTQ is the canonical involution of the double tangent bundle TT(Q (see
Section to recall the definition of canonical involution).

Now, consider the complete lift D¢ of the distribution D as a distribution
on T'(), whose space of sections is

D(D%) = ({X°,X"| X € T(D)}).

Here, X° and XV are the complete and vertical lifts of the vector field X €
I'(D). The distribution D was considered in [YI73].

D¢ is not only a vector subbundle (over T'Q)) of the vector bundle 7r¢ :
TTQ — T but also a vector bundle over D with vector bundle projection
(T'tq)|pe : D¢ — D. In fact, if X € I'(D) then

(TTQ)(X®) = X o1, (TTQ)(XY)=00T7q,

where 0 : Q — T'Q is the zero section.

On the other hand, the tangent bundle TD to D is also a double vector
bundle. Indeed, besides the canonical vector bundle structure 7p : TD — D,
there is also a vector bundle structure over 7'Q) with vector bundle projection
T(TQ|D) :TD — TQ

In addition, using that k¢ is an involution from the vector bundle 77¢ :
TTQ — TQ to the vector bundle T'rg : TTQ — T(Q) (see Section ,
it follows that the restriction of kg to D¢ C TT'(Q is also an isomorphism
between the vector bundle 7pe : D¢ — T'Q) and T'(7g|p) : TD — T'Q (respec-
tively, between (T'7g)|pe : D¢ — D and 7p : TD — D) over the identity of
TQ (respectively, over the identity of D). The diagram in Figure illus-
trates the situation. Note that the inverse morphism of this double vector
bundle isomorphism is (kq)|rp : TD — D°.

Definition 6.2.10. The nonholonomic system (Lge, D€) is the complete lift
of the nonholonomic system of kinetic type (L,, D).

The aim of this section is to prove the following theorem:
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Figure 6.1: Commutative diagram showing how the restriction of the canon-
ical involution to D¢ commutes with the projections to D and T'Q).

Theorem 6.2.11. Let (Ly, D) be a nonholonomic system of kinetic type and
Iz, p) the associated nonholonomic SODE. Then

(i) The complete lift (Lge, D) is a regular nonholonomic system.

(ii) Let U1, e pey € X(D°) be the nonholonomic SODE associated with the
system (Lge, D) and kg : TTQ — TTQ the canonical involution. Then

LL,epe) = Thqlrp o L', py © Kqlpe (6.2.9)

and so we have

(a) T(L,e.pe) is TTq|pe-projectable over Iy, py;

(b) The trajectories of L' (L,e,pe) are just the Jacobi fields for the non-
holonomic system (L4, D).

If ¢, : I — @ is a trajectory of the nonholonomic dynamics and W :
I — T(Q is a vector field on @) along ¢, then an immediate corollary of this
theorem is that

Corollary 6.2.12. W is a Jacobi field for the nonholonomic system (L, D)
if and only if

1. W(t) € DSy for every t € I;

2. ipuor,. (W) — dLye () € (D))",

where wy, . is the Poincaré-Cartan 2-form associated with the Lagrangian
function Lge.
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First we show that the complete lift (L, D¢) on T'Q) obtained from the
nonholonomic system of kinetic type (L,, D) on @) is always regular.

Proposition 6.2.13. If L, is the Lagrangian function associated to the Rie-
mannian metric g, then the nonholonomic system (Lge, D) is regular.

Proof. Let Z € D°N (D)*. Let {X°} be an orthonormal basis of sections
on D. The set {(X*)Y,(X*)°} is then a basis of sections of D® and Z may
be written as

Z = Ml X + 1a(X7)".
Since Z is in the intersection of D¢ with its g°—orthogonal distribution then,

using (A.1.1)) in Appendix [A] we have that for every Y € I'(D€) expressed
as Y = f,(X*)¢+ go(X*)Y in the same basis,

0=g¢%ZY)

= )\afb(g(Xa7 Xb))c + ()\agb + ,Uafb)(g(Xaa Xb))v
= )\aga + ,UJafa’

since we are taking an orthonormal basis of D. Since the functions f, and
g, are arbitrary, we deduce that A\, = u, = 0, hence, Z = 0. Therefore, by
Theorem the nonholonomic system (Lge, D€) is regular. O

The last proposition proves item (i) in Theorem Therefore, from
now on we can refer to the nonholonomic SODE T'( Lye, D<) associated with the
complete lifted nonholonomic system (Lge, D).

In order to prove item (ii) in Theorem we will characterize further
the distribution D°. Our main purpose is to identify a local basis of the
vector subbundle ((D¢)°)Y — TQ of T*TQ — TQ.

If v is a 1-form on Q, we will denote by ¢ € QY (TQ) and p¥ € QY(TQ)
the complete and vertical lifts, respectively, of p to T'Q) (see and
(2.4.10))). Moreover, as in the case of T'Q, if V' — @ is a vector subbundle
of mg : T*Q — @, then we can define the complete lift V¢ of V' as a vector
subbundle of g : T*(TQ) — T'Q) over T'Q) which is characterized by the
following condition

I'(Ve)={av,a® | aec(V)}) (6.2.10)
Lemma 6.2.14. 1. We have that
I((D)°) = {u w¥[pw e T(D%)})  and T((D°)Y) = {u'[pn € T(D%)}).
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2. Moreover,

LD))) = ()%, (u¥)¥ | € T(D%)})
Plrg(((P?)¥)%) = {(w®)Y, ()| € (D) 1) = T(((D)°)Y).

Proof. 1. For every X € I'(D) and p € I'(D°) we have that (u, X) = 0.

Moreover, note that the following identities hold

(e, X) = ({1, X)) =
(e, XY) = ((u, X))¥ =
(1, X = ((n, X))¥ =

<:u 7Xv> =0,

hence the elements in {u€, x¥} annihilate I'(D¢). Therefore, by dimen-
sional reasons they must span I'((D€)?).

On the other hand, using (2.4.10)), we deduce that

L((D?)Y) = {u¥]p € T(D%)}).

2. This part follows from the previous item, ((6.2.10) and the relations in

R-4.18).
O

Proof of Theorem[6.2.11. (i) By Proposition [6.2.13] the complete lift non-

holonomic system (Lge, D) is regular.

(ii) Recall that the nonholonomic vector field I'(z, p) is defined by the equa-
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{ (irs, o, = dEn, )| € T(D))

F(LQ,D) < %(D)
Using the complete lift and (2.4.8) and (2.4.9) in Section [2.4.1] we can

obtain the following equation

(i, %, — 45, )| € TD)))

If we pullback the previous equation by kg and use Lemma we
deduce that

(i(m»r&g,m KWL, — d<’f6EEg)>

€ I(rg(((D?)7)%)) = T(((D°)°)")
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Applying Proposition in Appendix [A] the equation reduces to

(iteaprsy, mye — d(Fr0))| € TUD)Y).

Dc

Notice that since I'(z, p) is a vector field in the submanifold D, its
complete lift satisfies I't; 5, € X(T'D).

Therefore we may form the commutative diagram below

D¢ +——T1D

Trqlrp
F?Lg!'D>
TTTQ TTTQ
pe —felee L pp
_—
Hence, (k@) py = Trolrp o I'fy, p) © kglpe is a vector field on

D¢. Moreover, since the nonholonomic system (Lge, D€) is regular, by
uniqueness of nonholonomic vector field, it coincides with I, . pe), i.e.,

Lrepe) = Thqlrp 0 I'(y, p) © Kglpe. (6.2.11)

Then the statements in item (i) are just consequences of the properties
of the complete lift and the canonical involution. Indeed,
T(TTQ’DC)(F(LgC,DC)) = T(TTQ"DC e} '%Q‘TD) @) F((:LQ,D) @) /ﬁ]Q‘Dc

= T(TTQ’TD)(Fng,D) o kig|pe)

= L'(w,.p) © Trqlrp © KiglDe

= F(Lgvp) o (TTQ|DC)7
where we have used that 7rg|rp o kglpe = T7g|pe. This proves the
first statement.

The second statement in item (i7), may be seen from the fact that if
W I — TQ is a trajectory of I, . pey, then its tangent lift W:l—
D€ is an integral curve of F(L907DC) and, thus, kg o W :I—TDisan
integral curve of F((:Lg,p)- Therefore we may write it as

rq o W(t) = (Twios, ™) (i o W(0)).
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So,

W(t) = Tro(ro(W (1)) = Trq ((Twimé: ™) (g o W(0)))

and
W(t) = (Twio(rq o 6 “™)) (g 0 W (0)).

Let now v : J C R — D be a curve such that its initial velocity is
v'(0) = kg o W(0), where v" denotes differentiation with respect to the
variable s € J. Then

W= 5| (reod™”) 0o

Hence, W' is a nonholonomic Jacobi field for I'(z, p), since it is an
infinitesimal variation of nonholonomic trajectories of I'z, p).

O

Remark 6.2.15. As a consequence of the last theorem if W : I — TQ
is a Jacobi field for the nonholonomic dynamics (L,, D) it must satisfy the
constraint:
W(t) e Dy, forevery t € I.

Example 6.2.16. Let us check that the lifted nonholonomic system obtained
from the nonholonomic particle is regular.

By Theorem it is enough to check that D° N (D)L = {0}. This is
equivalent to show that the matrix C% defined in is non-singular at
points of D€. If we were to compute this matrix we would find it was

0  y+1
v +1 vy
which is clearly non-singular.

In this example the constraint distribution D is generated by the vectors

e = a% —i—y% and ey = a%‘ The orthogonal distribution D+ for the euclidean

metric is generated by ez = ya% — %.

The lifted distribution D¢, by definition, is generated by the vectors
es,eS, ey, ey. The set {e$, ey} is linearly independent and it is easily proven
to be g®—orthogonal to D€, hence, by dimensional reasons, it generates the
orthogonal distribution (D¢)*.

Moreover, since {ef,e$, ey, ey, €5, ey} is a basis of sections of X(7'Q), the
intersection of D¢ and (D°)* must be zero. A
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6.2.2 Nonholonomic Jacobi equation

Theorem asserts that if ¢, : I — @ is a trajectory of I'(z, py, then
V’Cfuhc'v =0 and ¢,(t) € Dy, foreveryte I.

Consider the complete lift of the metric g denoted by ¢°¢, which is a
symmetric non-degenerate (0, 2)-tensor on 7'Q). The kinetic Lagrangian Lge
associated to g¢ satisfies L o kg = Lye (see Lemma in Appendix [A)).
Moreover, from Theorem , we have that (Lge, D€) is a regular nonholo-
nomic system.

Since the Lagrangian function L, is kinetic, its trajectories are geodesics
of the nonholonomic connection VN# defined by

VY = PT(VEY) + VE[PT(Y)], for XY € X(TQ),  (6.2.12)
where V9 is the Levi-Civita connection of ¢¢, PT : TTQ — D¢ is the
associated orthogonal projector onto the distribution D¢ and P'T : TTQ —
(D)t is the orthogonal projector onto (D)%, the orthogonal distribution
with respect to ¢°.

Lemma 6.2.17. The following identities are satisfied:
1. V9 = (V9)°;
2. kgoTPokrg(X®) = (P(X))e, for any X € X(Q);
3. ko TPokg(XY) = (P(X))Y, for any X € X(Q);
4. PT = kg oTPokg;

5. PT = kg o TP o kg.

Proof. The first item is proved in Corollary 2.6.6. in [LR89|. To prove item
2, just use the properties of the canonical involution in Section (see

(2.4.16|) in Section |2.4.1))
kgoTPokg(X®) =kgoTP(TX)=ro(T(PoX))=(P(X))".
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We may prove item 3 in a similar way. Given u, € 7,@), we have

rg o TP o k(XY)(uq) = (kg o T'P)(Ty0(uy) + (X(g))s,)

(tX(q)))

t=0

= (g o TP)(T,000,) +

d
= rQ(Ty0(ug) + a

(tP(X(q))))

t=0

= (PX)"(uqg).
As a consequence of the two previous items we have that
kg o TPokg(X®) =X kgoTPorg(XV)=X"Y, XeI(D)
kgoTPokg(Y) =0, kgoTPorg(YV)=0, Y cI(Dh).

Note that while {X°¢ XV|X € I'(D)} spans I'(D°), the set {Y°,YV|Y €
['(D1)} spans I'((D°)*), where the orthogonal is taken with respect to the
pseudo-Riemannian metric g°. Hence, kg oT P ok is the identity on D¢ and
vanishes on (D¢)*. Therefore, it must be the orthogonal projector PZ.

The argument to prove item 5. is completely analogous, just substitute
P by P'. O

The last Lemma simplifies the proof of the next Proposition, relating
both nonholonomic connections by the complete lift. Before, the statement

let us recall some properties of the complete lift of a linear connection V (see
[LR89] or [YI73]):

C Y = (VyY)S, V¥V = VS Y= (VyY)", V&YV =0,
(6.2.13)
for any X,Y € X(Q).

Proposition 6.2.18. The nonholonomic connection constructed from the
Levi-Civita connection associated to ¢g¢ and from the projectors PT, P'T is
the complete lift of the nonholonomic connection constructed from the Levi-
Civita for g and from the projector P, and P'. In other words,

vNH — (vnh)c‘

Proof. We will prove the identity on complete and vertical lifts. Using the
definition of VM we get

VIV = PT(V)5eY® + (V5[ PT (V)]
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Using the properties stated in equations (6.2.13) and in Lemma [6.2.17] we
deduce

VNHY®e = PT(V4Y)° + (V9)5%e(P'Y)".
X

Again applying the same combination of arguments we may reduce the pre-
vious line to

ViEYe = (PVSY) + (VS PY)S,
which is just the complete lift of V™. So,
VXY = (VRY)® = (V%Y
The very same arguments are still valid to prove
VXYY = PH(V)SYY + (V)5 [PT (YY)
— PT(VEY)" + (V)5 (PY)Y
= (PV%Y)Y + (V4 PY)Y
= (VEY)Y = (T")5e)™,
and also to prove
VEYY = PV + (V)5 [PT ()]
= (V)5 (P'Y)Y = 0= (V") Y.
O

Remark 6.2.19. If W : [ — TQ is a trajectory of the nonholonomic system
(Lge, D°), it is also by Theorem a Jacobi field for the nonholonomic
system (Ly, D), and it is a geodesic for the nonholonomic connection V¥
by Theorem [5.1.8] Hence, by the last proposition W satisfies

(V™5 W =0.

Proposition 6.2.20. Let W : I — TQ be a vector field along ¢ : I —
Q, a nonholonomic trajectory of I, py. Then the coordinate expression of

(V”h)%/W is

. dewr o Ory AW 0
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where (q') are local coordinates on Q with respect to which the local expression
of W is
, 0
W(t) =W*(t) —|
dq c(t)
(¢*,¢") is the corresponding local expression of ¢ on TQ and Ffj are the
Christoffel symbols for the nonholonomic connection V™, i.e.,

0 0
Vi =Tk .
6% g 4 dgk

Proof. Denote by W : I — TTQ the tangent lift of W : I — T'Q. Then we

have that : 5
— W) 5|
9 |y 94"

Observe that the coordinate vector fields on T'() denoted by a% and a% are
just the complete and the vertical lift of the corresponding coordinate vector
field on @, i.e.,

(%(vq) = <a%,~)c(vq)7 (%(Uq) = <3%Z~)V<Uq)'

With these properties in mind and using (6.2.13]), it is easy to prove that,
0 g 00T 0

W(t) = d'(t)

nh\c —:F— o
Va9 = oag U og o
0 0 0
nhye — (VM) — —Tk_—_
Ve o =V e = Vg
0
nh\c —
v )aiiaq'j

Thus, one can also compute (V”h)f/VW to be

(s PN
(VW = (i + T )

L

" T 3ql+q (15 +15) o

The first term vanishes since c is a geodesic for V" by Theorem m Hence,
we get the expected result. O
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Denote by 7™" and R™ the torsion and curvature tensors, respectively,
associated with the nonholonomic connection V™, that is,

T"M(X,Y)=VYY - V¥ X — [X,Y],
RMX,Y)Z =V Z - VIV Z - ViR Z,

for X|Y,Z € X(Q). Then, using T"" and R™, we will obtain a character-
ization of the nonholonomic Jacobi fields with an equation which may be
considered as the version for kinematic nonholonomic systems of the Jacobi
equation in Riemannian geometry.

Theorem 6.2.21. Let (L,, D) be a kinematic nonholonomic system, V™ the
nonholonomic connection on ) with torsion and curvature tensors denoted
by T and R™, respectively, and W : I — TQ a vector field along a non-
holonomic trajectory ¢ : I — Q. Then W is a nonholonomic Jacobi field if
and only if

VW 4 VT (W, é) + R™M(W,¢)e =0, W(t) € Dy (6.2.16)

Proof. Using the same notation introduced both in the statement of the last
proposition as well as in its proof, let us compute the coordinate expression
of the left-hand side of equation ((6.2.16)).

It is easy to see that

VW = (Wr e gwiTh) = i
Computing the second covariant derivative we obtain
VW = (W 2W 4T 4§ WITY + WD Ty
o™ P (6.2.17)
+-1W] v -l
Alrw —4q 5
Now, the term with the curvature tensor appearing in equation (|6.2.16|) is

n ; or’ orm P
R™M(W, ¢)é = Wiglg ( 3 +rkrn - 50 Fdrjk) FrT (6.2.18)

while the torsion tensor is

mn % m a 3 m m m
T (W, ¢) = W' fT”a , with T} =T — T,
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and the term involving the covariant derivative of the torsion tensor is

o - orm P
T = (WETE  WTY W Wi o
(6.2.19)

Adding the three terms appearing in equation (|6.2.16f), we deduce that their
sum is equal to

W™+ qiqul% + 2 WITT + Wi T 9 (6.2.20)
aql () ) aqm’ e

which implies that
(V™S W = (VI'VI'W + VMW, é) + R™(W, ¢)é)” .

Indeed note that adding the third term in (6.2.17) with the second one in
(6.2.18]) we get

§WIT + WG GTHIR = Wi T T
adding the fourth term in (6.2.17)) with the last term in (|6.2.18))
Q' WITET) = W@ dTiI, = W4 THTY,

and adding the last term in ((6.2.17)) with the first and third terms in (6.2.18|)

we get

‘ orm . orm  agrm . oTr orm
) -lIV 1] II” <g el gl il %) ‘luz 1] 2l
]_ J - . T . — J e — - . .
1 Oql+ qq(aqz aqﬂ) a <5ql+0q3)

The sum of VAV IV and R™ (W, ¢)¢ is

. o .y , or orm 0
{Wm“W”?TZ+qu”q'lF§ﬂ}?+Wﬂq*qlTi’;F2z+q"qlW]( v )}

¢ oqi )| dgm
Comparing the expression above with our goal, which is to prove that the

sum of the three terms is equal to (6.2.20), the result would be proven if we
establish that
Wi -ij Wz -7 ~le ™ Wj 5 lTk:Fm -q -le' a]’g]ﬂ 9 _ vnthh W. ¢
PTG = WG TE = W aaTyl — a5 - ) 5 5 = Ve (W, ¢)
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Using that c is a geodesic, so
§ =-Tudd",

and the identity

T = T
we get

VTN W) = (WPT) — W' Ty — W' —2mq
q (6.2.21)
i gk lpm
-W qjjjqu Flk) aq_m)

which is what we expected. Hence, by Proposition [6.2.18] and the remark
following it, we proved that W is a nonholonomic Jacobi field if and only if

it satisfies equations (|6.2.16|).
[

The coordinate expression of the nonholonomic Jacobi equation is still a
second-order differential equation. Indeed, the local expression of (6.2.16|) is

. . ork L L B,
k i l i .q k - k

Equation is called the nonholonomic Jacobi equation for the non-
holonomic geodesic problem.

