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Abstract

Geometric mechanics is a branch of mathematics that studies classical mechanics of parti-
cles and fields from the point of view of geometry and its relation to symmetry. One of its
most interesting developments was bringing together numerical analysis and geometry by
relating what is known as discrete mechanics with numerical integration. This is called
geometric integration. In the last 30 years this latter field has exploded with research
from the purely theoretical to the strictly applied.

Variational integrators are a type of geometric integrators arising naturally from the
discretization process of variational principles in mechanics. They display some of the
most salient features of the theory, such as symplecticity, preservation of momenta and
quasi-preservation of energy. These methods also apply very naturally to optimal control
problems; also based on variational principles. Unfortunately, not all mechanical systems
of interest admit a variational formulation. Such is the case of forced and nonholonomic
mechanical systems.

In this thesis we study both of these types of systems and obtain several new results.
By geometrizing a new technique of duplication of variables and applying it, we were able
to definitely prove the order of integrators for forced systems by using only variational
techniques. Furthermore, we could also extend these results to the reduced setting in
Lie groups, leading us to a very interesting geometric structure, Poisson groupoids. In
addition, we developed new methods to geometrically integrate nonholonomic systems
to arbitrary order preserving their constraints exactly. These methods can be seen as
nonholonomic extensions of variational methods, and we were able to prove their order,
although not through variational means. These methods have a nice geometric interpre-
tation and thanks to their closeness to variational methods, they can be easily generalized
to other geometric settings, such as Lie group integration. Finally, we were able to apply
these new methods to optimal control problems.
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Resumen

La mecanica clasica es un campo tan fundamental para la fisica como la geometria lo
es para las matematicas. Ambos estan interrelacionados y su estudio conjunto asi como
sus interacciones forman lo que hoy se conoce como la mecdnica geométrica [vease, por
ejemplo, AMT78; |Arn89; |Hollla; Holllb).

Hoy es bien sabido que el concepto de simetria tiene importantes consecuencias para los
sistemas mecanicos. En particular, la evolucion de los sistemas mecanicos suele mostrar
ciertas propiedades de preservaciéon en forma de cantidades conservadas del movimiento
o preservacion de estructuras geométricas. Ser capaces de capturar estas propiedades es
vital para tener una imagen fiel, tanto en términos cuantitativos como cualitativos, de
cara al estudio de estos sistemas. Esto tiene gran importancia en el campo tedrico y
también el aplicado, como en la ingenieria.

La experimentacion en laboratorios y la generacion de prototipos son procesos costosos
y que requieren de tiempo, y para determinados sistemas pueden no ser siquiera factibles.
Con la llegada el ordenador, simular y experimentar con sistemas mecanicos de forma
rapida y econémica se convirtié en una realidad. Desde sencillas simulaciones balisticas
para alumnos de secundaria a simulaciones de dindmica molecular a gran escala; desde la
planificacién de trayectorias para vehiculos autonomos a la estimacién de movimientos en
robots bipedos; desde costosas simulaciones basadas en modelos fisicos para la industria
de la animacién a la simulacion de sélidos rigidos y deformables en tiempo real para la
industria del videojuego, el tratamiento numérico de sistemas de complejidad creciente
se ha convertido en una necesidad. Naturalmente surgieron nuevos algoritmos capaces de
conservar gran parte de las propiedades geométricas de estos sistemas, configurando lo
que ahora se conoce como integracién geométrica [vease SC94; HLW10)].

En los ultimos 20 a 30 anos se han dado grandes pasos en esta direccion, con el
desarrollo de métodos que conservan energia, métodos simplécticos y multisimplécticos,
métodos que preservan el espacio de configuracion y mas. Atn asi, la investigacion en esta
area esta todavia lejos de acabar. Por ejemplo, los sistemas sometidos a fuerzas externas
y con ligaduras ofrecen ciertas dificultades que han de ser abordadas, y esta tesis se dedica
a explorar estos dos casos ofreciendo nuevos desarrollos y resultados.