In order to compute the nonholonomic Christoffel symbols, consider the
following local expressions for the orthogonal projectors

P(dq') = Pjog’, (P')(9q') = (P');0¢’. (6.2.23)

We have the following lemma, which is proven using the definition of the
nonholonomic connection and the properties of linear connections.

Lemma 6.2.22. The nonholonomic Christoffel symbols are given by

(P

g : g
0 = OB+ =5 + (P (6.2.24)

il
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g
where (I‘)fj are the Levi-Civita Christoffel symbols. Moreover, if the Rieman-
nian metric g is flat, we have that

o(P')}

It = B L, (6.2.25)

Example 6.2.23. Recall the nonholonomic particle given by
1
L(w,y,2,&,9,2) = 5 + 57 + %)

and subjected to the nonholonomic constraint z — yz = 0.

As we have seen before, nonholonomic Jacobi fields may be obtained
using two different geometric frameworks: either as the trajectories of the
lifted nonholonomic system I'( Lye,De) OF s the solution of the nonholonomic
Jacobi equation . Let us explore both these characterizations in this
particular example.

(i) We are going to obtain the Lagrange-d’Alembert equations for the non-
holonomic system Lge with constraint distribution D¢.

The Lagrangian function is
Lye(q,7,q,7) = 20+ g0 + 2.

where ¢ = (x,y, z), r = (u,v,w) and the lifted distribution D¢ is given
by the span of the vectors

D¢ = £+igg+2+ig
“\ouw Yow v ar Vo U@w’@y

with annihilator (D€)°
(D)’ = ({—ydzx + dz, —vdx — ydu + dw}) .

Hence, the new nonholonomic constraints are 2 —yx = 0 and w — va —
yt = 0. The Lagrange-d’Alembert equations are then

T = —y>\2 U = —y>\1 — U)\Q

y=0 =0

2 == )\2 U) - )\1

z—yr =0, w—vr—yu=0,
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and solving for the Lagrange multipliers’ A; and Ay, we obtain

\ :(uy'+x’i;)(1—l—y2)—2yvx’y N Ty
1 1+ 92 B

We will compute the nonholonomic Jacobi equation using the local ex-
pression deduced in (6.2.22). The only non-vanishing Christoffel sym-
bols relative to the nonholonomic connection V™ are

e =—-—--> 1 = —_ =
v (1 g2)2 v v (1422 (1+y2)2
which implies that the non-vanishing torsion entries are

T -~ - 27
v (g g2)2 e v (1422 W (1+y2)2’
along with the corresponding skew-symmetric entries. If the vector

field W is given by

0] 0 0
W =u— — —
u@x —|—vay+waz,
then Jacobi equation together with the constraint that W € D¢ gives
i _ory, ol e .
i+v|ay o + 2y o + 2(uyly, +wyly,) — (uyT,, +wyT,,) =0
=0
. cor, . ory e s .
W+ v (wy 8;’“’ + 25 a;”) +2(uyly, +wyl'y ) — (wyTy, +wyTy,) =0
w—ovr —yu = 0.
(6.2.26)
The fact that W is a vector field along a nonholonomic geodesic sat-
isfying 2 = y& simplifies the equation. Moreover, since T,/ = T},

1, =1, =1, =TI, and T; = I';_ simplifies even more the equation
that reduces to

o i (P50 O e e

U+ ory ay ) ay uy yT wy yz

v=20

NP A) A W
w + vy dy Y y Uyl yy — WYL, =

w —vr —yu = 0.
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It is easy to see now that both approaches coincide.

A

Example 6.2.24. Let us consider again the nonholonomic particle. We
proved before that % was a Jacobi field. Let us check that it satisfies the
nonholonomic Jacobi equation.

In fact, since the component functions of % in the coordinate basis are
constant, the local expression of the left-hand side of the nonholonomic Jacobi
equation reduces to

- OTE 9
VW 4+ VPR (W, é) + R (W, é)é = ¢ —
where (¢'(t)) are the coordinate expression of a fixed geodesic. However,
since the only non-vanishing Christoffel symbols relative to the nonholonomic
connection are
y' -1 : 2y

> =r1¢ =4 7 1o ____ 2y
yr yz (1+y2)2’ Yz (1_|_y2)2’

2y

re — 4
yr (1+y2)2’

there is no dependence on the coordinate z, hence the expression above van-
ishes, i.e., the nonholonomic Jacobi equations is satisfied. A

Example 6.2.25. For the vertical rolling disk (see Example [6.2.7)), apart

from W3 = % the following vector fields
0 0
Wi=—, Wy=_—
1 81) ) 2 ay )
0 0 0

79 _,9 .9
96 Yoz "oy

are nonholonomic Jacobi vector fields.

In fact, the nonholonomic Christoffel symbols are computed with (/6.2.25)),
obtaining the following non-vanishing expressions

. .
or = cos¢sing, T = §(Sin2 ¢ — cos ¢), Fgl’ - Slr21¢’

) 1 ' cos @

F¢y _ 5(81112 ¢ — cos? gb), ng = — cos ¢ sin @, Fiy = - 5
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Now, since W; are constant vector fields, its time derivatives vanish and since
none of the Christoffel symbols has explicit dependence on the variables 6,
and y, equation is trivially satisfied. For Z, we have a slightly longer
computation since the coefficients do not vanish, but with the help of a sym-
bolic computation software, we eventually conclude that Z is a nonholonomic
Jacobi field restricted to any nonholonomic trajectory. A

Remark 6.2.26. A straightforward computation proves that the vector
fields Z and W;, ¢+ = 1,2,3, are infinitesimal symmetries for the vertical
rolling disk in the terminology of Corollary [6.2.4, Thus, one can directly
deduce that they are nonholonomic Jacobi fields.

Example 6.2.27. Given (z,y) are coordinates on the plane and (¢, ,0)
Euler angles determining a rotation on SO(3), consider the Lagrangian func-
tion L : T(R? x SO(3)) — R describing the kinetic energy of a homogeneous
ball rolling on a plane, locally given by

Ly, 6,1,0,8,5,8,,0) = (5 +37) + 5(3 +7 + 6 + 2c05(6)39),

where that the mass m and the radius r of the ball are m = r = 1 and we
assume that the matrix of the inertia tensor is the identity. The ball rolls on
the plane without slipping which is equivalent to the constraints

T = sin qbé — sin 6 cos ¢¢,
Y= — (cos(gb)é + sin # sin gzﬁlp) )

The vector fields

0 0 0
s W2_8_y’ W3—%
B sinwg_ cos@sinzbi+ wﬁ
T sm6oe  sm0 op V80

_costp O cosflcosty O .0
Z2= sin08_¢+ sin ¢ %—i—sm@b%

are nonholonomic Jacobi fields.

le
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In fact, the non-vanishing Levi-Civita Christoffel symbols are

@ _1(3080 é 1 " 1

i R L
" 9sinh’ vo 2sinf’ 0 2sinf’

1cos@ 1
v 0 .
Y0 9%5ing’ W—ésm@,

and, thus, we may use equation to compute the nonholonomic Christof-
fel symbols. Then, we may check that along any curve satisfying the con-
straints, i.e., ¢ € D, the vector fields W;(¢(t)) and Z;(q(t)) satisfy the non-
holonomic Jacobi equation ([6.2.22)) and thus they are indeed nonholonomic
Jacobi vector fields along any trajectory of the nonholonomic system.

Remark 6.2.28. As in the previous example, a long but straightforward
computation proves that the vector fields Z;, ¢ = 1,2, and W;, j = 1,2, 3,
also are infinitesimal symmetries for the ball rolling on the plane.

A

6.3 Nonholonomic Jacobi fields for mechani-
cal systems

Now, we will introduce the complete lift of a mechanical nonholonomic system
following the same ideas that in the case of a kinetic nonholonomic system.

Definition 6.3.1. Let L,y be the mechanical Lagrangian function on T'Q)
associated with a Riemannian metric g on () and the potential energy V €
C*(Q). The nonholonomic system (Lge ey, D¢) is the complete lift of the
nonholonomic system (L4, D), with the Lagrangian function of mechanical
type Lgeyey : TTQ — R defined by

L(gC7Vc) = Lgc — VC O TTQ:

where 7r¢ : T(T'Q)) — T'Q is the canonical projection and D¢ is the complete
lift of the distribution D.

Next, we will prove some results which will be used later.
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Lemma 6.3.2. If V is a function on Q, its complete lift satisfies
(Vorg)€org =V orpg. (6.3.1)
Proof. Observe that for any Y € T, TQ, with v, € T,Q, we have that
(Vo1q)® 0 koY) = (d(V o 1q)(trq(ro(Y))), koY)
by (2.4.1). Then we deduce that
(Viorq)®orq(Y) = (dV(q), T1q(ke(Y)))) = (dV(q), Tro(Y)) = Ve orrg(Y),

where we used the fact that kg is a morphism between the vector bundles

T'1q and Tpq and (12.4.1]). O

Lemma 6.3.3. Let g be a Riemannian metric, g¢ its complete lift and V' a
smooth function on ). We have that

grad, Ve = (grad,V)*. (6.3.2)
Proof. On one hand, for an arbitrary Z € X(Q) we have that
g°(grady Ve, 2°) = d(V°)(Z°) = (dV(2))*,

where we used the definition of grad,V®, (2.4.7) and (2.4.8). Then, the
definition of grad,V" implies that

9°(grad. Ve, Z°) = (g(grad,V, Z))° = ¢°((grad,V)*, Z°),

where we used (A.1.1). On the other hand, using the same arguments we
deduce

g (grad, V<, 2) = d(V)(2") = (dV(Z))* = (g(grad,V, Z))".
So, from (A.1.1)) we conclude that
g°(grad, Ve, ZV) = ¢g°((grad, V)¢, Z).

Since ¢° is non-degenerate and ZV, Z¢ with Z € X(Q), (locally) generate
X(TQ), we have finished the proof. O

Now, we will prove a similar result to Theorem [6.2.11|for the more general
case of a mechanical nonholonomic system.
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Theorem 6.3.4. Let (L), D) be a nonholonomic system of mechanical
type and F(L(gyv)’p) the associated nonholonomic SODE. Then

(i) The complete lift (Lge vey, D) is a regular nonholonomic system.

(i) Let I'(r,c ey pe)y € X(DC) be the nonholonomic SODE associated with
the system (Lge,vey, D¢) and kg : TTQ — TTQ the canonical involu-
tion. Then

F(L(gc’vcwpc) = T'%Q‘T'D o FE:L@’V)’D) O /ﬁ}Q‘Dc (633)

and so we have

(a) UL e ey Do) 18 T'1g|pe-projectable over Lz, m)s

(b) The trajectories of UL, e, pe) are just the Jacobi fields for the
nonholonomic system (L vy, D).

Proof. Ttem (i) is a consequence of Theorem [5.1.12 together with the proof of
Proposition [6.2.13] where we see that the distribution D¢ is non-degenerate.
Before proving item (ii), note that by Lemma [5.1.11] and Proposition
[A.1.2] we have that
wL(gcA/c) - ngC - K’*szg - K/*sz(g’v)'
Moreover, from Lemma [6.3.2] it follows that
Epyevey = Brye + V0 mrg = (EL,)® 0 hig + (Vo 1)* o kg = Ef ) © K-

C,VE)
Now we may follow the proof of Theorem [6.2.11] and we conclude by
following exactly the same steps that (mQ)*FfL( )D) is a vector field on D¢
g, b
and by uniqueness of nonholonomic vector field, it coincides with I'(f, (ge.ve), D)5
ie.,
Lo veype) = Thglrp o I'(y, ) p) © Kglpe. (6.3.4)

The remaining statements in item (77) are just consequences of the prop-
erties of the complete lift and the canonical involution and we can follow the
proof of Theorem [6.2.11] with the necessary changes:

T(TTQ|DC)(F(L(gc7vc),DC)) = T(TTQ|DC e} ’%QlTD) @) F?L(g,V)yD) e} /{Q|Dc
= T(rrqlro) (T, ., p) © Kolpe)
= LLgy0)0) © TrQlrD © KglDe

=D,y © TTqlpe.
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Now if W : I — T'Q) is a trajectory of DL ye ey Do), then KQOW I —TD
is an integral curve of F‘(ZL(Q V) D) Therefore we may write it as

. Ly D) .
koo W(t) = (TW@@ ) (50 0 W(0)).
So,
W(t) = Tro(kg o W) = Tg ((Tw(o)@ru(g’v)’m) (kg o W(O)))

and

Tz )0 .
Wit = (T (6, ™) ) (g 0 1/(0).
Let now v : I — D be a curve such that its initial velocity is v/(0) = koW (0).

Then
INGASREN -
(mo@( o) >) (0(s)).

Hence, IV is a nonholonomic Jacobi field for I'( Liy) D) since it is an infinites-
imal variation of nonholonomic trajectories of I'( Lig)D)-

d

s=0

]

Finally, we will present the Jacobi equation for the nonholonomic Jacobi
fields associated with a mechanical nonholonomic system.

Theorem 6.3.5. Let (L(,1, D) be a mechanical nonholonomic system, V™
the nonholonomic connection on Q) with torsion and curvature tensors de-
noted by T and R™, respectively, and W : I — TQ a vector field along a
nonholonomic trajectory ¢ : I — Q). Then W is a nonholonomic Jacobt field

if and only if

VW 4 VERMT(W, ¢) + RM(W, ¢)é + Vi (P(grad,V o ¢)) = 0,

W(t) € Diy -
(6.3.5)

Proof. We already know by Theorem [5.1.13|that if ¢, : I — @ is a trajectory

of I'(, v, p), then it satisfies equations (5.1.8). Moreover, by Theorem
if W: I — TQ is a Jacobi field for the nonholonomic system (L, vy, D),
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then it is a trajectory of the nonholonomic SODE F(L(gc7vc)’pc). As a result,
W must satisfy the equations

VW = —P"(grad, Ve o W), W e D,
where VIV is the linear connection on 7'Q defined by
VNEY = PT(VLY) + VL [PT(Y)], for XY € X(TQ),

with V9° the Levi-Civita connection of ¢¢, PT : TT'() — D¢ the associated
orthogonal projector onto the distribution D¢ and P'7 : TTQ — (D)t the
orthogonal projector onto (D€)+, the orthogonal distribution.

On one hand, by Proposition , VN = (V™)e. On the other hand,
by Lemma [6.3.3], we have that

grad Ve = (grad,V)*
and by Lemma we have that
PT(X®) = (P(X))".
Hence, W must satisfy
(V"™)e, W = —(P(grad,V))* o W, W (t) € Dfy .-

Now, we will follow Proposition [6.2.20] and keep the same notation that
was introduced in the corresponding proof. Suppose that the local expression

of P(grad,V) is

P(grad,V) = (P(grad,V))’ 0

oqt
Then, equation (|6.2.15)) together with

d(P(grad,V))" o

(Plerad V)W (2) = (Plarad, V) 5| iy =S B

9q' W (t)

w(t)
and the fact that ¢, satisfies the equations ((5.1.8)) imply that

. . | )

(V™) W+(P(grad,V))® o W = (W’“ + qlqﬂwla—q@;
0(P(gradgV))k 0
oq’ gk

HPWHTE +Th) + W ()
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Using similar techniques to those applied in the proof of Theorem [6.2.21] we
are able to prove that

(V™) W + (P(grad,V))* o W =
(VIR W + VIRT™ (W, ¢) + R™(W, é)¢ + Vi (P(grad,V o ¢)))”

Indeed, by following its proof and having in mind that now the curve ¢,
locally satisfies the equation

= —Td’¢" — (P(grad,V))",
we deduce that the sum of VI"V2"IV and R™(W,¢)¢ is
[Wm +2WIGTT + Wi T T + WG TETY,

0

. 8Tm rm
+4ig' Wi ( + a—’?) — (P(grad,V))’ WJF’”] p

qu 0qi
Since

VT W, ¢) = (W T = WDl T — W (P(grad V)Y Ty

m (6.3.6)
— "djw — Wik lrM) B
and
Vi(P(grad, V) = (Wia(P(gradg‘/))j + Wi(P(grad V))krg‘k) 9
gt g Y
we obtain the expected result and the theorem follows. [
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Chapter 7

Discrete nonholonomic
mechanics

In this chapter, we will discuss discrete nonholonomic mechanics (see also
[CMO1; MPO6; [FIDO08; BZ15; FBO12; Cel+19; Igl4-08; MV19; CMO01} LDSMO04;
PL19]). Our first goal is to be able to identify the exact discrete flow of non-
holonomic mechanics which will be a map of the form

e . e,nh e,nh
hah - M= M

where MZ’”h is the submanifold defined in Definition in Section
satisfying the property that if ¢ is the unique nonholonomic trajectory sat-
isfying ¢(0) = qo and c(h) = q1 then the pair ® ., (q0,q1) = (q1, q2) satisfies
g2 = ¢(2h).

Then we will propose a set of discrete equations satisfying a new discrete
“variational” principle which is able to incorporate the exact discrete flow as a
particular solution for the appropriate choice of objects (discrete Lagrangian
function, discrete space of constraints and discrete forces).

As it will become clear below, this principle is based on the assumption
that we are given objects such as a discrete Lagrangian function and a dis-
crete constraint space on the ambient manifold () x (), which is the discrete
version of T'(). Nonetheless, we take a few steps in the direction of finding
an “intrinsic” version of our discrete principle using objects that are defined
on MS™ right from the beginning.

Finally, we show how the proposed discrete equations perform in numer-
ical simulations.
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7.1 Modified Lagrange-d’Alembert principle

In this section, we introduce a modification of the Lagrange-d’Alembert prin-
ciple. Later, using the construction of the nonholonomic exponential map in
Section [4.3) we will define the exact discrete version of nonholonomic me-
chanics and show that it actually satisfies the modified Lagrange-d’Alembert
principle.

Let D be a distribution on the manifold ), Ly : Q@ X Q — R a discrete
Lagrangian function, Fdi 1 QX Q — T*Q discrete forces and M% C QxQ a
submanifold called the discrete constraint space. We remark that mg o F =
pry and 7w o F; = pry, where mg : T"Q) — Q and pry, : Q X Q — @ are the
canonical projections (see [MWO1]).

Thus, a discrete nonholonomic system on the configuration manifold @)
is determined by a tuple (Lg4, D, M$, F. di) In the following definition we will
use the discrete action defined in (3.7.1)) in Section [3.7]

Definition 7.1.1. Given Lq, D, M{, F7 as before, a sequence (qo, ..., gy) in
() satisfies the modified Lagrange-d’Alembert principle associated with the
discrete nonholonomic system (Lg, D, M¢, F. di) if it extremizes

N-1

05a(qa) - 0qa + Z [E (i1, ar) + Fy (e, qer)] - 0qi =0
=1

(Qrr Q1) EME 0K ESN -1

(7.1.1)

for all variations lying in the distribution dq, € Dy, , dqa = (0qo, ..., dqn) €
T‘]dcd(q(]a C]N) and 590 = 5QN =0.

Remark 7.1.2. Observe that this principle is exactly the same than the
discrete Lagrange-d’Alembert principle for forced systems when D = T'() and
M4 = Q x Q (see Section . It is also the discrete Lagrange-d’Alembert
principle for nonholonomic systems introduced in [CMO01] when F = F; =0
(see also Section . Also, in this context we find the methods proposed
by [LDSMO04], using a discretization of the forces for a nonholonomic system
and a discrete submanifold derived from the continuous constraints and the
forced discrete Legendre transformations. Recently, a similar principle was
introduced in [PL19] to study discretizations of Dirac mechanics.

Now, as in the case of forced systems, we have that
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Proposition 7.1.3. Given Ld,D,/\/l;iL,FdjE as defined previously, a sequence
(qo, ---,qn) in Q satisfies the modified Lagrange-d’Alembert principle associ-
ated with the discrete nonholonomic system (Lq, D, M, Fjﬁ) if and only if it
satisfies modified Lagrange-d’Alembert equations

Dy La(qr-1, ar) + D1La(qr, qes1) + Fyf (Gr-1, @) + Fy (G o) € D,
W (ks qrr1) =0, 0KESN -1, 0<a<s<n-—k (7.1.2)

where My is determined by the zeros of a set of constraint functions w® :
QxQ — R

Proof. The proof develops in the same lines as the proof of Theorem |3.7.17
the only essential difference being the introduction of the force maps. ]

7.2 The exact discrete nonholonomic flow

For the remaining of the section, consider the regular nonholonomic system

(L, D), with associated nonholonomic vector field I'(; py, whose flow and
: : r r .

nonholonomic exponential map are ¢, " and exp,™”, respectively. Let

R;™ . be the inverse map of the nonholonomic exponential map. It is called
the exact (negative) inverse retraction. Let the map R{', defined by

r
e+ __ (L, D) e—
Rh,nh = P o Rh,nh

be called the exact positive inverse retraction.
If we denote the inclusion of D in T'Q) by ip : D — T(Q, we induce the
dual projection %, : T*Q) — D* defined by

(ip(tq), vg) = (lg,iD(Vg)), Mg € T;Q7 vy € D,

The Legendre transformations of the Lagrangian functions L : T() — R
and | = L|p : D — R satisfy the following relation

it oFLoip=TFl, (7.2.1)

where Fl : D — D* is the restricted Legendre transformation defined from [

Uug +tvy), ug,vq € D,
=0

(Fifu,). ) = &
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Definition 7.2.1. The maps Finhl . ME™ 5 D* defined by

Fponl(go, 1) = Flo Ry, (q0,q1) € Dy
Fz,nhl(%, q) = Flo R,C:;h(qo, @) €D .

are said to be the exact discrete nonholonomic Legendre transformations.

Note that 5, are (local) diffeomorphisms, since they are the composi-
tion of (local) diffeomorphisms.

As we will see below, the condition of momentum matching gives the
exact discrete nonholonomic equations:

]F;nhl(q()? Q1) = Ff:,nhl(QD q2)

e,nh

(7.2.2)
(90, 01), (q1,q2) € M;,

We will see in a theorem below that the term “exact” is not naive.

Remark 7.2.2. Alternatively we can define the subset

o = 1(Flo Rlc;,_nh(QOa q1),Flo Rf:;m(%, q1)) | (qo,q1) € Mi”h}

and we can think S¢, C D* x D* as an implicit difference equation [IP+13]
producing the exact discrete nonholonomic dynamics.

Observe that, since both R;, and Fl are local diffeomorphisms, then
equations (7.2.2) implicitly define an ezact discrete flow: @5, M
Mz,nh by

e F 5 €
CI)h,nh(QOa q) = eXPh(L 7o Rh;h(%, Q). (7.2.3)

Moreover, it produces a well-defined flow on D*, denoted by ¢j, ., : D* —
D*, which is defined by

Soz,nh(:uqo) = IE‘Z,nhl © (Fi;nhDil(:uqo)v Fgo S D;O'

The interplay between both discrete flows and the nonholonomic Legendre
transformations may be summarized in the following commutative diagram

Next, we state the main theorem in this section: the exact discrete non-
holonomic flow, as the name indicates, exactly reproduces the continuous
flow of the nonholonomic system at any step h.
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e

Me,nh (bhmh N e,nh
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- +
Fh,nhl/ \Fh,nhl /
’D* D* ]F}:,nhl
\

€
Ph,nh

Figure 7.1: Commutative diagram: FExact discrete and continuous nonholo-
nomic flows.

Theorem 7.2.3. Given (qo,q1) € MS™ and h > 0, consider the sequence
(qo, @1, ---, qn) satisfying the exact discrete nonholonomic equations ([7.2.2)),
in the sense that

Finhl(QkA, @) = Fnl(@r, ae1) =0, (qr, qry1) € MZ’nh7 (7.2.4)

for0< k<< N-—-1.
Then, we have that the sequence (qo,qi,...,qn) exactly matches the tra-
jectories of I py in the sense that

@k = qo(kh), (7.2.5)
where qo 1 s the unique trajectory of I' (1, py satisfying go1(0) = qo and go1(h) =
q1-

Proof. The theorem is a direct consequence of the definition of the exact

discrete flow in ([7.2.3)).
[

In order to relate the exact discrete nonholonomic equations with the
modified Lagrange-d’Alembert equations, which is the objective of the next
section, we will need another alternative expression of equations . In
particular, using we can rewrite these equations in a very similar way
to the modified Lagrange-d’Alembert equations given by equations as

ip (FLoipo Ryt ) (g0, 1) — (FLoip o Ry ) (g1, 42)) = 0
(@0, @), (q1,¢2) € MG

Note that the projection i}, : T#Q) — D* satisfies
ker(ip) = D°. (7.2.6)
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Thus, we conclude that

(FLo Ry (90, q1) —FLo Ry ) (¢, 2) € Dy,
(QO7 q1)7 (qh q2) € M]el’nha

where we omit ip since Ry, (qo, 1) and Ry, (q1,¢q2) are vectors in the dis-
tribution D and may be identified with its inclusion.

(7.2.7)

7.3 The exact discrete Lagrangian function

Given a regular nonholonomic system determined by (L, D), we have seen
how to derive the nonholonomic force F,; : D — T*(Q in Section (see

equation (3.6.8))).

Consider now an arbitrary extension Fnh TQ — T*Q of Fy. Tt is clear
that the solutions of the forced system determined by (L, Fnh) with initial
conditions in D, remain in D and match the trajectories of the nonholonomic
system. In fact, if 'z p) is the nonholonomic dynamics and F( L) is the
forced dynamics, then it is clear that I, py = I' (L.Fon) Ip.

If R~ e is the exact retraction associated with the forced SODE F o)

then, as in ‘Section we may define the exact discrete Lagranglan func—
tion Le h QX Q — R given by

h h LF
Zm(%a(h) :/() < ¢ ( © Re ) (CIOaC]l) dt7

and the exact discrete forces (/F:Z;)Zi CQ X QQ — T*(Q) given by

—_—

(Fan)" (90, 01), Xav) = (Fg" (a0, 1) (O, X))

<(Fnh)fl7_(qm ql)v XQO> = <F§7h(‘.707 ql)a (qu 0l11v >a

where Fj O xQ = T*(Q x Q) is the double exact discrete force given by
h
(Fy" (g0, 01), (Xgp: Xq)) = / << Fon 0 g, &) o R~ >(QOuQI> Xoa(t)) dt
0

where X0,1<t) - T(QO a) (TQ © ¢ Re* )(qu,qu) for (XIIOﬂth) €
T,,Q x T,,Q. Note that (Fnh)d (q0,q1) € Tq*lQ and (Fn )i (@0, @) € T; Q.
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Following the notation in [MWO01], we may rewrite these maps as
. h
LZ,F" (Q(b QI) = / L(qu(t), q.o’l(t)) dt ,
syL'nh 0

—_— h —_—
FEi o) = [ (Fadlanalt)dua o), “52) .

Fali ) = [ (Fdlana0)doa ), 251 .

where now ¢o; : [0,h] — @ is the solution of the forced Euler-Lagrange
equations for (L, /P?nJh) verifying ¢o1(0) = g0 and ¢o1(h) = ¢1.

We now prove that when we apply the modified Lagrange-d’Alembert
principle to the exact discrete objects defined above, we obtain the exact
discrete nonholonomic equations.

Theorem 7.3.1. Let (L, D) be a reqular continuous-time nonholonomic prob-
lem with regular Lagrangian L. Consider the exact discrete Lagrangian func-

tion LZ’%V defined above, as well as the exact discrete forces (F,p)5~ and

o s'nh

(Fop)5T. Also let MS™ be the exact discrete space associated to (L, D).
Then the modified Lagrange-d’Alembert principle induces modified Lagrange-
d’Alembert equations

e,h e,h
D2Ld7m(Qk—1a qx) + DlLd7m(Qka Qrt1)

+ ()i (@1, ) + (Fan)i ™ (@, arsr) € D (7.3.1)
(r, Q1) € ME™ 0<ES N -1,

which are equivalent to the exact discrete nonholonomic equations (|7.2.2)).

Proof. The terms appearing in equations ([7.3.1]) are the restriction to MZ’nh
of the exact discrete Legendre transformations for the forced system (L, Fy,;,):

e,h —reh
P LY (qi1,ax) — F/7 LY (gi, i) € D
(@ 1) €M™ 0K KK N -1
Thus, using Lemma [3.7.15] the equations above are equivalent to
FLo Ry (qr-1, ) — FL o Ry (ar, qus1) € D,

Fun

(7.3.2)
(qk Gopr) € ME™, 0<ES N —1.
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Observe that, since the restriction of the forced dynamics to D matches
the nonholonomic dynamics, then also the restriction of the forced inverse

retraction maps to M matches the nonholonomic retraction maps Ry, .
Thus, projecting the first expression of ([7.3.2)) to D* through %, and using
(7.2.6)), we obtain

ip (FL|D © RZ’,Zh(C]k—l, ar) —FL|po RZ:;h(Qk» Qk+1)) =0
(Gr, Geyr) EMS™, 0K ESN -1
and so, using , we obtain
Fio RZ’;h(CIk—la qr) — Flo Ry (qrs 1) =0

Now, if the sequence (qo, ..., gn) satisfies (7.3.1)), then since Fl is a diffeo-
morphism, we deduce that

Rzlzh(q’f—l’ k) = Rfe;,;h(QM Tt 1)
(g, Q1) € MZ™, 0< K< N -1,

and therefore the exact discrete nonholonomic equations (|7.2.2)) are satisfied.
Conversely, if the sequence (qo, ..., g ) satisfies the exact discrete nonholo-
nomic equations ([7.2.2)), we may reverse the argument and obtain ((7.3.1)).

Note that, by , we have that
ip (FL’D © R;,Zh(Qkfla qx) —FL|p o RZ’,;h(Qk, Qk+1)) =0
if and only if
FL|po Ry vy (gk—1, ) — FLIp o Ry (ks gk1) € Dy,
from where the conclusion follows. O

Observe that, we are restricting to pairs of points in Mfl’"h and applying
the modified Lagrange-d’Alembert principle

—_—

N-1
0.54(qa) - 0qa + Z |:(Fnh)§7+(Qk71> qx) + (Fan)g™ (qrs @rv1) | 0 = 0
k=1

(qka QkJrl) S M27nh>

with dq¢q = (dqo, ..., 0qn) for all variations dqy € D, verifying dgo = dgny =0
and

Sa(qa) = LZ:%; (Qk> Qt1)-
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7.4 'Towards an intrinsic version of the exact
discrete nonholonomic equations

Assume again that we have a regular nonholonomic system (L, D). We can

introduce the intrinsic version of the exact discrete objects appearing in the

exact discrete nonholonomic equations. That is, instead of defining the var-

ious maps in the ambient manifold @) x @), we wish to define them directly
nh

on My™.

With the help of the constrained exact inverse retraction, defined by
Ry ME™ — Uy, C D introduced in Section , we define the nonholo-
nomic exact discrete Lagrangian as a function on the exact discrete space
If ot M — R given by

h

e I, e—

Uy nn(Q0, 1) = / (L 0¢, " o Rh,nh> (g0, q1) dt. (7.4.1)
0

where {¢, ™} is the flow of L(L.p)-
To ease the notation let us introduce the following objects:

1. given (go, q1) € MS™ define the following curves on D and Q, respec-
tively:

r o
20(t) = (6“7 0 Rirpy) (a0, a1) and co(t) = 0 70(1);
2. a variation of the former curve is denoted by

w(®) = (60 0 Ry ) (a0(s),a1(s)) and e,(t) = 7 0 7.()

3. the infinitesimal variation vector field on the configuration manifold is

d
XO,l (t) - %

Next, we will prove a result which we will use later. The proof of this
result involves the canonical involution kg : TTQ — TT(Q of the double
tangent bundle defined on Section [2.4.1]
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Lemma 7.4.1. Given a SODE T, if v is a one-parameter family of integral
curves of I', then the infinitesimal variation vector field of v, is the complete
lift of the infinitesimal variation vector field of the one-parameter family of
curves formed by the base integral curves of I', that is ¢ = 7g 0 7s.

Proof. If ~, is a one-parameter family of integral curves of I, it has the form
Vs = %cs. Let
d

X01 (t) — %

TQ © Vs ()
s=0

be the infinitesimal variation vector field of ¢,. Then the infinitesimal varia-
tion vector field of ~; is

d d dcs
_ () = — t
L0 = g Fo
d d d c
= kg (% B c(s,t)) = fqQ (EXMU)) = Xai (1)

]

Next, we will obtain an interesting expression for the differential of the
nonholonomic exact discrete Lagrangian function Ij, .

Proposition 7.4.2. The differential of the nonholonomic exact discrete La-
grangian satisfies

<dl2,nh(qU?Q1>7(XQO7XQ1>> = _<5nh(QO7Q1)7(XQO7XCI1)>
+<FL © R;—;Lh(QOa Q1)’ XQ1> - <]FL o RZTnh(QOv Q1)>XQO>7

where

h
Bl @1). (X, X)) = / (Fun(0(t)), Xor (1)) dt

and we are identifying the vector (X, Xg1) € Tige.anM5™" with its image by
Ti: TM™ < T(QxQ),i: M™ < Q x Q being the canonical inclusion.
The smooth curve Xo; : [0,h] = T'Q is defined as
r o
Xo1 (t) = T(Qo,fh)(TQ o ¢, =P o Rh,nh)(qu Xq1) .
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Proof. Let v : (—s,s) — MS™ be a smooth curve denoted by v(s) =

(q0(s), q1(s)) such that v(0) = (go,q1) € M™ and v'(0) = (Xy, Xq) €
e,nh

Tigo,1) M}, and

r .
() = (67 0 B (a0(s), aa(s))
Then, using Lemma [7.4.T], we have that

(0, 1), | (a0(5), (5))) =

s=0

= [Careon 4| w42

s=0

- / (AL (30(t)), X5 ().

Note that X§,(t) is a vector field on T'Q) along (), hence using (3.4.4), it
follows that

(5 (q0, @1), (Xgo5 Xgy)) = X1 (h)(L) — X1 (0)(L) —/0 (Fan(h0(t)), Xou(1))dt

= (FL(70(h)), Xo1(h)) — (FL(70(0)), Xo01(0)) —/0 (Fan(10(2)), Xoi(2))dt.
(7.4.3)

By unwinding the definition of X¢; and identifying (X,,, X, ) with its image
by T4 : TMZ’”h — T(Q x @), we see that

Xo1 (h) = T(Qom)(TQ o RZ—,Zh)(qu Xq1) = Xg,
Xo1 (0) = T(q07Q1)(TQ(RfCZ;I]’L)(XQO7 Xth) = XIJm

since
e+ e—
TQo Ry, = pr2|Mz,nh and 1o R, = p1r1|/\4i,nh7

where pry, : Q@ X Q — @ are the projection onto the first and second factor,
respectively. ]

Observe that in the previous Proposition, the intrinsic discrete objects
associated to the nonholonomic problem are dif, (B, € Alj\/l,el’"h. Then, o,
given by

Tnn(Xgo, Xgy) = (FLo R} ) (0, 01), Xoy) = ((FLo Ry, ) (00, 1), Xogo) (7-4.4)
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is also a 1-form in MS™" where (X, X,,) is identified with its image by T%.
From the definition of the Legendre transform FL : T'QQ — T™(Q), it is easy to
see that this map can be extended to a map

Gon - M — T*(Q x Q)

defined by expression ([7.4.4]) but applying it to an arbitrary vector (X, X,,) €
Tlann) (@ % Q) with (qo, ql) e M;™.

Finally, we will relate the exact discrete objects associated with the forced
system (L, Fy,;,) and the intrinsic exact discrete objects we have just defined.
Proposition 7.4.3. The restriction to My’ nh of the forced exact discrete La-
grangian function L F‘v 15 just the non-holonomic exact discrete Lagrangian

d,Fop
Junction I ., that is,

Le,h e

=1y .
d.Fun | pemh — Pk

Moreover, if (qo, 1) € M™ and (Xg0, Xg1) € Tigo.qy M then
<((Fnh)2’_(%7€h)7(Fnh)cel’Jr(QOa%)) (Xgor Xar)) = (Ban(d0, @1), (Xgo5 Xg1))-

Proof. Given a pair of points (o, q1) € MZ’"h, since the unique trajectory of
I'(,py connecting the two points is also the unique trajectory of the forced

problem (L, Fnh) connecting these points, the expressions of LZ’; , and
nh Men

hnn Match.
According to Proposition and the observations following it we have
that

e
dlh,nh + Bnh = Onh-
Then, since o,,;, = 1*0,, we have that

. h e
AL + B’nh = Z*O-nh’
d7Fnh
. h . . .
where 7 : MP™ — Q x @ is the inclusion. So,

ﬂnh = Z*(a:nh dLZ;LTn'h)

Observe that
~ e,h e, e,h e e,h
Onn — ALy = (-FLo Ry, — DL FLo Ry o — D2 )
Therefore, using Lemma [3.7.15| we conclude

Gun — ALy = (Fan)g ™, (Fan)y™)-
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7.5 Construction of integrators and numeri-
cal examples

To construct variational integrators we consider discretizations (Lg, F; , F})
of (LZ’%V, (Fon)5™, (Fun)5™) as a typical forced integrator and then we con-
sEnh

sider a discretization M¢ of MZ’nh to derive the modified discrete Lagrange-
d’Alembert equations:

D5 La(qr—1, @) + D1La(qr, Gr+1) + Fy (qe-1, @) + Fy (G, Grr1) € D,

(qks Qet1) € ./\/lz, 0<k<N-1,
(7.5.1)

We remark that, by (7.2.6), we have that (7.5.1)) is equivalent to the
projection onto D*, i.e.,

i (DzLd<qk71’ k) + D1 La(qks 1) + Fy (qr-1, @) + Fy (ar, Qk+1>) =0
(@, Q1) EME, 0K ESN -1,
(7.5.2)

This projection motivates the definition of the Legendre transforms F*i; :
M¢ — D* given by

Ftly = i3 o B/ Ly pyg
Fly=ip o B/ Lyl -

Example 7.5.1. Consider once more the nonholonomic particle. We intro-
duce a discretization of the discrete space M¢™"

M= {21 = 2 + (yl ;y[)) (1 — 20)}, (7.5.3)

and a discrete Lagrangian

1

La(o, Y0, 20, 1, Y1, 21) = o [(951 - 350)2 + (1 — yo)2 + (21 — 20)2} .

Moreover we need two discrete forces

2 (x1 —z0)(y1—w) [ 1+
Ff -z _

dry + dzl)
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and
F (QO y 91>

2 (21— 20)(y1 — ¥o) (_yl + Yo
h 4+ (1 + o)’ 2

The forced discrete Legendre transforms which appear also in the modified
Lagrange-d’Alembert equations are

d.ro + dZ()) .