La mecénica discreta puede verse como una version a paso finito de la mecdnica con-
tinua. Ello significa que en vez de tratar trayectorias continuas que podemos determinar
en cualquier instante a lo largo de la evolucion del sistema, tinicamente tenemos una serie
de imagenes estaticas o fotogramas en un conjunto fijo de instantes. La mecanica dis-
creta nos ofrece un punto de vista muy interesante de cara a la integracion geométrica
[véase MWO1].

Los sistemas mecanicos continuos libres son gobernados por un principio variacional
llamado principio de Hamilton. Este principio indica que la naturaleza favorece que la
trayectoria de un sistema mecdanico sea tal que extremice el valor de un cierto funcional.
Esto nos permite obtener las ecuaciones del movimiento de un sistema de una forma



sistematica. Lo mismo ocurre en el caso de la mecanica discreta, gobernada por la version
discreta del principio de Hamilton.

Los integradores variacionales son métodos numéricos geométricos obtenidos me-
diante la aproximacion de este principio variacional y se aplican para obtener ecuaciones
del movimiento aproximadas. Esto contrasta con el uso comin de los métodos numéricos
tradicionales en los que se parte directamente de las ecuaciones del movimiento y se
toma una aproximacion de ellas. Los integradores variacionales son siempre simplécticos
y tienen excelentes propiedades tanto estadisticas como cualitativas, mostrando un muy
buen comportamiento de la energia en grandes escalas temporales.

Los sistemas mecénicos forzados y algunos sistemas con ligaduras llamadas no-holo6-
nomas [BMO02; Blol15] son a priori no variacionales, pero sus ecuaciones del movimiento
son marcadamente similares a las de los sistemas variacionales. Tratar de generar métodos
numeéricos para este tipos de sistemas de forma andloga a como se procede con los inte-
gradores variacionales parece sensato. En su tesis [MWO01], Matthew West mostraba como
extender los integradores variacionales a los sistemas forzados, pero algunos problemas
quedaron sin resolver de forma totalmente satisfactoria. En particular, el trabajo poste-
rior de Patrick and Cuell parece invalidar algunos de los resultados de esta tesis. También
se tratan los sistemas ligados holénomos, pero deja a un lado el caso no-holénomo.

Quizas una de las propiedades mas deseables que ha de satisfacer un método numérico
para un sistema ligado es precisamente el respetar las propias ligaduras. Los sistemas
no-holénomos son un tipo particular de sistema mecénico ligado, capaces de mostrar
comportamientos desconcertantes y extranos vistos desde el prisma de los sistemas li-
bres. Ejemplos prototipicos de sistemas no-holénomos son tales como ruedas y bolas que
ruedan sin deslizamiento o cuchillas y patines que se deslizan. Estos tienen importantes
aplicaciones en automatica y robdtica.

El objetivo principal de esta tesis ha sido tratar de entender mejor estos sistemas
y estudiar cémo tratar estos casos numéricamente en el contexto de los integradores
variacionales. Dado que los sistemas ligados pueden entenderse como casos particulares
de sistemas forzados, nuestro estudio comenzdé con los métodos para sistemas forzados
con la esperanza de resolver algunos de sus problemas pendientes y siempre teniendo en
mente su posible aplicaciéon al caso no-holénomo.

Esto nos llevo a estudiar de los sistemas forzados desde un nuevo prisma, como sis-
temas variacionales en dimensiones superiores. En particular, utilizando los resultados de
un reciente trabajo de Chad Galley |Gall3|. La teoria de Galley permite interpretar un
sistema mecanico forzado como un sistema con variables duplicadas. La teoria muestra
ciertas propiedades que apuntan hacia una cierta estructura geométrica subyacente: los
grupoides de Lie. Nosotros estudiamos una versién geometrizada de la teoria y ar-
rojamos luz sobre sus propiedades. Finalmente utilizamos esta teoria para resolver uno
de los problemas no resueltos de los integradores forzados: el correcto andlisis del error.
Estos resultados también han sido extendidos y aplicados al caso de sistemas reducidos
por simetrias, en particular, los definidos sobre grupos de Lie.