— 1 (x1 — o) (y1 — vo)(y1 + o)
F/~ La(g0, 1) = <x1 2y da
o h h 4+ (yr + y0)2 ’
_ 2 _
+y1 yo o+( (451 5170)(1/1 )) dz
h Cho4+ (y1 +10)

and

_ 1 - .
IFf+Ld(q07q1) _ (m To _(:m 20)(y1 — Yo) (Y1 +yo)> dr,

h h 4+ (y + yo)2
_ _ ) _ _
+?/1 Yo dys + (21 20 4z (ﬂfl iUo)(yl glo)) dz
h h h 4+ (1 + o)

Now projecting the forced Legendre transforms onto D* by means of 77, and
restricting to M¢ we get

i X1 — T 1 _ 2 .
Fbtataf) = 0 (1 Sl o) + LY o (e

h 2 4+ (11 + yo)?
and
; 1 — X 1 _ 2
Faaha) = 5 (1 g o)+ e ()

where the local frame {e®} C D* is dual to the local frame {e,} spanning D,
where ¢; = % +y% and ey = ai'
Now solving equations ([7.5.2)) for this example we get
1 (y1-90)°
) 1+ 53y +v0) + T

0 EPRY)
L+ 3513y — o) + el

£B2:$1+<£E1—

Y2 = 2y1 — Yo.

We can see in Figures[7.2]and [7.3] a comparison between the proposed in-
tegrator (MLA) and the more standard Discrete Lagrange-d’Alembert (DLA)

250



integrator (see [CMO01]), where we use the same discrete Lagrangian L, dis-
crete forces F di and discrete space M¢ than above. We compare the error
in both integrators as well as the energy behaviour of both. We observe the
proposed integrator as good behaviour in both aspects and it even behaves
slightly better than DLA. Notice that the Hamiltonian function H|p« given
by

H 1 p% 2

(7, Y, 2,p1,p2) = 5 (ryQ +p2)

becomes approximately constant along the discrete flow, after the first steps.
To run the simulation we set the initial position at the origin ¢y = 0 and
¢ = (0.4,0.4, z1), with z; being determined by . The step is h = 0.5
and the total number of steps is N = 1200.

Hamiltonian nh extrinsic integrator
0.84 T T

082

L
oo} .
i
|
|

MLA Energy

Exact flow Energy [
DLA Erergy

Energy of iteration k
o
I

| | | | |
[} 100 200 300 400 500 600
Iteration k

Figure 7.2: Comparison of the value of the Hamiltonian function between
DLA and MLA integrators.

We also draw in Figure the discrete constraint space M¢ and compare
it with its exact version M;"™". A

Example 7.5.2. Let us introduce another typical example of nonholonomic
system (see [Blo15]): the knife edge. Choosing appropriate constants, its
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Figure 7.3: Evolution of the error in DLA and MLA integrators.

Exact discrete space Me

Approximate discrete space Md

40 7

80 —
30
20 4 40 -

20

Coordinate z1
: =1
1
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=
1
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20 207
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-10
-40 = T T T T L o 3 .
156 -10 - 7
D%Fdi”ﬁle 3‘[1’ s 0 Gonre A5 -10 5 0 5 10 Coordinate x1
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. e,nh .
(a) Exact discrete space M, given by (b) Di d .
iscrete space M given by (7.5.3).
(2.3.4). h

Figure 7.4: Graph of the defining function for the respective spaces. We have

fixed the origin as the initial point gy = 0 and plotted the coordinate z; as a
function of x; and ;.
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Lagrangian function is described by the function L : T(Q x S') — R

. 1 . ) ) T
L(z,y, ,,9, ) = 5(1’2 + 97+ @) + 3

and it is subjected to the nonholonomic constraint
sin(p)2 — cos(p)y = 0.

We introduce the following discretization of the constraint space

d_ ) (PrLT¥o)T1—To P1+9o\ Y1 —Yo _
M —{Sln( 5 ) ; COS( 5 ) . —0}.

The natural discretization of the Lagrangian compatible with the above dis-
crete constraint space is then

1

La(wo, Yo, 0, 71, y1, 01) = (1 —20)°+ (1 —y0)* + (1 — ¢0)?) + h-

T+ Xo
4

Moreover the discrete forces are given by

h _ h
F;_(qm Q1) - §A (dexl + Mydyl) 5 Fd (QOa Q1) - 5)‘ (,Uzdxo + /'Lydy()) 3

and

Uy = sin (@) , My = COS (%) .

With these ingredients we obtained an integrator with a nearly preservation
of the energy (see Figure [7.5)), where we use the Hamiltonian function

1( p 2 sin? (i)
Hlne — - 2 - A =14+ —"Z
D (x7907y7p17p2) 9 (A((P) +p2 x|, (90) + COS2((,0)
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Hamiltonian knife edge MLA integrator

HﬁnNWLJth Kt

0.2

I

)
ho

Energy of step k
=]
-9

— MLA Energy
— DLA Erergy
0.6
0.8
-1 s s L L L
0 50 100 150 200 250 300

Step k

Figure 7.5: Experiment with the knife edge example: the initial positions
are the origin ¢y = 0 and ¢; = (0.4,0.4, 3, ), the step is h = 0.5 and the total
number of steps is N = 600. As before, we use the same discrete Lagrangian
Ly, discrete forces FaljE and discrete space M¢ in both integrators.

Example 7.5.3. We now slightly perturb the knife edge system by intro-
ducing the nonholonomic constraint (see [MV19])

sin(p) — (cos(p) —e)y =0, > 0.

We obtain an integrator for the perturbed system that no longer preserves
energy. Anyway, it still behaves clearly better than standard DLA algorithm
(check Figure , for the Hamiltonian function

sin?(¢)
(cos(p) —€)*
AN

1 p2
D*(xagpayvpb]b):i (A(gOl 8) —|—p§—l’> ) A((,D,é‘):l—i—

H
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Hamiltonian knife edge MLA integrator

| 20 _Muuuuuuduwuwuu UW | ‘ ‘||'" !

Step k

Figure 7.6: Experiment with the perturbed knife edge example with ¢ = 0.1:
the initial positions are the origin ¢o = 0 and ¢; = (0.4,0.4,y;), the step is
h = 0.5 and the total number of steps is N = 600. As before, we use the

same discrete Lagrangian L4, discrete forces Fdi and discrete space M¢ in
both integrators.
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Chapter 8

The geometry of discrete
contact mechanics

In this chapter, we will introduce the discrete variational principle replacing
Herglotz variational principle in the discrete setting. The discretization of
Lagrangian contact systems is a very recent subject (see [VBS19] and also
[Bra+20]). In fact, Lagrangian contact mechanics (see Section was de-
veloped in the last few years (see [Bral7; Bral8; LL21; LLV19a]) and so it is
natural to wonder if the constructions of discrete Lagrangian mechanics (see
Section and references there in) may be generalized to this context.

We will use the results described in Chapters [4] and [7] to define a contact
exponential map and the discrete contact Lagrangian function, using the fact
that Herglotz equations for contact Lagrangian systems on T'(Q x R may be
seen as the equations of motions of a nonholonomic Lagrangian system on
T(Q x R) subjected to nonlinear constraints.

Section R.1] is devoted to construct the discrete version of contact La-
grangian dynamics for a discrete Lagrangian Ly : @ X Q x R — R, where
@ is the configuration manifold. We consider the discrete Herglotz principle
to obtain the so-called discrete Herglotz equations. The Legendre transfor-
mations F'~ L, and F* L, are defined, and consequently the discrete flow (at
the Lagrangian and Hamiltonian levels); the main result is that the discrete
flow is a conformal contactomorphism.

In the next section, we define the contact exponential map for the Her-
glotz vector field and prove that it is a local diffeomorphism, as an applica-
tion of the nonholonomic exponential map which also also allow us to define
the exact discrete contact Lagrangian function generating the exact discrete
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contact flow.
Finally, we consider several examples to illustrate our theoretical devel-
opments.

8.1 Discrete contact mechanics

Let Ly : Q x @ x R — R be a discrete Lagrangian function. In our point
of view ) x @ x R will be the discrete space corresponding to the manifold
T x R, where continuous contact Lagrangian mechanics takes place. We
fix a time-step h > 0, on which L; depends, though we will omit this explicit
dependence.

For each N € N, let us define the discrete path space as the space con-
taining sequences on () with length N + 1, i.e.,

Cy(Q) ={(q0,q1, - an)lax € Q, k=0,..., N},

The set C}'(Q) is a manifold and it is canonically identified with the product
space QN 7t

To each g € CY(Q) and each z; € R we will associate another sequence
(21) € RN+ defined by

Zk+1 — Rk :Ld(qk7Qk+lyzk)7 k:O77N_ 1. (811)
In the sequel, for each 1 < £ < N, we will denote by Z; the function
Zr QX xXxR—R

Zi(Qr—15 Q> 2e-1) = 2k—1 + La(qr—1, s 2r—1)-

We define the contact discrete action to be the functional that for each
point gq € CYY(Q) and each real number 2, returns as output the real number

zn obtained recursively from (8.1.1)), i.e.,
Az: CY(Q) xR —R
¢ Ca(Q) (8.1.2)
(qa; z0) = 2w

A wariation of a sequence qq € CY(Q) is a curve gz : (—¢,¢) = CY(Q)
satisfying ¢4(0) = gq4. Given such a variation, we will define its infinitesimal
variation by

d ~
5qd = E — Qd(e) - (5(]07 75QN)7
where dgy, = %|€:0 qgx(€).

258



Proposition 8.1.1. Let Ly be a smooth discrete Lagrangian. Then, if we fix
z0 € R, we obtain the functional

Ad,zo : CéV(Q) — R
qa — Aa(qa, 20).

The differential of the functional Aqg ., is the following
0Z

dAdz(qa) =oN - - - 028—1(610, q1, %0)dqo
qo0
N-1 N
0Zp11 0z,
+ Z H gj - (— +O’k+1— qu (813)
k=1 j=k+2 O O
0Z
+ 6—N<QN 1, 4N, N l)dQNa
qN

where we are using the identification of CY(Q) with QN and for each 1 <
J<N

0Z;
82]‘_1

Proof. Using the identification of C'(Q) with Q¥ ™!, note that the discrete
action may be rewritten as

o; = (¢j-1,4j,2j—1) = 1+ D, L4(qj-1,qj, 2j—1)-

Ad,zo (Qd) = ZN(QN—b 4gn, ZN—1(C]N—2, gN-1, ZN-z(--.Zl(%a q1, Zo)))

Using that

A . * OAg -, 0Ad,z
d-Ad,zo(Qd) d d 0+Z d d + 8qd d aqn -

and applying the chain rule, we deduce that

OAs.,  0Zn 02,02
0qo 0zn-1 0z a(]o’

since the function Z; is the only one that depends on ¢, among all the N
functions Z. It is also clear that

OAdz  OZy

dqn dqn

Y

259



since none of the functions Z; depend on gy except the function Zy. Finally
if 1 <k <N —1 we have that

OA4.,  OZn 0Zp 42 <3Zk+1 0241 3Zk)
g Ozp  Ogy

gy, B Ozn—1 O0zp41

where we applied the chain rule and the fact that the functions Z;; and Z
are the only ones that depend on ¢,. Hence, we finished the proof. O

Remark 8.1.2. Let us see the special case N = 2, where we can directly
compute the differential of the action.

Let L, be a smooth discrete Lagrangian. In the case where N = 2, the
differential of the discrete action function satisfies:

dAg ., = (D1La(q1,q2,21) + (1 + D, La(q1, g2, 21) D2La(qo, q1, 20)) dq

+ Do Li(q1, G2, 21)dga + (1 + D, La(q1, 2, 21)) D1 La(qo, q1, 20)dqo.
(8.1.4)

Definition 8.1.3 (Discrete Herglotz Principle). Given z; € R, a discrete
path g4 = (qo, ..., qn) in CY'(Q) is said to satisfy the Discrete Herglotz Prin-
ciple if g4 is a critical value of the discrete action functional Ay ., among all
paths in CY(Q) with fixed end points g, gx-

We will now obtain as a sufficient and necessary condition for a path
to satisfy the discrete Herglotz principle, a set of equations called Discrete
Herglotz equations [VBS19].

Theorem 8.1.4. Let Ly be a discrete Lagrangian function such that 1+ D, Ly
is non-vanishing everywhere. Given zy € R, a discrete path q; € CY(Q)
satisfies the discrete Herglotz principle if and only if it satisfies

D1Lq(qr, gks1, 21) + (1 + D.La(qk, qet1, 2)) Do La(qe—1, @i, 2k-1) = 0,

8.1.5
Rk — Rk—1 = Ld(Qk—h qk, Zk—1>> ( )
fork=1,..., N —1.

Proof. Let g4(€) be a variation of ¢; € C}(Q) with fixed end-points go and
gn- Then g4 is a critical value of the discrete action functional if and only if

L A (@0(0))) = dAy (502) = 0.

de 0
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By (8.1.3) the last expression is equivalent to

NZ_I ﬁ . 0241 +aZk+1 02 S = 0
’ gy, 0z, Oqy g '

k=1 j=k+2

Since the infinitesimal variations dq;, 1 < k < N —1, are arbitrary we deduce

IJ—V[ o <aZk+1 n 02511 aZk) _o

Pl oqy, 0z, Oqr
Note that,
0Z;
oj = A] (Qj—la q;, Zj—l) =1+ DzLd(Qj—b qj, Zj—l)
E)z]_l

is non-vanishing by hypothesis and

0Z1 . 0211 02y,

= DL D>L - -
gk Oz Ogy 1La(Grs Gt 2k) + Orr DaLalgr grs 2k-1),

from where the result follows. ]

Remark 8.1.5. The discrete principle introduced in [VBS19] is just the
condition

0211 n 0244102y
Oqk Dz, Ogy ’
afer rewriting it in our notation. For discrete Lagrangian functions where
14 D, L4 is non-vanishing, the condition above is equivalent to the Herglotz
discrete principle.

8.1.1 Discrete Lagrangian flows and discrete Legendre
transformations
Given a discrete contact Lagrangian Lg, if 1+ D, L4(qo, g1, 20) does not vanish,

we can define two maps called discrete Legendre transformations: F¥Lg :
RQXQXR—-T"Q xR

]F+Ld(QO7 qi, ZO) = (q17 DQLd(qCH q1, ZO)? Zo + Ld(q07 qi1, ZO))

_ D1 La(qo, q1, %0) (8.1.6)
F~L = — )
d(q07QI7ZO) (qo7 1+ DZLd(qO’ql’ZO)azO
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Lemma 8.1.6. F L, is a local diffeomorphism if and only if F~ L4 is a local
diffeomorphism.

Proof. 1t is a direct consequence of the implicit function theorem. n

The Legendre transformations allow us to rewrite discrete Herglotz equa-
tions as a momentum matching equations as in [MWO1]. Indeed,
provided 1+ D, L4(qo, q1, 20) is not zero, we may write the discrete Herglotz
equations as

F* La(qo, q1,20) = F~ La(q1, g2, 21)- (8.1.7)

Inspired by the following theorem, we say that a discrete contact La-
grangian is regular if the function 1+ D, L4(qo, q1, 20) does not vanish and its
negative discrete Legendre transform F~ L, is a local diffeomorphism. Thus,
we have the following theorem

Theorem 8.1.7. Suppose that the discrete Lagrangian Lg: (QQ X Q X R — R
is reqular. Then there is a well-defined discrete Lagrangian flow ®4 @ @ X
QXR — Q xQ xR for the discrete Herglotz equations. Moreover ®4 is a
local diffeomorphism given by

q)d = (FiLd)il e} ]FJrLd.

Proof. Consider the points (qo, 1, 20) € @ X QxR and (q1, g2, 21) € @ X QxR
satisfying equation . If F~ L, is a local diffeomorphism, then the map
defined by

q)d = (FiLd)il o} F+Ld

is also a local diffeomorphism and satisfies
®a(q0, 1, 20) = (01, G2, 21),

showing that it is the discrete Lagrangian flow for discrete Herglotz equations.
m

The discrete Legendre transformations also allow us to define an associ-
ated discrete Hamiltonian flow on T*Q) x R. Indeed, considering a regular
discrete Lagrangian function Ly, let &4 : T*Q x R — T*Q) x R be defined by

®y=TFtLgo®g0 (FrLy) " (8.1.8)
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It is not difficult to show that the discrete Hamiltonian flow admits the
alternative expressions

Oy =F Lyo®yo(F L))" or Oy=FLyo(F Ly) " (8.1.9)

OxQxR—2 5 QxQxR

/ \F*Ld / \F*Ld (8.1.10)

T'Q*xR ——=—— T"QxR ———— T"Q xR
d d

We may define the one-forms

= (F"Ly)'n, n = (F Lg)*n, (8.1.11)

where 7 is the canonical contact form on 7%() x R. These are contact forms
on @ x Q x R. If we chose natural coordinates (¢', p;, z) on T*Q x R where
n = dz — p;dq’, the discrete 1-forms may be locally written as

* = dzo + dLa(q0, q1, 20) — D2La(q0, q1, 20)da1,

D1 La(qo, q1, 2 8.1.12
= da + 1La(q0, ¢1, 20) dao ( )
1+ DzLd(q07 q1, ZO)
The one-form n* is further simplified to
n" = (14 D.La(qo, q1, %0))dzo + D1La(qo, ¢1, 20)dqo- (8.1.13)

Given a discrete Lagrangian Ly, let 04 : @ X Q X R — R be the smooth
function given by

o4(qo, 1, 20) = 1+ D.La(q0, 01, 20)
then we have that:
Lemma 8.1.8. The discrete contact forms n* satisfy
(i) nt =o0a-n";
(ii) (®a)'n~ =n".
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Proof. For the first item, observe that is equivalent to
" = (1+ D.La(qo,q1,20))1"-
For the second one, note that
(a)n™ = (®a)" o (F~La)"n = (F Lgo ®a)'n = (F"La)"n
by applying Theorem [8.1.7} [
As a consequence of the last Lemma we have the following theorem:

Theorem 8.1.9. Let Ly be a reqular discrete Lagrangian function. The dis-
crete flow @4 associated to Ly is a conformal contactomorphism with respect
to both contact structures n*. In particular, it satisfies

(CI)d>*n+ - (ad o (I)d) . 77+’ (‘I)d)*'ff =047 (8.1.14)

Likewise, the discrete Hamiltonian flow :}:l 1s also a conformal contactomor-
phism satisfying .
(®a)*n = (gao (F Lg)™") - . (8.1.15)

Proof. The first two claims are trivial consequences of Lemma [8.1.8] Indeed,
combining the two statements of the Lemma we get

(®a)'n” =0a-n".
Then, also
(®a)n" = (Pa)"(04-1") = (040 La) - (Pa)n~ = (000 Pa) - 7"
As for the last equation, observing that the discrete Hamiltonian flow satisfies
Gy =F"Lyjo® 0 (FTLy)~! by definition, then
(@a)'n =((F"La)™")" 0 (®)n* = (F"La)™")" (040 ®a) - ")
=(ga0®g0 (FFLy)™") - (FFLa)™") "™,

where the last equality comes from the properties of the pullback. Since we
have that

g0 (F*Ly) ' = (F Lg)~" and ((F"Ly) )'n" =1,

the desired result follows.

Moreover, since the discrete Lagrangian function Ly is regular, the func-
tion o4 does not vanish. Hence, the discrete flows ®; and ®, are conformal
contact. ]
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8.1.2 Discrete symmetries and dissipated quantities

Let G be a Lie group acting on @ through the map ¢ : G x Q — Q. We
define the lifted action on @ x @) x R to be the diagonal action on @ x @
and the identity on R, so that

SZ: GXxQxQXR—=0OQxQxR, @9<QO’Q17'ZU> = (SDQ(QO)a(Pg(%)?ZO)-

Let us denote by &g € X(Q) the infinitesimal generator associated to a Lie al-
gebra element ¢ € g and by E € X(Q x @ xR) the corresponding infinitesimal
generator on () x @ x R.

Notice that, since pry(¢4(qo, ¢1,20)) = 2o is constant for all g € G, where
prs @ @ x @ x R — R is the projection onto the third factor, then we have
that

T(Qo,ql,zo)prs (5((10, a1, ZO)) =0.

In fact, the infinitesimal generator may be identified with

5(907 q1, ZO) = (gQ(qO)agQ(ch)a Ozo) S TQOQ X TQ1Q X TZOR7 (8116)
where 0 : R — TR is the zero section of TR.

Lemma 8.1.10. If Ly : Q x Q X R — R s an invariant discrete Lagrangian
function, i.e., Lyo oy, = Lq for all g € G, then it satisfies the equation

D1 La(q0, q1,20)€0(q0) + D2La(qo, q1, 20)€0(q1) = 0. (8.1.17)

Proof. Since the discrete Lagrangian function is invariant for the lifted action,
it satisfies

<de(QO;Qb zO)a&(QOana ZU)> = 07 v(QOlea ZO) € Q X Q x R.

Then using equation (8.1.16)), one immediately gets the desired expression.
O

Now, consider the discrete momentum map J; given by

Ji: R *
1:QxQx o _ (8.1.18)
(Ja(q0, @1, 20), &) = (0" (0, @1, 20), (g0, 41, 20))-
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Theorem 8.1.11. Let Ly be an invariant discrete Lagrangian function for
the lifted action ¢. Then ¢ acts by contactomorphisms on @ x Q@ x R and
the function Jy(&) : Q@ X Q@ x R = R given by

~

Jd(g) (qoa q1, ZO) = <Jd(QO7 qi, Zo), €>

is dissipated along the discrete flow of Herglotz equations in the sense that

A A

Ja(&)(walqo, 1, 20)) = oa(qo, ¢1, 20)Ja(€) (G0, ¢1, 20),
where a4(qo, q1, 20) = 1 + D, La(qo, ¢1, 20)-

Proof. The fact that ¢ acts by contactomorphisms is immediately checked
by computing the pullback of either the 1-forms 7*:

(@g) " =0

Indeed, it is a direct consequence of the G-invariance of L,;. Following a
similar proof as in Subsection 1.3.3 in [MWO01]| (where the authors show
that, in the symplectic context, G-invariance implies that the action map
preserves the discrete Lagrangian one-forms), we differentiate the equality
Lyo ¢, = Ly with respect to 2y and obtain

DzLd(gg(q()? qi1, ZO)) = DzLd(q[)) qi1, ZO)?

while differentiation with respect to ¢y implies
(©9)"(D1La(q0, 41, 20)dg0) = D1La(qo, q1, 20)dqo.

Then, from the local expressions (8.1.12)) and (8.1.13)) and noting that (¢,)*dzy =

dzp, the result follows.
In order to simplify the notation, let Py = (qo, q1, 20) and P1 = ©4(qo, q1, 20)-
By definition we have that

Ja(€)(P1) = (1™ (Py), &o(P)).
Now, applying the definition of n~ and equation (8.1.16)) we get

A

Jd(f)(ﬂ) =

Ud(P1) <D1Ld(P1), 5@(%»-
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Using the discrete Herglotz equations, the right-hand side reduces to

~

Ja(€)(P1) = —(D2La(Ry), &o(q1))-

From the infinitesimal symmetry formula in equation (8.1.17), we deduce

Ja(€)(P1) = (D1La(Ry). éo(a0)).

Now inserting o4(F) so that

A D Ly(Fo)

Ja(§)(P1) = oa(Fo)( o2(Fo) ,$0(q0)),

we deduce R B
Ja(&)(P1) = 0a(FPo){n™ (Fo), &(Fo))
and so we have proved that

Ja(©)(Pr) = 04(Po) Ja(€)(Py).
]

8.2 Exact discrete Lagrangian for contact sys-
tems

In this section, we will define the exact discrete Lagrangian function for
contact systems (see Section for the standard case) and prove that the
associated discrete flow generated by discrete Herglotz equations is indeed
the exact discrete flow.

In order to do that, we will need to define the contact exponential map
which will relate the continuous and the discrete contact phase spaces.

8.2.1 The contact exponential map

Given a contact regular Lagrangian L : T'() X R — R, consider the corre-
sponding Lagrangian vector field £, and denote its flow by gzﬁfL (see Section

to recall the definition).
Define the open subset U, of T'QQ x R given by

Un = {(q0 G0, 20) € TQ x R | ¢ is defined for t € [0,h]}
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and let the contact exponential map be defined by

expiL:UhgTQX]R%QXQxR

. (8.2.1)
(90, o, 20) = (qo, 41, 20),

where ¢ = pg o c;SfLL(qO, do, 20) and pg : T'CQ) x R — @ is the projection onto
Q) given by pg(v,, 2) = ¢ for v, € T,Q.

We will prove that the contact exponential map is a local diffeomorphism,
using the fact that the nonholonomic exponential map is a local embedding
(see Theorem [4.3.2)).

Indeed, to every regular contact system, one can associate a nonholonomic
Lagrangian system on 7'(Q) x R) with nonlinear constraints, using the singular
Lagrangian function

L:T(QxR)—=R, L=Lom, (8.2.2)

where 7 : T'(Q x R) — T'Q x R is a projection onto T'Q) x R. Also, we take
the nonlinear constraints

My ={(q,2,¢,2) e T(Q xR) | 2= L(q,¢,2)}- (8.2.3)

Observe that M, is the zero level set of the real-valued function ® : T'(Q X
R) — R given by ®(q, 2,4, %) = 2 — L(q, 4, 2).

The pair (Z,M ) forms a Lagrangian nonholonomic system with non-
linear constraints determined by the submanifold My, and dynamics given by
Chetaev’s principle (see [Blo15; |[LD96] and references therein). According to
this principle the equations of motion are

d (oL oL _ o®
dt \ 0¢' o¢t " og

d (a’i) 0L _ 0% (8.2.4)

da\oz) o9z "oz

®(q27 Z? q‘l7 2':) = 07
with Lagrange multiplier A. As L does not depend on 2 it is straightforward
to check that the Lagrange multiplier is just

oL

A= 5
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and that equations are equivalent to the Herglotz equations for L.
Moreover, since L is regular, we may check that the nonholonomic system

formed by (L, M) is regular and so we can define a SODE vector field L)

€ X(Mp) as the unique vector field on M whose integral curves satisfy

equations (8.2.4). Hence, we deduce

Tr(T g ar,) =&pom. (8.2.5)

1_‘ ~
Let us denote the flow of the vector field F(Z,ML) by ¢, “M L My, — M.
Consider now the submanifold of M}, given by

F ~
My, = {(q0, 4o 20, 20) € ML | ¢, (ML) s defined for t € [0, hl}.

Recall that the nonholonomic exponential map (see equation (4.3.1))) was
defined as

l“ ~
exp, "M My, € Mp — (Q xR) x (Q x R)

- (8.2.6)
(90, 20, Go, Z0) = (qos 20, q1, 21),
r -
where (g1, 21) = Toxr © ¢h<L’ML)(q0, 20, qo, 20), With Tour : T(Q@ X R) = @ xR
the tangent bundle projection.
Now according to Theorem [4.3.2| there is an open subset NV, C M, ;, such

that the nonholonomic exponential map exph<Z’ML) |, is a smooth embedding
and, hence, a diffeomorphism into its image, which we will denote by ./\/l,i’"h.

Remark 8.2.1. Notice that we are applying Theorem to a nonholo-
nomic system which has a nonlinear constraint, i.e., it is not determined by
a distribution. However, it is not difficult to check that Theorem still
holds when the nonholonomic constraint is a nonlinear submanifold of 7'Q).
Indeed, to prove the theorem in the general case, the only non-trivial step is
to extend the vector field I' 7 ,, ) to a SODE on T(Q x R). But, at least at
a local level, when we restrict to a coordinate chart this is always possible.

(see also [MDM21] for a discussion about exponential maps of SODE vector
fields on Lie algebroids).

Theorem 8.2.2. There exists a sufficiently small h > 0 and an open set

Vi, C Uy, such that the contact exponential map expfﬂvh 1s a diffeomorphism.
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Proof. Let us consider the non-holonomic system (Z, M) defined previously.
According to faquation 1} the vector fields {, and I';z /| are 7-
related therefore, its flows satisfy

FN,M
7ro¢t(L L) _ §L O7T|ML'

We remark that 7|y, is a diffeomorphism, from the definition of M. As
such, we can also write

r -~
oM L) — (7T‘ML)71 o @t o 7T|ML'

Thus, we can write the non-holonomic exponential map in terms of the con-
tact dynamics in the following way

F L .
eXph(LML) (q07 20, q.07 ZO) - (Q(b 20,41, Z1)7

with (g1, 21) = TourO(7|ar, ) " odF o7 |ar, (o, 20, do, 20) Where 2 = L(qo, do, 20)-
Also note that Tgxg © (7|, )" = poxr, where

POxR * TQ xR — Q X R? prR(Uqa Z) = (qa Z)'

In Diagram (8.2.7) we show the different projections we can define on the
manifolds involved in this section.

T(Q x B)
T
TQ xR Paxk » Q xR (8.2.7)

gt

With these projections we can also write the contact exponential map as
eXpiL <QO7 QO; ZO) = (qO; qi1, Z0)7
with ¢ = pr; o poxr © gbff (qo, o, 20). Hence, we can write it as
€L _ ~ L@ mp) -1
exp;" = pr; o exp, o(mlp,) ", (8.2.8)
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with
pri: (@ XR)x (Q@QxR) — QxQ xR
(90, 20, q1, 21) = (g0, Pr1(q1, 21), 20) = (qos 41 20)-
Therefore, if pr| Mo is a local diffeomorphism then, by equation ({8.2.8]),

the contact exponential map expiL v, is a diffeomorphism if we choose
Vi = 7| a1, (Na),

T, -
where Ny, is the open subset where exph(L’ML> |n, is an embedding.
We are going to prove in the next Lemma that pry|,.nn is a local diffeo-
h

morphism.
O

Lemma 8.2.3. Using the same notation as in the previous theorem, 177"1|Me,nh
h
15 a local diffeomorphism.

Proof. All we must prove is that pry|, .= is a local submersion (immer-
h
sion) since, by dimensional reasons, this forces pr,|,.n» to be also a local
h

immersion (submersion).
Let © € MZ’"h. The kernel of T,pr| Mo is spanned by the velocity

vector of curves of the form

Z(S) = (q07207q17w : 8) c M}e;nh, w € R.

T T
Let v,(t) = ¢, “" o (exp, ™" )71(Z(s)). For each fixed value of s, this is
an integral curve of L) satisfying

TQxR 0%(0) = (QO,ZO), TQxR O%(h) = (QhU) : 3)'

Moreover, note that the projection of v5(t) to TQ x R, i.e., the curve
7 o vs(t) is an integral curve of &, with endpoints ¢y and ¢; for each fixed
value of s and so 7 o yy(t) must satisfy Herglotz’ principle. Note that the
action over the curves 7 o 74(¢) is given by

A(pg omon(t)) = promon(h) =w-s,

where pg : T(Q) x R — R is the projection onto the second factor.
Therefore, pg o m o yo(t) is a critical value of the action if and only if
w = 0. Hence, Txﬁrl\Mi,nh has trivial kernel and fi‘l‘Mi,nh must be a local

diffeomorphism in a neighbourhood of each point. ]
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Since the contact exponential map is a local diffeomorphism we can define
a local inverse called the exact retraction and denote it by R}~ : @ x Q xR —
T x R. We will also use its translation by the flow

RY:QxQxR—=TQxR, Rt :=¢roR.

8.2.2 The exact discrete Lagrangian function
Let L§ : Q x @@ x R — R and defined by

h
LE (g0, g1, 20) = / Lo o R (qor a1, )t (8.2.9)
0

is called the exact discrete Lagrangian function.

We will need the following classical result in the proof of the next theorem:
Fhe solution of the first order linear equation ¢y = a(t) + 2 (¢)y with b(0) = 0
is

y(t) = t® (/Ota(s)eb(s) ds + y(O)) : (8.2.10)

Theorem 8.2.4. The Legendre transformations of a reqular Lagrangian L :
TQ x R — R are related to the discrete Legendre transformations of the
corresponding ezxact discrete Lagrangian L§ : QQ X Q xR — R in the following
way

F*L; =FLoR;*, F L;=FLoR; . (8.2.11)

Proof. We will prove in local computations that the derivatives of the exact
discrete Lagrangian function satisfy

D1 Li(q0, 1, 20) = _gcf: (40, Go, Zo)eb(h)dCIé;
DLy, (g0, 41, 20) = %(%a(jla 21)dgy; (82.12)
D.L; (g0, q1,%0) = (eb(h) — 1)dz.
where
(0, 4o, 20) = R}y (qo, 15 20), (1,41, 21) = <Z5§f o R, (g0, q15 20),
LOL (8.2.13)

and  b(t) = (¢§L o Ry (qo, 1, 20)) ds.

o 02
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Then, from the definition of Legendre transform in and discrete
Legendre transformations in , the result follows immediately.

To simplify the notation in the proof we will use the notation 7o 1(t) =
(qoa(t), do1(t), 201 (1)) == &5 0 RS (qo, q1, %0). Under this convention we will
have

h
Li,(q0, 1, 20) :/ L(~y0,1(t))dt.
0

Note first that any variation of the exact discrete Lagrangian will take the
form

d - - 5
0L} (q0, q1,20) = e Li(Go(e), q1(e), Zo(€))
€ e=0
"TOL oL oL (8.2.14)
= /0 [a—q(’m,l(t))fs‘]o,l + a—q.(%,l(t))&io,l + 5(’70,1(15))520,1 dt.

Since 7,1 (t) is a solution of Herglotz equations, it satisfies

201(t) = L(qo1(t), o1 (t), 201 (t))-
Therefore, any variation of z,; satisfies the variational equation

oL oL oL

0201 = a—q(%,l(t))éqo,l + a_q.('VO,l(t))fsqo,l + E(%,l(t))cizm. (8.2.15)

Hence, any variation of the exact discrete Lagrangian reduces to
5[;2((]0, qi, Zo> = (520’1(]1) — (520,1(0) = 52071(h). (8216)

Moreover, we can solve the function ¢z, explicitly, by solving the differential

equation (8.2.15)) and using (8.2.10]). So, we obtain
h
0z0,1(h) = "™ ( / a(s)e™® ds + 520,1(0)) : (8.2.17)

0
with
oL
b(t) = ; 5(70,1(5)) ds,
oL oL )
a(t) = 6’_q(%’1(t))5q0’1 + a—q(’Yo,l(t))5QO,1-
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Let us compute the integration in the expression of 9z :

h h 7oL oL
—b(s) _ . —b(t)
/0 a(s)e ds = /0 (_0q dqo1 + _8q 5q071) e dt

hTOL  doL OLOL

L
/0 [8q io; o 82} Go.r€

oL oL

+ a_q(’yo,l(h))e_b(h)(SQO,l(h) - 8—(].(70,1(0))5%,1(0),

where we are using integration by parts. Note that the term inside the brack-
ets vanishes, since the exact discrete contact Lagrangian is being evaluated
over solutions of Herglotz equations. Therefore,

oL oL
520,1(h) = —(’Yo,l(h))5QO,1(h) - _-(70,1(0))€b(h)5QO,1(0) + 6b(h)520,1(0)-

dq dq
(8.2.18)
Note that the differentials of the discrete Lagrangian D;L5, D,Lj and
D.L§ are instances of particular variations. Therefore, we have that

e o 8L a(]()71(h) _ 8L b(h) aqo,l(())
Dth(QO: q1, ZO) - (6(] (70,1(]7’)) aqé @q (70,1(0))6 aQ6
0201(0) ,
+(et™ — 1) 2L )dz
oL A
== aqz (,}/0,1(0>)6b(h)dq67
(8.2.19)

since o 1(h) = ¢1 and so its derivative with respect to qo vanishes, ¢o.1(0) = qo
and so its derivative with respect to g is the identity and, finally, 2 1(0) = 2
does not depend upon qy. Likewise, the next derivative follows from applying
similar arguments. Indeed, we have that

oL Jq01(h) OL Aan 1 (0
Datanrs50) = (G Goa () 20 - Sy oy 200iE)
1 1

(8.2.20)
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Analogously, we also deduce

oL 8q0 1(h) oL b(h aqo 1(0)
D.L; == L (=2
L 01 20) = ( G om0 20 = S o)t Pt
0201(0)
+( ) 92 )d 0
= ("™ — 1)dz
(8.2.21)

Now, the result follows by the definition of the discrete Legendre transfor-
mations in (8.1.6)). [

The commutativity of the following diagram summarizes the statement
of the previous theorem

et
QXQXRR—h>TQ><R

m l“ (8.2.22)

T°Q xR

Now, we are going to relate the continuous contact Lagrangian flow with
its discrete counterpart, when we take as discrete Lagrangian the correspond-
ing exact discrete Lagrangian.

Theorem 8.2.5. Take a regular Lagrangian L : TQ) — R and fix a time step
h > 0. Then we have that:

1. LY is a regular discrete Lagrangian function;

2. If H is the Hamiltonian function corresponding to L introduced at the
end of Section and qbf(H 15 its contact Hamultonian flow, we have
that

FrL§ = " o F L. (8.2.23)

3. Let (q,z) : [0, Nh] — @ X R be a solution of the Herglotz equations
and let {(qo, 20), (q1, 1), -, (qn, 28) } be a solution of the discrete Her-
glotz equations for the corresponding exact discrete contact Lagrangian
with (q(0), q(h), z(0)) as initial conditions. Then they are related in the
following way:

qr = q(kh), zr = z(kh) fork=0,...,N. (8.2.24)
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Proof. Item 1. is a consequence of the previous theorem, since F~L§ is a
composition of two local diffeomorphisms it is itself a local diffeomorphism.
Item 2. comes from unwinding the definitions:

FYL, =FLoR;" =FLog¢," o Ry = ¢n" oFLo R™ = ¢ " o F L.
For item 3., it is not hard to show that
FYL; =F LS o (expiL o qbﬁf o R;™).

Moreover, for every kK =1,..., N — 1, since the curves ¢ and z are solution of
the Herglotz equations, we have that

expjt o g5k o Ry (q(k — 1), q(k), z(k — 1)) = (q(k), q(k + 1), z(k)).
Hence,
FL; (q(k = 1), q(k), 2(k — 1)) = F~ Li(q(k), g(k + 1), 2())

so that {(qo,20), (q1,21), .., (qn, 2n)} given by (8.2.24) satisfy the discrete
Herglotz equations. O

8.3 Numerical examples

Given a mechanical contact Lagrangian with a euclidean metric and a po-
tential function V : @ — R of the type

L(g,4,2) = %Cf = V(g +7z (¢.4,2) €eTQ xR, v<0.
one usually approximates the exact discrete Lagrangian associated to L by
means of a quadrature rule. Note that the restriction of v to negative val-
ues is necessary to model dissipative dynamics, though we could define the
integrator for any value of v € R. If we use the middle point rule to approx-
imate the positions, i.e., ¢ ~ ql;q‘), one may define the discrete Lagrangian
Lg:Q x @ xR — R in the following way

1

_|_
La(q0, 1, 20) = ﬁ({h - qo)2 —hV (%) + hvyz.
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We remark that the value of h should be chosen small enough so that the
function o, does not vanish anywhere. In this case, the discrete Herglotz
equations are of the type

GL—q  hOV (q1+qo _ 1 Q2—Q1+ﬁ3_v G2+ q1
h 2 0q 2 (1+h7) h 2 Jq 2

z1 = La(qo, 01, 20) = %(% —qo)* — BV (@) + (hy + 1)z
Example 8.3.1. The free single particle contact Lagrangian is
L(g,4,2) = %(12 +7z, (4,¢:2) €TQ x R.
A simple discretization of this Lagrangian would be
La(qo0, q1, 20) = %(Ch —q0)* + hyzo. (8.3.1)

Then, choosing h small enough so that the function o, is non-vanishing, the
discrete Herglotz equations for L, are locally given by
41— qo a2 — q1
- e g2 = (hy +2)q1 — (hy + 1)qo
1
= %(
The discrete flow obtained by solving these equations is plotted in Fig.|8.1
In this case, one can also compute the exact discrete Lagrangian and solve
the exact dynamics.

z 1 — qo)* + (hy + 1)z

v (g — C]o)2 e
2evh — 2

Ly (g0, ¢1, 20) = —z (e —1). (8.3.2)

A

Example 8.3.2. The damped harmonic oscillator is described by the La-

grangian
: 1, 1 :
L(g,d4,2) = 54" = 54" + 72 (4,4:2) € TQ x R.