Dada la naturaleza bastante compleja de las fuerzas de no-holénomas y su relacién
con las ligaduras en el caso discreto, no hemos sido capaces de aplicar estos resultados
anteriores al problema que originalmente queriamos tratar. Atn asi, hemos sido capaces
de desarrollar un nuevo método de integraciéon geométrica para sistemas no-holénomos
que preservan las ligaduras de forma exacta y que tienen una estructura similar a la
de un integrador variacional. Algunos de los métodos pre-existentes era métodos de
baja precisién [CMO1} [FIMOS8; [LMS04]. Otros métodos existentes de orden alto no eran



integradores adaptados a la estructura especial de los sistemas mecanicos [HLR89; |Jay93;
Jay03], y el inico que si estaba adaptado dependia de ciertos parametros muy particulares
[Jay09]. Nosotros somos capaces de ofrecer toda una familia de métodos de precisiéon
arbitrariamente alta, la cudl hemos podido demostrar, y que ademas pueden entenderse
como una extensiéon de los métodos de [CMO1} LMS04]. Ademéds hemos sido capaces de
extender nuestros métodos para ser aplicados tanto en los casos en grupos de Lie como
en los de control éptimo.
La estructura de la tesis es la siguiente:

e En el capitulo [2| presentamos las herramientas necesarias para desarrollar los re-
sultados de este trabajo. Este esta dividido en tres partes principales:

— Geometria diferencial general de variedades y fibrados, con énfasis particular
en el fibrado tangente y cotangente y en los grupos y grupoides de Lie.

— Calculo de variaciones, principalmente resultados clasicos con una breve seccién
sobre control éptimo.

— Teoria basica de la integraciéon numeérica, con varios resultados importantes y
extension a grupos de Lie.

El lector avezado en la materia puede omitir este capitulo. Los capitulos posteriores
lo referenciaran cuando sea necesario.

e Ll capitulo [3] es una introduccién a la mecdnica geométrica. Tiene secciones es-
pecificas sobre mecanica discreta, con especial interés en los integradores varia-
cionales, tanto en espacios vectoriales como para grupos de Lie. Casi todos los re-
sultados de este capitulo son conocidos, aunque hacia el final (a partir de la seccién
, cuando analizamos métodos en grupos de Lie presentamos una derivaciéon
completa de métodos variacionales de order alto. También presentamos la tangente
segunda trivializada de una retraccién, su interpretacion geométrica y algunas de
sus propiedades.

e Kl capitulo [4] esta dedicado a los sistemas forzados, comenzando con el principio
de Lagrange-D’Alembert en el caso continuo. También comentamos los problemas
que hay para probar el orden de los métodos de integracion forzados obtenidos en
IMWO1]. Ello sirve de motivacién para tratar de analizar los sistemas forzados
de una forma distinta. Posteriormente pasamos a presentar el trabajo de Galley
|Gall3], y procedemos a su andlisis geométrico. Tras aplicar esta teoria para probar
el orden de los integradores forzados, pasamos al caso de los sistemas forzados en
grupos de Lie. Alli, la geometria que aparece tras el proceso de reduccion es la
de los grupoides de Poisson. Algunos de los resultados de este capitulos han sido
objeto de una reciente publicacién [MS18b], y otro preprint [MS19] incluyendo los
restantes.

e El capitulo [5| versa sobre los sistemas con ligaduras. Comenzamos con un estudio
sobre los sistemas continuos holénomos y no-holénomos, resaltando sus semejanzas
y sus diferencias. En particular, los sistemas no-holénomos son no variacionales
y su teoria discreta es bastante deficiente y sin resultados que puedan ayudarnos
de cara a la integraciéon numérica. Dado que los sistemas no-holénomos presentan
una estructura natural de sistema de ecuaciones algebro-diferenciales particionado
de indice 2 (consiltese la seccién [2.3.5]), proponemos un nuevo método numérico
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para este tipo de sistemas. Pasamos a realizar el andlisis numérico necesario para
demostrar que el orden del método propuesto es el correcto y luego lo particulariza-
mos al caso de la mecanica no-holénoma. Como la teoria subyacente se basa en los
integradores variacionales, somos capaces de pasar al contexto de los grupos de Lie
de forma facil y manteniendo las mismas estimaciones de error. Ofrecemos, ademaés,
varios experimentos numéricos para ilustrar el método. Para terminar, mostramos
cémo aplicar estos métodos a problemas de control 6ptimo. La mayoria de estos
resultados estdn disponibles en preprints [Sat18; MS18a] y han sido presentados
para su publicacion.

El capitulo [6] resume los resultados de la tesis y propone una serie de cuestiones y
problemas todavia no resueltos que pueden ser objeto de trabajos futuros.



Chapter 1

Introduction

Classical mechanics is as fundamental to Physics as geometry is to Mathematics. Both
fields are interconnected and the joint study of these and their interactions make up
what is known today as geometric mechanics [see, for instance, AM78; |Arn89; Hollla;
Holl1b.

Nowadays it is well-known that the concept of symmetry has important consequences
for mechanical systems. In particular, the evolution of mechanical systems tends to display
certain conservation properties in the form of conserved quantities or conserved geometric
structures. Capturing these properties are very important for the overall faithful quan-
titative and qualitative study of the system, and it has important consequences both in
the theoretical and applied sciences fields, such as engineering.

Real-life experimentation in laboratories and prototyping are costly and time consum-
ing endeavors, and for certain systems they may not even be feasible. With the advent
of the digital computer, the possibility to simulate and experiment with mechanical sys-
tems in a fast and cost-effective way was possible. From small ballistic simulations for
high-school students to large-scale molecular dynamics; from trajectory planning of au-
tonomous vehicles, to motion estimation for bipedal robots; from off-line physically-based
simulations for the animation industry to real-time efficient rigid and deformable bodies
simulation for video games, the numerical treatment of increasingly complex systems is
a necessity. Naturally, new algorithms capable of preserving a big part of the geometric
properties of these systems began to appear, configuring what we now know as geometric
integration [see [SC94; HLW10].

In the last 20 to 30 years huge strides have been made in this direction, with the
development of energy-preserving methods, symplectic and multisymplectic integration,
methods preserving the structure of the configuration space and more. Still, research in
this area is far from over. For instance, mechanical systems subject to external forces
or constraints offer some difficulties that must be addressed, and this thesis is dedicated
to explore these two cases offering new developments and results.

Discrete mechanics can be thought of as a finite time-step version of continuous me-
chanics. This means that instead of having a continuous trajectory which we can de-
termine at any given instant along the evolution of the system, we only have a series of
discrete frames or still images at a certain set of instants. Discrete mechanics provides
us with a very interesting point of view for geometric integration [see MWO1|.

Free continuous mechanical systems are governed by a variational principle known
as Hamilton’s principle. This principle points out that nature favors that the trajectory
of a mecanical system be such that it extremizes a certain functional. This allows us to



obtain the equations of motion for a system in a systematic way. The same happens in
the case of discrete mechanics, governed by the discrete version of Hamilton’s principle.

Variational integrators are geometric numerical methods obtained by approximat-
ing this variational principle and using it to obtain approximate equations of motion.
This is in contrast with the application of usual numerical methods which starts from the
equations of motion, approximating them instead of something more fundamental. Vari-
ational integrators are always symplectic, thus offering good statistical and qualitative
properties, and they display very good long term energy behavior.

Forced mechanical systems and some constrained systems called nonholonomic [BM02;
Blo15| are a priori non-variational, but their equations of motion are very similar to their
variational counterparts. Generating numerical methods for these systems in analogy with
variational integrators seems like a sensible choice. In his thesis Matthew West [MWO01]
shows how to extend these variational integrators to forced systems, but some issues were
not resolved satisfactorily. Particularly, the later work of Patrick and Cuell [PC09| seems
to invalidate some of the results of this thesis. West also treats some constrained systems,
but leaves the nonholonomic case untreated.

For constrained systems, perhaps one of the most desirable features of a numerical
method is precisely the preservation of the constraint while disturbing all other properties
as little as possible. Nonholonomic mechanical systems are a particular type of constrained
system capable of displaying bizarre and puzzling behavior from the viewpoint of free
systems. Prototypical examples of nonholonomic mechanical systems are wheels and balls
rolling without slipping or sliding knife edges and skates. These systems find important
application in robotics and automation.

The main goal of this thesis was to better understand these systems and study how to
treat them numerically in the context of variational integrators. As constrained systems
can be seen as particular kinds of forced systems, we began studying forced integrators
with the hopes to solve some of their remaining issues and with our minds set on its
application to the nonholonomic case.