Using a middle point discretization, i.e., ¢ =~ @, one may define the dis-
crete Lagrangian
1

h
La(qo, g1, 20) = ﬁ(ﬁh — ) — g((h + q0)* + hyz. (8.3.3)

277



e 10,
30
= 20 SE .
10
07\ \ \ 07\ \ \
0 20 40 0 20 40
t t

log(H)

Figure 8.1: Position ¢ and z and logarithm of the discrete Hamiltonian H o
F~ L, for a free particle, computed by solving the discrete Herglotz equations
for the discrete Lagrangian (8.3.1)) (continuous line) and the exact dynamics
(dashed line), for v = —0.05 and the time-step h = 0.5. The initial conditions
are o = 1, ¢t = 2 and z9 = 0.

In this case, after choosing h small enough, the discrete Herglotz equations

hold

@ —q h o 1 ©@—q b
1

h
2 = ﬁ(‘h —q)® — g(q1 + qo)* + (hy + 1) 20,

which can be solved explicitly for go

(h3y + 4hy + h* + 4)qo + (h*y — 4hy + 2h* — 8)¢u
h? 44 '

g2 = —
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The discrete flow obtained by solving these equations is plotted in Fig.
In this case, the exact discrete Lagrangian and the exact discrete dy-
namics can be computed with the aid of a Computer Algebra system, but
the analytic expressions are complicated, so we only include their graph in

Fig. 8.2 A

Figure 8.2: Position ¢ and z and logarithm of the discrete Hamiltonian H o
F~ L4 for a harmonic oscillator, computed by solving the discrete Herglotz
equations on the discrete Lagrangian (continuous line) and the exact
dynamics (dashed line), for v = —0.05 and the time-step & = 0.5. The initial
conditions are ¢y = 1, ¢y = 2 and 2y = 0.
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Chapter 9

Conclusions and future research

In this thesis, we have developed four main lines of investigation: radial
trajectories of nonholonomic mechanical systems (Chapter , nonholonomic
Jacobi fields (Chapter @, discrete nonholonomic mechanics (Chapter (7)) and
discrete contact mechanics (Chapter [§). Let us summarize our findings and
open the door to new results along these lines:

Radial trajectories of nonholonomic mechani-
cal systems

Given a kinetic nonholonomic system, with configuration space (), we have
identified and characterized the family of Riemannian metrics on the image
M;‘h of the nonholonomic exponential map at a fixed point ¢ € @), satisfying
the relevant property that the minimizing geodesics with starting point ¢
and with respect to these metrics are, for sufficiently small times, just the
nonholonomic trajectories starting at the same point gq.

We have also proved that such metrics on /\/l’q”‘ always exist and we
illustrate these facts with several examples. We remark that these findings
are surprising and unexpected, since until now nonholonomic dynamics was
seen to be un-variational and we are now providing a new perspective under
which it becomes variational, in the sense that, at least radial trajectories
are geodesics with respect to a Riemannian metric.

After these results, a lot of work remains to be done. In fact, our idea is
to develop a research program in order to discuss the geometric properties
of the nonholonomic trajectories for a kinetic nonholonomic system. Some
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problems which will be covered in this program are the following ones:

282

e Geodesic flows and the kinetic nonholonomic flow. Let (g, D)

be a kinetic nonholonomic system with configuration space @, I'yp) €
X(D) the kinetic nonholonomic flow and exp'e» : MYw» C D —
() X @ the nonholonomic exponential map introduced in Chapter |4| (see
Section . Then, following theorem , one deduces that there
exists an open neighbourhood Uy ) of the zero section 0(Q) in D such
that

(exp’e?) Uyg) SD = QxQ

is an embedding. Denote by M™ = exp'@?) (Uy)). It is clear that
M is an embedded submanifold of Q x @Q,

:UO(Q)Q’D—%/V(MLQQXQ

o)

exp™ = (eXpF(Q,D))‘UO(@
is a diffeomorphism and the following diagram

expnh

Uy & D M CQxQ

(Tp)m Anh
Q

is commutative, where 7p : D — () is the vector bundle projection.
Note that

(PH)D\znh(Q) = eXth(uO(Q) ND,) ~ Mgh, for g € Q.

Now, denote by F?ghp) the nonholonomic flow considered as a vector

field on M™ via the diffeomorphism exp™. Then, proceeding as in
Chapter [5 one may find a family of bundle metrics

gnh . V(pr1>|Mnh XMnh V(prl)anh — ]R

on the vertical bundle of the fiber bundle with projection (pry)jymn
M™ — @ such that if ¢ € @, the minimizing geodesics on /\/l’qm C Mnh
with starting point ¢ are, for sufficiently small times, the nonholonomic
trajectories with the same starting point q.

Moreover, one may consider the geodesic flow 9" associated with one
of such metrics g™ as a vector field on V(pry)pmn- Then, it would

be interesting to discuss the relation between the vector field 19" on
V(pry)jmer and the nonholonomic flow I, on M"™.



¢ Kinetic Lagrangianization of kinetic nonholonomic systems.
Let (g, D) be a kinetic nonholonomic system with configuration space
Q). After the results and examples in Chapter [5], another natural ques-
tion arises: under what conditions can one get a kinetic Lagrangianiza-
tion of the system (g, D)? In other words, under what conditions does
there exist a Riemannian metric ¢"" on the whole ambient manifold Q,
rather than just on ./\/lgh, such that the kinetic nonholonomic trajecto-
ries for the system (g, D) are just the geodesics of the metric g™ with
initial velocity in D?

Note that there are examples of kinetic nonholonomic systems admit-
ting such metrics on the whole configuration space and, despite that,
the constraint distribution is still not integrable (see Example
in Chapter [p). On the other hand, Theorem may be considered
as the first step in order to give an answer to the previous hard ques-
tion. We also remark that if the system admits a kinetic Lagrangian-
ization then, using the Legendre transformation associated with the
kinetic Lagrangian system induced by the Riemannian metric g™, one
may produce a Hamiltonian formulation of the original nonholonomic
system. So, our question is related with a classical problem in non-
holonomic mechanics: the so-called Hamiltonization problem. This
problem discusses whether a nonholonomic system admits a Hamilto-
nian formulation after reduction by symmetries. In this direction, much
work has been done in recent years (see, for instance, [BGN12; [Ehl1+05;
FJ04; GNM20; |(GNM18; [Jov10; [Koz02; [VV8E|; see also [BY20] and the
references therein).

e Levi-Civita connections of Gauss Riemannian metrics associ-
ated with a kinetic nonholonomic system. For a kinetic nonholo-
nomic system (g, D) with configuration space @, in [Lew97] the author
describes the set of linear connections on @)

vV x(Q) x X(Q) = X(Q)
which satisfy the condition
VxY =P(VLY), for X € X(Q) and Y € I'(D),

where I'(D) is the set of sections of the distribution D, P : X(Q) —
['(D) is the orthogonal projector and V¢ is the Levi-Civita connec-
tion of g. The nonholonomic connection V™ considered in Section
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(see equation (5.1.2))) is a particular example of such connections. In
fact, in |Lew97|, the author proves that the geodesics of any of these
connections with initial velocity in D are just the trajectories of the
kinetic nonholonomic system (g, D). Another important type of linear
connections considered in [Lew97], which are related with the system
(9, D), are the so-called energy-preserving connections. A connection
V on @ is energy-preserving for the system (g, D) if the kinetic energy
associated with ¢ is constant along the geodesics of V. So, it would
be interesting to discuss relations between the previous family of con-
nections and the Levi-Civita connections associated with the Gauss
Riemannian metrics ggh on the submanifolds ./\/lgh, with g € Q.

Kinetic nonholonomic systems with affine constraints. It would
also be interesting to formulate the analogous results for the special case
of kinetic nonholonomic systems with affine constraints with a moving
energy (see [FS16; [FGNS18]). The argument would be very similar
since, in this case, there exists a change of coordinates that transforms
the system into a nonholonomic system with linear constraints where
the moving energy is precisely the energy of the transformed system.

Some of the previous problems on kinetic nonholonomic systems may be
posed for the more general case of nonholonomic Lagrangian systems of
mechanical type. The first steps in this direction were given on Section
5.3, where we generalize the results proved before to the general case,
using the nonholonomic Maupertuis principle. However, we could ask
if there is a more general extension as we explain in the following item:

Nonholonomic Lagrangian systems of mechanical type versus
unconstrained Lagrangian systems of the same type. The La-
grangian function L : T'() — R of an unconstrained mechanical system
is given by

1
L(g,V) (uq) = §Q(Q)(uqa uq) - V(Q), for Uq € TqQa

where g is a Riemannian metric on ) and V' : () — R is the potential
energy. In the presence of a constraint distribution D on @), we have a
nonholonomic Lagrangian system (L, v, D) of mechanical type. So, a
natural question arises: does there exist an unconstrained Lagrangian



system of mechanical type such that the nonholonomic trajectories of
the system (Lyvy, D) with a fixed starting point ¢ € @ are the trajec-
tories of the unconstrained Lagrangian system with the same starting
point ¢ and initial velocity in D?

This a slightly different question than the one we answered in Section
[5.3]since the goal here is to relate a constrained mechanical system with
an unconstrained mechanical system.

Nonholonomic Jacobi fields

In chapter [6], we have introduced a natural definition of nonholonomic Jacobi
fields for nonholonomic systems in pure Riemannian geometric terms, we have
also characterized them and finally we have given some equivalent versions
of the nonholonomic Jacobi equation.

e Conjugate points and minimizing properties. In a future re-
search, we will continue this program studying conjugate points, the
possible relation with minimizing properties of nonholonomic geodesics
where the exponential nonholonomic map will play an important role.

In fact, in Chapter [6] we introduced in a natural way the notion of a
nonholonomic Jacobi field along a nonholonomic trajectory ¢ : I — @
of a system. In particular, we have defined a nonholonomic Jacobi field
Z over ¢ : I — (@) to be the infinitesimal variation of a one-parameter
family of nonholonomic trajectories with initial trajectory c. Now, we
ask the following question: can we relate the concept of nonholonomic
Jacobi fields with the results contained in Chapter [’

Indeed, given a kinetic nonholonomic system, if we consider its non-
holonomic trajectories with the same starting point ¢ € @, we may
construct a nonholonomic Jacobi field Z associated to this family of
trajectories (in particular, Z is the zero vector at the initial point q).
Then using Theorem [5.2.4] we deduce that there exists a Riemannian
metric on ./\/lgh such that the nonholonomic trajectories are geodesics
with respect to this Riemannian metric and Z is a Riemannian Jacobi
field along the geodesic c. On the other hand, as we know (see, for
instance, [Car92; O’N83]), Riemannian Jacobi fields play an important
role in the study of the singularities of the Riemannian exponential map
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and the minimizing properties of the Riemannian geodesics. So, after
the previous comments, one may pose the following question: is it pos-
sible, using the nonholonomic Jacobi fields, to discuss the singularities
of the nonholonomic exponential map and the minimizing properties of
the nonholonomic trajectories, as in the case of Riemannian geometry?

Indeed, if ¢y, : I = [0,1] — @ is a nonholonomic trajectory joining
the points ¢, p then, as in standard Riemannian geometry, we say that
p is nonholonomic conjugate to q along c, if there is a nonholonomic
Jacobi field W vanishing at ¢ and p but not identically zero. In terms
of the nonholonomic exponential map, this means that if v, € D, is the
initial velocity such that expgh(vq) = p, then

T,,expp” - T,,Dy = Dy — T,Q

is no longer injective. Now, suppose that ggh is a Gauss metric on
./\/lgh and that ¢™" is an extension of ggh to @ such that /\/lgh is to-
tally geodesic at ¢ with respect to ¢™*. Then, one may deduce that
the trajectory c,, stops being length minimizing for g"" past the non-
holonomic conjugate point p. In particular, this notion allows us to
define the conjugate locus of q as the set of points p such that p is the
first conjugate point to ¢ along some nonholonomic trajectory. As a
consequence, for the qualitative study of nonholonomic dynamics, it is
important to study the zeros of the nonholonomic Jacobi fields and/or
the zeros of the Jacobi fields for the associated Gauss metrics.

Reduction of nonholonomic mechanical systems with symme-
tries. Another interesting goal, to be covered in an upcoming pub-
lication, is to extend the results of chapter [6] on Jacobi fields to the
reduction of nonholonomic mechanical systems with symmetries. This
kind of systems have been extensively discussed in the literature (see
[K0192; Blo+96a; (Can+98; |(GGO8; |(Cor+09b; (Gra+09; LMD10; Ball4;
Ball7; BF15]). On the other hand, attending to the following facts: i)
if the group of isometries of a connected Riemannian manifold M of
dimension m has maximum dimension w then M is of constant
curvature (see [KN63|); and ii) the expression of the curvature tensor
in such spaces is very simple and, thus, the computation of the Jacobi
fields also is so (see, for instance, |[Lee97]); we suspect that the compu-

tation of the nonholonomic Jacobi fields is also probably simple for a



kinematic nonholonomic system which admits many symmetries. We
will keep investigating the relation between symmetries and solutions
of the nonholonomic Jacobi field in the future.

e Jacobi fields in sub-Riemannian geometry We remark that many
of the results in chapter [6] may be extended for Jacobi fields in sub-
Riemannian geometry [Ghe+20].

Discrete Nonholonomic mechanics

In Chapter [7, we have precisely identified the exact discrete equations for
a nonholonomic system. The main ingredients were the definition of the
exponential map for a constrained second-order differential equation allowing
us to define the exact discrete nonholonomic constraint submanifold. Then,
we define the main discrete elements that appear on the definition of the
exact discrete nonholonomic equations. The special form of these equations
allow us to introduce a new family of nonholonomic integrators showing in
numerical computations the excellent behaviour of the energy.
In the future, the following topics might be investigated:

e An intrinsic version of discrete nonholonomic mechanics in
/\/lfl’nh. In a future research, we will study an intrinsic version of discrete
nonholonomic mechanics in MZ’"h following the steps given at the end
of Section Indeed, we may ask if there exists a formulation of the
modified Lagrange-d’Alembert principle in a framework similar to that
on [MDMO6]|, possibly by replacing a groupoid by an even more general
structure.

Moreover, since typically nonholonomic systems admit symmetries (see
[Blo15]), we will study the reduction of the discrete counterparts fol-
lowing the results by [Igl4-08].

e Backward error analysis for nonholonomic mechanics Since we
have a discrete exact version, we could study error analysis and back-
ward error analysis for nonholonomic mechanics (see [MWO01; HLW10]
and Section [3.7.6] for the case of unconstrained Lagrangian systems).

In that sense, we aim to find a nonholonomic version of Theorem|[3.7.14
Since we already know the exact discrete nonholonomic flow and the
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objects that we must approximate when discretizing a nonholonomic
system (discrete constraint submanifold, discrete Lagrangian and dis-
crete forces), it is natural to wonder if we may estimate the order of the
numerical method arising from modified Lagrange-d’Alembert principle
just by approximating the previous objects, as in the pure variational
case.

Geometric integrators for kinetic nonholonomic systems. In
[MV20], the authors show that several constructions of geometric inte-
grators for nonholonomic mechanics that appear in the literature do not
behave well for general nonholonomic systems. Therefore, the problem
of finding structure preserving integrators for nonholonomic systems is
completely open. However, observe that Theorem [5.2.4] opens up the
possibility of considering a new class of variational type integrators for
nonholonomic mechanics.

For instance, we may consider a retraction map R, : TQQ — @ X
() on a manifold @ (see [AMSO08]) and define the following discrete
nonholonomic submanifold of @) x Q:

Ry(D) = M™1.

From the properties of retraction maps, we have that if ¢ € @, then
(Rn4)| Dy is a diffeomorphism onto its image R q(D,) = MiTin a
neighbourhood of 0,. In a future paper, we will explore the construction
of variational type integrators on M™-¢. One possibility is to induce

first, a Riemannian metric ggh’d on M;‘hvd for each ¢ € @, as in Theorem

—1
5.2.4, This metric is determined by the pullback by (thq‘ . ) of a

Riemannian metric on D, verifying Gauss condition.

Then we can define a discrete Lagrangian L7%" : M™4 — R as an
approximation of the corresponding action:

I -
L ad) > 5 [ e, i) d
where ¢ : [0,h] — ./\/lgh’d is the unique geodesic associated with the

Riemannian metric g;"¢ satisfying ¢(0) = ¢ and ¢(h) = ¢

Unfortunately, this class of methods typically exhibit a quick deviation
from the exact trajectory essentially due to the error in the approxi-
mation of the exact discrete constraint space M;‘h’e.



A much more simple and efficient possibility is exploring the idea that
the nonholonomic exponential map, transforms lines through the origin
into geodesics of ¢7™¢. Given a retraction map Ry, 4 : Dy — Q we may
define the following integrator:

41 = Rhﬂo (UQO)
R2h5,q0 (UQO) = R(2B—1)h,q1 (U(Il )

This integrator will be studied in a future paper and, as by-product of
this approach, we will obtain, for a suitable choice of retraction map,
a generalization of the Newmark method to the case of nonholonomic
systems.

Discrete contact mechanics

In Chapter [§ we have deepen the geometry of discrete contact mechanics
fully explaining the discretizations introduced in [VBS19]. We have done a
detailed study of the discrete Herglotz principle and its geometric properties,
including the discrete Legendre transforms and the associated discrete La-
grangian and Hamiltonian flows. Moreover, we have analysed the existence
of dissipated discrete quantities related with discrete symmetries of the sys-
tem and the construction of the exact discrete Lagrangian function giving
the correspondence between the discrete and continuous system.
In future work, we will study some the following problems:

e The variational error analysis allowing us to estimate the error or-
der of the proposed methods just from the error of approximation of
the exact discrete Lagrangian function, that is, how well the discrete
Lagrangian function matches the exact discrete Lagrangian function

[MWO01; [PC09].

e The extension of the theory of Morse functions to Legendrian
submanifolds (see [LM87; BLn+19; Fer+17]) allowing to introduce
higher-order methods for contact Lagrangian systems. For instance,
this theory will give a complete geometric explanation of other possible
discretizations of the phase space, as for instance, the one used by
[VBS19] which is Q x @ x R? instead of Q x Q x R.
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e Simulation of some thermodynamic systems: Contact geometry

290

has been used to model some thermodynamics systems (see |Bral§]).
Recently, it was shown that a modification of the contact Hamiltonian
vector field had many advantages in the modelling of thermodynamic
systems (see [Sim+20]). It would be interesting to study if our approach
could be used to integrate this type of models.



Chapter 10

Conclusiones e investigacion
futura

En esta tesis, hemos desarrollado cuatro lineas principales de investigacion:
trayectorias radiales de sistemas mecanicos no holénomos (Capitulo , cam-
pos Jacobi no holénomos (Capitulo@, mecénica no holénoma discreta (Capitulo
y mecdnica de contact discreta (Capitulo[§). Resumiremos a continuacién
nuestros hallazgos y dejaremos la puerta abierta a nuevos resultados segin
estas lineas:

Trayectorias radiales de sistemas noholénomos
mecanicos

Dado un sistema cinético no holénomo, con espacio de configuracion @,
hemos identificado y caracterizado la familia de métricas Riemannianas en
la imagen /\/lgh de la aplicaciéon exponencial no holénoma en un punto fijo
q € @ que satisface la siguiente propiedad crucial: que la minimizacién
de geodésicas con punto de partida g y con respecto a estas métricas son,
para tiempos suficientemente pequenos, nada més que las trayectorias no
holénomas que comienzan en el mismo punto q.