This lead us to study a new way of understanding forced systems as variational systems
in higher dimension, particularly via the recent work of Chad Galley [Gall3|. Galley’s
theory allows us to see any forced mechanical system as a free and variational mechanical
system with duplicated variables. The theory displays certain properties that point nicely
to a geometric structure behind it: Lie groupoids. We study this geometrized version of
the theory and shed light on its properties and we finally apply this to tackle one of the
unresolved issues left with forced integrators: correct error analysis. These results have
also been extended and applied to symmetry-reduced systems, particularly on Lie groups.

Due to the complex nature of the nonholonomic forces and their relation with the con-
straints in the discrete setting, we were not able to apply the former results to the original
case we intended. Nevertheless, we were able to generate a new geometric method for
nonholonomic systems which preserves the constraints exactly and has a structure similar
to a variational method. Some of the existing methods were bound to low order accu-
racy [CMO1; FIMOS; [LMS04]. Some preexisting high-order methods were not designed
for mechanical systems |[HLR89; [Jay93; |Jay03], and some that were [Jay09] depended on
some very particular parameters. We were able to offer an entire family of arbitrarily
high-order which we were able to prove and can be seen as an extension of the methods
of [CMO1; LMS04]. We also extended our method to the case of Lie groups and apply
them for optimal control problems.

The structure of this thesis is as follows:



Chapter 1. Introduction

e Chapter 2| presents all the mathematical tools necessary to develop the results of
this work. It is divided in three main parts:

— General differential geometry of manifolds and fibre bundles, with particular
emphasis on the tangent and cotangent bundles and Lie groups and groupoids.

— Calculus of variations, mostly classic results, with a small section on optimal
control.

— Basic theory of numerical integration, with some important results and exten-
sions to Lie groups.

The reader comfortable with those topics may skip this chapter. Later chapters will
reference it when necessary.

e Chapter |3| is an introduction to geometric mechanics. It has specific sections on
discrete mechanics, with special interest on variational integrators on both vector
spaces and Lie groups. Most results here are well-known but towards the end (begin-
ning from section [3.4.4), when we study Lie group methods we present a complete
derivation of high-order variational integrators. We also present the second triv-
ialized tangent of a retraction, its geometric interpretation as well as some of its
properties.

e Chapter [4] is dedicated to forced systems, starting from the Lagrange-D’Alembert
principle in the continuous case. We comment on the problem of proving the accu-
racy of forced integrators obtained as in [MWO01]. This serves as a motivation to try
and analyze forced systems in a different way. Then we proceed to introduce the
work of Galley [Gall3|, and begin with its geometric analysis. After applying this
theory to finally prove the accuracy of forced integrators, we move on to the Lie
group setting. There the geometry that appears after reduction is that of Poisson
groupoids. Some of the results of this chapter have been the object of a recent
publication |[MS18b], and another preprint compiling the rest [MS19].

e Chapter [5| discusses constrained systems. We begin with a study of continuous
holonomic and nonholonomic systems, highlighting their similarities and differences.
In particular nonholonomic systems are non-variational and their discrete theory is
lacking, with no helpful results for numerical integration. As nonholonomic systems
naturally present the structure of partitioned index 2 differential-algebraic systems
of equations (DAESs) (refer to , we propose a new numerical method for these.
We proceed with the numerical analysis necessary to show that the proposed method
is of the right order and then we particularize to the case of nonholonomic mechanics.
As the underlying theory is based around variational integrators, we can easily
move to the Lie group setting maintaining the same error estimates. We also offer a
plethora of numerical tests. Finally, we show how to apply these methods to optimal
control problems. Most of the results of this chapter are available as preprints [Sat18;
MS18a| and have been submitted for publication.

e Chapter [ summarizes the results of this thesis and poses some open problems not
addressed in this thesis that may be subject of future work.



Chapter 2

Mathematical tools

2.1 Differential geometry

A big part of this section is based on the books [Lee03}; Fec06|. Further references can be
found throughout the text for notions not found in those books or not taken from them.