También hemos demostrado que tales métricas en M:}h siempre existen e
ilustramos estos hechos con varios ejemplos. Observamos que estos resultados
son sorprendentes e inesperados, ya que hasta ahora la dindmica no holénoma
se consideraba no variacional y ahora proporcionamos una nueva perspectiva
bajo la cual se convierte en variacional, en el sentido de que por lo menos las
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trayectorias radiales son geodésicas repecto a una métrica Riemanniana.

Después de estos resultados, queda mucho trabajo por hacer. De hecho,

nuestra idea es desarrollar un programa de investigacion para discutir las
propiedades geométricas de las trayectorias no holénomas para un sistema
cinético no holénomo. Algunos de los problemas que se trataran en este
programa son los siguientes:
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e Flujos geodésicos y el flujo cinético no holénomo. Sea (g, D) un

sistema cinético no holénomo con espacio de configuracién @, I'yp) €
X(D) el flujo cinético no holénomo y expl @ : MYe? CD — Q x Q
la aplicacién exponencial no holénoma introducida en el capitulo |4 (ver
Seccién . Entonces, siguiendo el teorema (4.3.2} se deduce que existe
una entorno abierto Uy g) de la seccion cero 0(Q)) en D tal que

(exp’@m) Uyg) SD = QxQ

o)

es un embebimiento. Denotemos por M™ = expl(s.?) (Ung))- Queda
claro que M™ es una subvariedad embebida de @ x Q,

ZUO(Q)QID—%/\/(WLQQXQ

ho._ r
exp™ = (exp <g’D>)‘u0(Q>

es un difeomorfismo y el siguiente diagrama

expnh

Upg) €D MM CQxQ
(TD)% Anh
Q

es conmutativo, donde 7p : D — @ es la proyeccion del fibrado vecto-
rial. Notese que

(pr1) e (@) = expy" (Uog) N Dy) = My", for g € Q.

Denotemos ahora por F?ghD) el flujo no holénomo considerado como un

campo vectorial sobre M™ a través del difeomorfismo exp™. En-
tonces, procediendo como en el capitulo 5, se puede encontrar una
familia de métricas de fibrado

nh

g™ s VA(pry) pen X pgnn V(Pry) e — R



en el fibrado vertical del fibrado con proyeccién (pry)pnr : M™ — Q
tal que si ¢ € @, las geodésicas minimizantes sobre M;‘h C M™ con
punto de partida ¢ son, para tiempos suficientemente pequenos, las
trayectorias no holénomas con el mismo punto de partida q.

Ademdés, se puede considerar el flujo geodésico I'™* asociado a una de es-
tas métricas g™ como un campo vectorial sobre V (pr;) ynn. Entonces,
seria interesante discutir la relacién entre el campo vectorial 19" en
V(pry) pnn y el flujo no holénomo F?gh,p) en M,

Lagrangianizacién de sistemas cinéticos no holénomos. Sea
(g, D) un sistema cinético no holénomo con espacio de configuracién Q).
Después de los resultados y ejemplos del capitulo 5] surge otra pregunta
natural: ;bajo qué condiciones se puede obtener una Lagrangianizacion
cinética del sistema (g, D)? En otras palabras, jbajo qué condiciones
existe una métrica riemanniana ¢™" en toda la variedad ambiente Q, en
lugar de sélo en ./\/lg”h, tal que las trayectorias cinéticas no holénomas
para el sistema (g, D) son justo las geodésicas de la métrica g"* con
velocidad inicial en D?

Obsérvese que hay ejemplos de sistemas cinéticos no holénomos que
admiten tales métricas en todo el espacio de configuracion y, a pesar
de ello, la distribucién de ligaduras sigue sin ser integrable (véase el
ejemplo en el capitulo . Por otro lado, el Teorema puede
considerarse como el primer paso para dar respuesta a la dificil pre-
gunta anterior. También observamos que si el sistema admite una La-
grangianizacion cinética entonces, utilizando la transformacion de Leg-
endre asociada al sistema lagrangiano cinético inducido por la métrica
riemanniana ¢"", se puede producir una formulacién hamiltoniana del
sistema no holénomo original. Asi pues, nuestra pregunta esta rela-
cionada con un problema cldsico de la mecanica no holénoma: el lla-
mado problema de Hamiltonizacién. Este problema discute si un sis-
tema no holénomo admite una formulacién hamiltoniana después de la
reduccion por simetrias. En esta direccion, se ha trabajado mucho en
los ultimos anos (véase, por ejemplo, [BGN12; Ehl4-05; [FJ04; GNM20;
GNM18} Jov10; [Koz02; VV8S|; véase también [BY20] y las referencias
en ella).

Conexiones Levi-Civita de las métricas de Gauss Riemanni-
anas asociadas a un sistema cinético no holénomo. Para un
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sistema cinético no holénomo (g, D) con espacio de configuracién @, en
[Lew97] el autor describe el conjunto de conexiones lineales sobre

Vi X(Q) x X(Q) = X(Q)

que satisfacen la condicién
VxY =P(V%LY), for X € X(Q) and Y € I'(D),

donde I'(D) es el conjunto de secciones de la distribuciéon D, P
X(Q) — T'(D) es el proyector ortogonal y V9 es la conexién Levi-
Civita de g. La conexién no holénoma V™ considerada en la seccién
5.1| (véase la ecuacion es un ejemplo particular de tales conex-
iones. De hecho, en [Lew97], el autor demuestra que las geodésicas de
cualquiera de estas conexiones con velocidad inicial en D son justo las
trayectorias del sistema cinético no holénomo (g, D). Otro tipo impor-
tante de conexiones lineales consideradas en [Lew97|, que estén rela-
cionadas con el sistema (g, D), son las llamadas conexiones que preser-
van energia. Una conexiéon V sobre () se dice que preserva energia para
el sistema (g, D) si la energia cinética asociada a g es constante a lo
largo de las geodésicas de V. Asi pues, seria interesante discutir las
relaciones entre la familia de conexiones anterior y las conexiones de
Levi-Civita asociadas a las métricas riemannianas de Gauss g}]h en las
subvariedades ./\/lgh, con q € Q.

e Sistemas cinéticos no holénomos con restricciones afines. También
serfa interesante formular los resultados analogos para el caso especial
de los sistemas cinéticos no holénomos con restricciones afines con una
energfa en movimiento (ver [FS16; [FGNS18|). El argumento serfa muy
similar ya que, en este caso, existe un cambio de coordenadas que trans-
forma el sistema en un sistema no holénomo con restricciones lineales
donde la energia mévil es precisamente la energia del sistema transfor-
mado.

Algunos de los problemas anteriores sobre sistemas cinéticos no holénomos
pueden plantearse para el caso mas general de sistemas lagrangianos
no holénomos de tipo mecanico. Los primeros pasos en esta direccion
se han dado en la seccién [5.3] donde generalizamos los resultados de-
mostrados anteriormente al caso general, utilizando el principio no
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holénomo de Maupertuis. Sin embargo, podriamos preguntarnos si ex-
iste una extensién mas general, como explicamos en el siguiente punto:

e Sistemas lagrangianos no holénomos de tipo mecanico frente
a sistemas lagrangianos sin restricciones del mismo tipo. La
funciéon Lagrangiana L : T(Q) — R de un sistema mecénico no re-
stringido viene dada por

1
L(Q,V)(uq) = 59(‘])(”(1’ uq) —Vi(g), for uq € T,Q,

donde g es una métrica riemanniana sobre Q y V : ) — R es la en-
ergia potencial. En presencia de una distribucion de ligaduras D sobre
(), tenemos un sistema lagrangiano no holénomo (L4 ), D) de tipo
mecanico. Entonces, surge una pregunta natural: ;existe un sistema
lagrangiano no restringido de tipo mecanico tal que las trayectorias no
holénomas del sistema, (L g vy, D) con un punto de partida fijo ¢ € @
son las trayectorias del sistema lagrangiano no restringido con el mismo
punto de partida ¢ y velocidad inicial en D?

Esta es una pregunta ligeramente diferente a la que respondimos en la
seccion ya que el objetivo aqui es relacionar un sistema mecanico
restringido con un sistema mecanico no restringido.

Campos de Jacobi no holénomos

En el capitulo [6] hemos introducido una definicién natural de campos de
Jacobi no holénomos para sistemas no holénomos en términos geométricos
riemannianos puros, también los hemos caracterizado y finalmente hemos
dado algunas versiones equivalentes de la ecuacién de Jacobi no holénoma.

e Puntos conjugados y propiedades minimizantes. En investi-
gacién futura, continuaremos este programa estudiando los puntos con-
jugados, la posible relacién con las propiedades minimizantes de las
geodésicas no holénomas donde la aplicacién exponencial no holénoma
jugara un papel importante.

De hecho, en el capitulo [6] introducimos de forma natural la nocién
de campo de Jacobi no holénomo a lo largo de una trayectoria no
holénoma ¢ : I — () de un sistema. En particular, hemos definido un
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campo de Jacobi no holénomo Z sobre ¢ : I — () como la variacion in-
finitesimal de una familia uniparamétrica de trayectorias no holénomas
con trayectoria inicial c. Ahora, nos planteamos la siguiente pregunta:
.podemos relacionar el concepto de campos de Jacobi no holénomos
con los resultados contenidos en el capitulo [5ff

En efecto, dado un sistema cinético no holénomo, si consideramos sus
trayectorias no holénomas con el mismo punto inicial ¢ € ), podemos
construir un campo de Jacobi no holénomo Z asociado a esta familia
de trayectorias (en particular, Z es el vector cero en el punto inicial
q). Entonces, utilizando el Teorema deducimos que existe una
métrica riemanniana sobre /\/lf;h tal que las trayectorias no holénomas
son geodésicas con respecto a esta métrica riemanniana y Z es un campo
de Jacobi riemanniano a lo largo de la geodésica c. Por otra parte, como
sabemos (véase, por ejemplo, |[Car92; (O’N83]), los campos de Jacobi
riemannianos juegan un papel importante en el estudio de las singu-
laridades de la aplicacién exponencial riemanniana y las propiedades
minimizantes de las geodésicas riemannianas. Asi, tras los comentarios
anteriores, cabe plantear la siguiente pregunta: ;es posible, utilizando
los campos de Jacobi no holénomos, discutir las singularidades de la
aplicacion exponencial no holénoma y las propiedades minimizantes de
las trayectorias no holénomas, como en el caso de la geometria rieman-
niana?

En efecto, si ¢y 1 1 = [0,1] — @ es una trayectoria no holonémica
que une los puntos ¢,p entonces, como en la geometria riemanniana
estandar, decimos que p es nonholonomico conjugado a q a lo largo de
cqp S1 existe un campo de Jacobi no holonémico W que desaparece en
q y p pero no es idéntico a cero. En términos del mapa exponencial no
holonémico, esto significa que si v, € D, es la velocidad inicial tal que
expgh(vq) = p, entonces

T, exp® : T, Dy = Dy — T,Q

ya no es inyectiva. Supongamos ahora que ggh es una métrica de Gauss
sobre M’;h y que g™ es una extensién de g;‘h a @ tal que ./\/lgh es total-
mente geodésica en ¢ con respecto a ¢"". Entonces, se puede deducir
que la trayectoria ¢, deja de ser minimizadora de longitud para g™
pasado el punto conjugado no holonémico p. En particular, esta nocion
nos permite definir el locus conjugado de ¢ como el conjunto de puntos



p tales que p es el primer punto conjugado a ¢ a lo largo de alguna
trayectoria no holonémica. En consecuencia, para el estudio cualita-
tivo de la dindmica no holondémica, es importante estudiar los ceros de
los campos de Jacobi no holonémicos y/o los ceros de los campos de
Jacobi para las métricas de Gauss asociadas.

Reduccién de sistemas mecanicos no holénomos con simetrias.
Otro objetivo interesante, que se tratara en una proxima publicacién,
es extender los resultados del capitulo [6] sobre campos de Jacobi a la
reduccion de sistemas mecanicos no holénomos con simetrias. Este tipo
de sistemas ha sido ampliamente discutido en la literatura (ver [Koi92;
Blo+96a; |(Can+98; |GGO8; |Cor+09b; |(Gra+09; LMD10; |Ball4}; Ball7;
BE15]). Por otro lado, atendiendo a los siguientes hechos: i) si el grupo
de isometrias de una variedad riemanniana conexa M de dimensiéon m
tiene dimensién méaxima w entonces M es de curvatura constante
(ver [KN63|); y ii) la expresion del tensor de curvatura en tales espacios
es muy sencilla y, por tanto, el calculo de los campos de Jacobi también
lo es (véase, por ejemplo, [Lee97]); sospechamos que probablemente
el calculo de los campos de Jacobi no-holénomos es también sencillo
para un sistema cinematico no-holénomo que admite muchas simetrias.
Seguiremos investigando la relacién entre las simetrias y las soluciones
del campo de Jacobi no-holénomo en el futuro.

Campos de Jacobi en geometria sub-riemanniana Observamos
que muchos de los resultados del capitulo [6] pueden extenderse para
campos de Jacobi en geometria subreimana |Ghe+20].

Mecanica discreta no holonoma

En el capitulo [7, hemos identificado con precisién las ecuaciones discretas
exactas para un sistema no holénomo. Los ingredientes principales fueron
la definicién de la aplicacion exponencial para una ecuacion diferencial de
segundo orden restringida que nos permite definir la subvariedad discreta
exacta de ligaduras no holénoma. A continuacién, definimos los principales
elementos discretos que aparecen en la definicion de las ecuaciones discretas
exactas no holéonomas. La forma especial de estas ecuaciones nos permite
introducir una nueva familia de integradores no holénomos que muestran en
los célculos numéricos el excelente comportamiento de la energia.
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e Una version intrinseca de la mecanica discreta no holénoma en
MZ’nh. En investigacién futura, estudiaremos una version intrinseca de
la mecéanica discreta no holénoma en Mf;nh siguiendo los pasos dados al
final de la Seccién [7.3] De hecho, podemos preguntarnos si existe una
formulacién del principio de Lagrange-d’Alembert modificado en un
marco similar al de [MDMOG6], posiblemente sustituyendo un groupoide
por una estructura aun mas general.

Ademads, dado que los sistemas tipicamente no holénomos admiten
simetrias (véase |Blol15]), estudiaremos la reduccién del andlogo dis-
creto, siguiendo los resultados de [[gl4-08].

e Analisis regresivo del error para la mecanica no holénoma.
Dado que tenemos una version exacta discreta, podriamos estudiar el
analisis de errores y el andlisis regresivo del error para la mecénica no
holénoma (véase [MWO1; HLW10] y la seccién [3.7.6] para el caso de

sistemas lagrangianos no restringidos).

En este sentido, nuestro objetivo es encontrar una versiéon no holénoma
del Teorema|3.7.14. Dado que ya conocemos el flujo discreto no holénomo
exacto y los objetos que debemos aproximar al discretizar un sistema
no holénomo (subvariedad de ligaduras discreta, lagrangiano discreto y
fuerzas discretas), es natural preguntarse si podemos estimar el orden
del método numérico que surge del principio de Lagrange-d’Alembert
modificado, simplemente aproximando los objetos anteriores, como en
el caso variacional puro.

e Integradores geométricos para sistemas cinéticos no holénomos.
En [MV20], los autores muestran que varias construcciones de inte-
gradores geométricos para la mecanica no holénoma que aparecen en la
literatura no se comportan bien para sistemas generales no holénomos.
Por lo tanto, el problema de encontrar integradores que preserven la
estructura para sistemas no holénomos estd completamente abierto.
Sin embargo, obsérvese que el Teorema abre la posibilidad de
considerar una nueva clase de integradores de tipo variacional para la
mecanica no holénoma.

Por ejemplo, podemos considerar un mapa de retraccion R : T'Q) — @ X
() sobre una variedad @ (ver [AMSO08]) y definir la siguiente subvariedad
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discreta no holénomo de @ x Q:
R(D) = M™.

A partir de las propiedades de los mapas de retraccion, tenemos que si
q € @, entonces (R,) ‘Dq es un difeomorfismo hacia su imagen R(D,) =
M’;hvd en un entorno de 0,. En un futuro trabajo, exploraremos la con-
struccién de integradores de tipo variacional en M™¢. Una posibilidad
es inducir, en primer lugar, una métrica riemanniana ggh’d sobre M;‘h’d
para cada ¢ € (), como en el Teorema [5.2.4] Esta métrica viene de-

terminada por el pullback por (R} D >_ de una métrica riemanniana
q

sobre D, verificando la condicién de Gauss.

Entonces podemos definir un Lagrangiano discreto L3 : M™4 — R
como una aproximacion de la accién correspondiente:

L ad) ~ g [ g e)e. o) a

nh,d

donde ¢ : [0,h] — Mp™? es la tinica curva geodésica para g

satisface ¢(0) = ¢ y ¢(h) = ¢

que

Desgraciadamente, esta clase de métodos suele presentar una rapida
desviaciéon de la trayectoria exacta debido esencialmente al error en la
aproximacion del espacio de ligaduras discreto exacto /\/lgh’e.

Una posibilidad mucho mas sencilla y eficiente es explorar la idea de que
la aplicacién exponencial no holénoma, transforma las rectas que pasan
por el origen en geodésicas de g7, Dada una retraccién Ry : Dy = Q
podemos definir el siguiente integrador::

q1 = Rhﬂ() (UQO)
Rong.q0(Vgy) = R28-1)h.q1 (Vy)

Este integrador serd estudiado en un futuro trabajo y, como subpro-
ducto de este enfoque, obtendremos, para una eleccién adecuada de una
retraccion, una generalizacion del método de Newmark para el caso de
sistemas no holénomos.
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Mecanica discreta de contacto

En el capitulo hemos profundizado en la geometria de la mecéanica de
contacto discreta explicando completamente las discretizaciones introducidas
en [VBS19]. Hemos realizado un estudio detallado del principio discreto
de Herglotz y sus propiedades geométricas, incluyendo las transformadas
discretas de Legendre y los flujos discretos Lagrangianos y Hamiltonianos
asociados. Ademas, hemos analizado la existencia de cantidades discretas
disipadas relacionadas con simetrias discretas del sistema y la construccion
de la funcién Lagrangiana discreta exacta dando la correspondencia entre el
sistema discreto y el continuo.
En futuros trabajos, estudiaremos algunos de los siguientes problemas:

e El analisis del error variacional nos permite estimar el orden de er-
ror de los métodos propuestos solo a partir del error de aproximacién de
la funcién Lagrangiana discreta exacta, es decir, lo bien que la funcién

Lagrangiana discreta coincide con la funciéon Lagrangiana discreta ex-
acta [MWO1; [PC09].

e La extension de la teoria de las funciones de Morse a las sub-
variedades Legendrianas (vedse [LM87; BLn+19; [Fer+17]) que per-
mite introducir métodos de orden superior para sistemas Lagrangianos
de contacto. Por ejemplo, esta teoria dara una explicacion geométrica
completa de otras posibles discretizaciones del espacio de fase, como
por ejemplo, la utilizada por [VBS19] que es Q@ x @ x R? en lugar de

Q xQ xR

e Simulacién de algunos sistemas termodinamicos: La geometria
de contacto se ha utilizado para modelar algunos sistemas termodindmicos
(véase |Bral8]). Recientemente, se demostré que una modificacién del
campo vectorial hamiltoniano de contacto tenia muchas ventajas en
el modelado de sistemas termodindmicos (ver [Sim+20]). Serfa intere-
sante estudiar si nuestro método se podria utilizar para integrar este
tipo de modelos.
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Appendix A

Complete and vertical lifts in
mechanics

The main result of this section is to prove how a pseudo-Riemannian metric
h is related to the Poincaré-Cartan two-form induced by this metric. In par-
ticular, the action of the later on complete and vertical lifts may be expressed
with objects that depend only on the metric structure.

Recall that when we have a manifold () and a Lagrangian L on its tangent
bundle, the Poincaré-Cartan one-form is defined to be 8, = S*dL.

In agreement with the previous notation, whenever we are given a (0, 2)-
tensor h on @), we will denote by L, : T) — R the Lagrangian function
associated with h defined by

Lp(v) = %h(v,v), veTq.

Also we will denote by
op: TQ — T*Q,

the musical isomorphism associated with h by b, (X)(Y) = h(X,Y) for all
X, Y € X(Q).

During the remaining of this section, we will denote just by V the Levi-
Civita connection with respect to a symmetric non-degenerate (0, 2)-tensor,
whenever it is clear from the context to which tensor it is associated.

Now we will see how complete and vertical lifts act on metric Lagrangians.
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Lemma A.0.1. Let h be a pseudo-Riemannian metric and Ly, its associate
Lagrangian. Given X € X(Q) we have that

—

X(Lp) = Legn, X°(Lp) =bp(X), (A.0.1)

where Lg ., + TCQ) — R denotes the Lagrangian function associated to the
(0,2)-tensor Lxh.

Proof. Let us prove the result on natural coordinates. Let (¢") be coordinates
on @ and (¢’,v') be the natural coordinates on TQ. Let X = X2 and

oq*
o A
Ly = shiv'v?. Then

—

XY(Ly) = X hijv! = by (X)

and i
¢ LnOhij i 0X :
X (Lh) = §X a—qu v’ +wv aql hk;jU].
On the other hand
1 Ohj; oXF oXF o
L = - Xk /LJ h N hZ - . v J-
et 2( o Mg T k8q3>m

Since h is symmetric and changing indices ¢ <+ j in the last term above, we
get
1, 0hi; oxk

_ k i,
L,th == §X 8—qu v’ + hk] aql

which equals X°(Lj,). O

v’

The fundamental formula of Riemannian geometry given by (2.1.3)) allows
us to express the Lagrangian function L., introduced before in terms of a
new Lagrangian function associated with the (0, 2)-tensor

(V'"X)(Y,Z) = h(VeX, Z), (A.0.2)
where V" is the Levi-Civita connection with respect to h.

Lemma A.0.2. The Lagrangian function L, coincides with the Lagrangian
Junction 2L ynx).
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Proof. Given any Y € X(Q), by skew-symmetry of the exterior derivative
one has that

1 1
LexnoY = Lxh(Y,Y) = WVyX,Y) - 740X (Y. Y)
= (V"X)(Y,Y) = 2L(ynx) 0 Y.
O

Lemma A.0.3. Let h be a pseudo-Riemannian metric on ), Ly s its asso-
ciated Lagrangian function and wr, = —dfr, the corresponding Poincaré-
Cartan 2-form. If bth and by, denote the musical isomorphisms associ-
ated to the symplectic form and to the tensor h, respectively, then for every
X € X(Q) the Poincaré-Cartan 1-form acts on vertical and complete lifts of
X according to

—

00, (X") =0, 07,(X%) = 5n(X) (A.0.3)

and the Poincaré-Cartan 2-form acts according to

w, (X Y) = dOn(X)) (V) = 201, (V) (A.0.4)

=d
Wi, (X4YY) = don(X))(Y?),  wi, (X, Y") =0,

where (V"X) is the (0,2)-tensor defined in (A.0.9). Hence, we may also

write

—

oy (X°) = ~(Bn(X))", by, (X°) = d(6(X)) — 26 (A.0.5)

(vhx)*

Proof. Recalling the definition of 0, the formulas in the statement are
rewritten as

00,(X") = S*(dLn)(X"),  0r,(X) = 5™(dLn)(X"),

respectively. Now applying ([2.4.19) we immediately prove that 6., (X") =0
and
01, (X)) = X°(Ly).

By the previous Lemma we conclude 6, (X¢) = m

Choosing an arbitrary Y € X(Q), we will now evaluate the symplectic
form over complete and vertical lifts in order to find the desired formulas for
buy, (X€) and by, (X7).
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Using that wg, is an exact symplectic form and the characterization of
the exterior derivative of a 1-form we get

WLy, (Xcv YC) =-X° (eLh (YC)) +Y° (eLh (Xc)) + QLh([XC, YC])

Using equations (A.0.3) we have just proved and the formulas in (2.4.13)) we
get

—

wr, (X4, Y9) = =X (5a(V)) + Y (5u(X)) + oa([X, V).

Applying now the definition of complete lift over fiberwise linear functions

—

u.JLh<XC,YC) == —Lth(Y) + Eybh<X) + bh([X, Y])
Note that
(X, Y)N(Z) = Lxbrn(Y))(Z) = —Lxh(Y, Z).

Hence, the right-hand side of the above equation may be rewritten using the
musical isomorphism associated to the (0, 2)-tensor £xh which we denote by
ben. So we deduce that

—

Wi (X4 Y) = b (V) + Lybn(X).

Now using again the relations in (A.0.3|) and the definition of complete lift

—

wry, (XC7YC) = —QLEXh(YC) + Yc(bh(X))

Using that Lz, = 2L(ynxy and rewriting the last term above, we finally get

—

wi, (X6 Y) = =20, (Y°) + d(bp(X))(Y).

(th)<

Proceeding analogously in the other cases we find that
Wi, (X6, V") = =X (0, (V")) + Y (602, (X)) + 6, (X7, Y],
Using and
wr (X4 Y) =Y (u(X)) + 01, (X, Y]").
Again using we conclude
wn, (X4Y) = d (31(X)) (V7).
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Note also that QL(th) (Y") = 0 is also implied by (A.0.3). Therefore we have
concluded the proof of the expression for b, (X°).

Let us now prove the expression for b,, (X"). Let us use the same strat-
egy and compute

wi, (XY, Y€)= =X (01, (Y)) + Y (0L, (X")) + 6, ([X*, V).

Analogously,
wr, (XV, V) = — X" (bh(Y)) .

Now, using the definition of vertical lift
wr, (X, Y€)= —bp(Y)(X) o 7.
By symmetry of h, we may rewrite the last line as
wr, (X, Y¢) = =bp(X)(Y) o 7g.

Notice that the right-hand side of the previous equation is nothing more than
the vertical lift of the function b, (X)(Y). Using (2.4.12)), we finally get

we, (X°, V) = = (n(X))"(Y).

At last, we need to check how the symplectic form acts on vertical lifts.
However, note that using (A.0.3) and (2.4.13)) then the expression
i (X2, YY) = — X (01, (V") + Y (61, (X)) + 01, (X", "))

vanishes for all X and Y, as it is the case of (b,(X))"(Y") again by (2.4.12)),
which finishes the proof. ]

A.1 The complete lift of a Lagrangian system
of kinetic type

In this appendix, we will review some results related with the complete lift
of a regular Lagrangian system of kinetic type.

Let @ be a smooth manifold of dimension n, 7o : T'Q) — @ the canonical
projection and TT'() the double tangent bundle to Q.
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Now suppose that ¢ is a Riemannian metric on ) and that L, : TQQ — R
is the Lagrangian function of kinetic type induced by ¢ (see Appendix B).
Then, we may consider the complete lift g¢ of g [YI73]. It is not a Riemannian
metric on 7'Q) but a pseudo-Riemannian metric of signature (n,n). In fact
g¢ is characterized by the following conditions

go(X%Y9) = (9(X, V)",
9IS YY) = g° (X7, Y°) = (9(X, 1)), (A.1.1)
ge(X*,Y") =0,

for X,Y € X(Q).

If (¢%,¢%) are local coordinates on T'Q and the local expression of the
Riemannian metric ¢ is ¢ = g¢;;dq" ® d¢’ then the local expression of its
complete lift is

99ij , ; j i - i j
9°(d", qr)—q’“8 Ldq' ® dg’ + gijdg’ ® di’ + gidd’ ® dg.

Anyway, we may consider the Lagrangian function L : TT() — R on
TTQ induced by the pseudo-Riemannian metric g° on T'Q). Then, the relation
of the previous construction with the canonical involution is given by the
following result:

Lemma A.1.1. We have that the Lagrangian function Lge : TTQ) — R is
reqular and satisfies the following equation

Lye = Lj 0 Kq. (A.1.2)
Proof. The Lagrangian function L, is regular since its Hessian matrix is the
tensor ¢g¢ which is a non-degenerate tensor. In fact, it is a pseudo-Riemannian
metric.

If Z € T,(TQ), with u € T,Q, then it is easy to see that there exist vector
fields X,Y € X((Q) such that

Z = X(u)+Y"(u).
So, it is sufficient to prove that
Lge(X(u) +Y"(u)) = Lj 0 k(X (u) + Y (u)).
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Now, since kg is a vector bundle isomorphism between the vector bundles
Trg and T'1g, it follows that

KQ(X(u) + Y (u)) = (Tluo() (+)) (r(X(u)), k(Y (u))),

and then from (2.4.16)) and the definition of complete lift of a function we
deduce

L 0 k(X *(u) +Y" (1) = (Tuo@) (HNTX (w), Y (u))(Ly)-

where (+) : TQ xo TQ) — T'Q) in the right-hand side of the equality is the
addition on the fibers of the vector bundle 7 : T'Q) — Q). So we have that

LS 0 kig(X°(u) + Y (u)) = (TX (u),Y"(u))(Ly o (+)). (A.1.3)
Next, let o : (—¢,¢) — Q be a curve on Q such that
0(0)=q, 0(0)=u
and Z : (—e,e) — TQ a curve over o satisfying
Z(0) = 0(q), Z(0) = Y"(u) = (T,0)(u) + Y"(0(q)). (A.1.4)
Then, from (A.1.3), it follows that

Ly o k(X (u) +Y"(u) = —

hence

Ly o k(X (u) +Y"(u) = —

Thus, using (A.1.4) and the following equalities

% AKX (o), X(o(0)) = 50X, X)),
%  9(X(o(0), 2(0)) = (£s9)]=a(X(0), 20)

+ (L6 X (0(t))li=0, Z(0)) + 9(X(q), L5 Z(t)|i=0),
LsZ(t)]i—0 = Y (q),
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we deduce that
I 0 ig(X“(u) + Y*(w)) = su(g(X, X)) + o(X(2). ¥ (0)).

On the other hand, from (A.1.1]), we deduce that

L (Xu) 4 ¥ () = 2" () (X°(u) + Y (u), X() + Y"(u)

1

= 5(9(X, X))(w) + 9(X(q). Y ()

_ %u@,@(, X)) +g(X(q), Y (q)),

which proves the Lemma. O

In local coordinates, the Lagrangian function associated to ¢¢ has the
local expression

1 ,.0g;: . .
£ STy 4 g V"7 (A.1.5)

LgC(Q7 Cja v, U) = §q aqk

Proposition A.1.2. Let g be a Riemannian metric on Q), g¢ the complete lift
of gtoTQ, Ly : TQ — R and Ly : TTQ — R the corresponding Lagrangian
functions. Then

Or,c = ro01,), wr,e = rg(wi,), and B . = (EL,)" o kg,

where 01, (respectively QLQC), wr, (respectively wr,.) and Ep, (respectively
Eyp,.) are the Poincaré-Cartan 1-form, the Poincaré-Cartan 2-form and the
Lagrangian energy associated with L, (respectively with Lge ).

Proof. Notice that once we establish that 0r,. = £{(07, ), then the corre-
sponding formula for the Poincaré-Cartan 2-forms follows since the pullback
commutes with the differential and the differential of the complete lift be-

haves according to (2.4.8]).
It is sufficient to prove 0y, . = x¢) (07, ) over the vector fields (X°)¢, (X¢)",
(X¥)¢ and (X")", with X € X(Q). Now,
O, (X)) = dLge((X9)") = d(L 0 £)((X)*) = (k@) dLg((X)"),
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where we used the definition of the Poincaré-Cartan 1-form and the properties
in (2.4.19) in the first equality, while we used Lemma in the second
equality. Then using the definition of pullback together with (2.4.17)) we get

O, (X)) = (dLgorQ)((X") 0 rg) = (dLg((X"))) o g = (dLy(X")) 0 kg,

where we used (2.4.7) and (2.4.8)) in the last equality. Now, using the defini-
tion of 0, followed by ([2.4.7) again we obtain

Or,e (X)) = (01,(X°)) 0 kg =07 ((X°)) 0 Kq.
Finally, using we obtain
0L, (X)) = (kg (07,)) (X))

By applying the same arguments we may deduce the remaining expressions.
Indeed

O, (X)) = 0= (02, (X")) 0 g = 07, (X)) 0 kg = (rgy(07,))((X)*),

where we used the definition of the Poincaré-Cartan 1-forms and (2.4.7),
(2.4.19) and (2.4.17). Also using these arguments and Lemma we

deduce

0L, (X))

dLge((X*)") = d(Lg 0 ko) ((X*)") = (k) dLy((X")")
(dLg((X?)")) 0 hg = (dLg(X"))" © Ko,

where the last equality follows from (2.4.12). Then
0L, (XY)) = (01,,(X%))" 0 hg = 07 ((X)") 0 hig = (rg(07,)) ((X*)°).

The last expression follows directly from (2.4.12)) and ([2.4.19)).
On the other hand,

O, (X)) = 0= (0L,(X"))" 0 g = 07, ((X")") 0 kg = (Ko (0L, )) ((X*)").

To prove the expression relating the Lagrangian energies, denote first
by Arg € X(T'Q) the Liouville vector field on the tangent bundle and by
Arrg € X(TTQ) the Liouville vector field on the double tangent bundle.
Recall the definition of Lagrangian energy

ELgc = ATTQ(Lgc) — Lgc and ELg = ATQ(LQ) - Lg.
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Moreover, note that since the Lagrangian functions are of kinetic type, then
Arrq(Lge) = 2L5 and Apq(Ly) = 2Ly,
Then, using Lemma we have that
Ep.=Lg=Lyokg= (EL,) o kKg.
O

Finally, we will describe the dynamics associated with the Lagrangian
function Ly : TTQ — R in terms of the complete lift of the geodesic flow
associated with g. In addition, we will prove that the trajectories of the
Lagrangian system (77'Q), Lyc) are just the Jacobi fields of the Riemannian
metric g.

Proposition A.1.3. Let g be a Riemannian metric on @), g°¢ the complete lift
of gtoTQ, Ly : TQ — R and Ly : TTQ — R the corresponding Lagrangian
Junctions, T'y, and T' . the corresponding Lagrangian vector fields on TQ
and TTQ, respectively. Then

1. FLgc = TK}Q o Fiq O RQ;

2. If Z : I — TQ 1is a trajectory of the SODE T'y ., then Z is a Jacobi
field for g over a geodesic ¢, : I — Q) of g.

Proof. Let w € TTQ and X € T,(TTQ). Then we have that
(ittumrs, e (5a(w)) ) (Turg(X)) = (g, (w) (T, (w), X).
Using Proposition [A.1.2] the last expression reduces to
(w8, (@) (T, (@), X) = (irs, e, (0)) (X) = (iry, o1, ) @)(X),

where we used (2.4.9)) in the last equality. Using now the geometric equation
of motion the last line becomes

(dBy,)" ()(X) = (B, ) (w)(X) = (d(EL,. o 5q)) (w)(X),

where we used (2.4.8]) and Proposition [A.1.2l Using now the definition of

pullback and the geometric equations of motion we get
(AP, (r(w))) (Tur(X)) = (it rg@ivs,e (ko(w)) ) (Turq(X))
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Therefore, since We is non-degenerate we deduce

P, (rg(w)) = (Twro) (T, ) (w),

from where the first item follows.

Next we prove the second item. By Proposition (A.1.2),if Z : [ — TQ
is a curve on the tangent bundle such that kg o Z 1 — TTQ is an integral
curve of I' , then

koo 2(t) = (Tawé ™) (rq o 2(0)).

Tp, . L :
where ¢, ¢ is the flow of the vector field I' 1,- Projecting the previous equa-
tion using Tty we get that

m1q 0 Z(t) = (Tz0)(70 0 6, ) (i 0 Z(0).

One one hand, note that 70 o Z(t) is just the curve Z(t), by definition of
tangent vector field to a curve. On the other hand, let V : I — TQ be a
curve with initial velocity such that V’(0) = kg o Z(0). Then, the expression
above may be rewritten as

2= 5| (oo )vis)).

s=0

Therefore, Z is an infinitesimal variation vector field for a family of trajec-
tories of I'y . Hence, it is a Jacobi field for the Riemannian metric g. ]
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Appendix B

Auxiliary analytical results in
ODE

Let Y i
=gt o
dt? dt
be a system of second order differential equations on R™, with £ a real C>°-
function on a compact subset of R x R?® which contains the origin.
We will consider the problem of the existence of solutions satisfying the
boundary conditions

¢'(0) =0, ¢'(h)=0, Vi, with h > 0.

), Vied{l,...,n}

In this direction, if we take 2o = 0 in Corollary 4.1 of Chapter XII in [Har(02],
we deduce the following result.

Theorem B.0.1. Let £(t,q,q) be continuous for 1 < i < n, 0 <t < h,
llgll < 7, lgll < 7' such that £ satisfies a Lipschitz condition with respect to
q,q of the form

1€Ct, al,d1) — &t @, @) < Kllgz — aull + K'ld2 — |
with Lipschitz constants K, K', so small that

Kh?> K'h
3 + <1 andh >0.
In addition, suppose that ||E(t,¢7,¢7)|| < M and that
M2 Mh
S r, — S r.
8 2
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Then, the system of second order differential equations

d?¢
dt?

= £j<t7qi>qi)7 fO?“ all j
has a unique solution satisfying

la@)Il <7, [l <+, ¢'(0)=0, ¢'(h) =0,
for allt € [0,h] and 1 < i <n.

If we have a second order linear system of differential equations of the

type
i=A)E + B(t)z (B.0.1)

and satisfying the boundary conditions
z(0) =0, =z(h)=0, (B.0.2)

Lemma 3.1. in Chapter XII, also in [Har02|, provides a necessary and suf-
ficient condition for the existence of non-trivial solutions of the previous
problem in terms of the corresponding matrix solution. Then, the lemma
states the following:

Lemma B.0.2. Let A(t) and B(t) be continuous d x d matrices on t € [0, h].
If U(t) is the matriz solution of the initial value problem

U=A{t)U+ Bt)U, U0)=0, U(0)=1Id,

then (B.0.1)) has a non-trivial solution satisfying (B.0.2) if and only if U(h)
15 singular.

At last, we need the following classical result:

Proposition B.0.3. Let f : U C R" — R" be a C*°-smooth map, with U
a convex open subset of R™ and suppose that there exists a positive constant
C > 0 such that

|df ()] < C, VzeU.

Then, we have that
1f (@) = fw)ll < Cllz —yll, forz,yel.
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Proof. Suppose that z,y € U and denote by fi,..., f, the components of f
and by

the smooth real function on the interval [0, 1] given by
gi(t) = filx +t(y — x)).

Then, we have that

M@<M@=%ﬂ%m®%=égﬁﬂﬁié(§:§Z@+ﬂy—@MM—%0dt

j=1

So, we deduce that
1
fl6) = £a) = [ o+ tly = o))y - o)
0
which implies that

1 1
I1£0) 5@ < [ ldftartty—e)lly—elde = o] | ldfCo+tly—)) e
0 0
Thus, using that ||df(z)]| < C for every z € U, we conclude that

1 () = F(@)]| < Clly — «]|.
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