2.1.1 Smooth manifolds

A smooth manifold (M, A) of dimension m € N is a topological manifold M of the
same dimension together with a smooth structure given by a maximal smooth atlas, A.
For the purpose of this work we will assume that the manifolds we work with have an
obvious smooth structure and we will thus refer to the smooth manifold simply as M.

Every chart (U,¢) € A, with U € M, ¢ : U — U C R™, is consequently smooth.
This means that the map ¢ is a diffeomorphism, i.e. smooth and bijective with smooth
inverse. Here smooth will be taken as equivalent to C'"°. Clearly, for any two charts
(U, ¢), (V,1) € Asuch that UNV = (), the transition map op~! : (UNV) — H(UNV),
must also be a diffeomorphism.

-1

(V)
R™ R™

If we work locally on a smooth manifold, we may choose a chart (U, ¢) such that it
covers the region of interest. This way we can make use of the local identification with
U C R™ and represent a given point x € U with the (local) coordinates induced by the
chart, that is, ¢(z) = (z',...,2™). To simplify the notation, one usually omits ¢ and
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directly identify x with the coordinates, although that must always be thought of as an
abuse of notation.

The tangent and cotangent spaces of a manifold

A smooth curve v on M that passes through x € M is a smooth map v: I CR — M,
such that v(¢y) = x for some t, € I. Without loss of generality we may assume that
to = 0. Given two curves v; and 7, passing through x, we say that they are tangent at x
if there exists a chart (U, ¢) with = € U, such that

d

Foom®| = Fwonn)

This generates an equivalence class [y], which is the tangent vector of v at x. The set
of all these equivalence classes at x conforms the tangent space of M at x, denoted by
T,M.

Let us define T,.¢ : T, M — Ty U = R™ as the map that sends equivalence classes
to vectors, i.e., T,¢ ([7]) = L(do 7)(t)|t:0 = ¢. This is in fact a bijection. If we define a
vector space structure on T, M from the one on R™ such that T,¢ acts linearly, that is,

v+w=(T,¢)  (T+w) withv,we T,M,v,&eR",
av = (T,¢) ™" (at) with a € R,

then one can prove that this structure is independent of the choice of chart, and thus
T, M is indeed a vector space of dimension n.

Given any chart (U, ¢), using the canonical basis of R™, (ey, ..., €,,) we can obtain a
basis on T, M by using the construction

Y t) = ¢ () +te;), withi=1,..,m.

The resulting basis, ((9/0z'),, ..., (0/02™),), where (9/02%), = 4(0), is called the nat-
ural basis of that chart. We will sometimes abbreviate this as ((9y1)z, ..., (Ozm).) Or even
(Op1y .oy Ogm).

Another important space at a point x is the cotangent space, denoted by 7 M, which
is defined as the dual space of T, M, i.e. TiM = (T,M)". The elements of a cotangent
space are called covectors, and as elements of a dual space they are linear forms, that
is, if & € T;M, then a : T,M — R. The dual basis associated with the natural basis
on T, M, is ((dz'),, ..., (dz™),) or simply (dz',...,dz™). We will sometimes denote the
natural pairing of vectors and covectors as (-,-) : T¥M x T,M — R, (o, v) — (a,v).
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A generalization of these objects are tensors. A tensor K of type (f; ) at v € Mis a
multilinear map
K:T,Mx - xT,MxTMx---xT;M—R.

v N~
p

q

Under such a definition a vector can be seen as a (é) -tensor and a covector as a ((1)) -tensor.
The space of all (1;) -tensors a x will be denoted as TP(M,), and the space

T(M,) = P T (M),

p,g=0

where 7(M,) = M, by convention, is called tensor space. The tensor product operation,

® : TP(M.) x T2 (M) — TEH (M),

q

allows us to generate new tensors from others. This can be extended to 7 (M,) which
makes (7 (M,),®) an algebra, the tensor algebra at .

An important subspace space of TP(M,) is the space of alternating (or antisymmetric)
(2)—tensors, denoted as AY(T} M), whose elements are called g-forms. If w € AY(TFM),
then

W(VL, oy Uiy ooy Uy ey Ug) = —wW(V1, ooy Uy ooy Vg, oy Ug), for {op by C T M.

In this space a new product that generates new forms from other forms can also be
defined. First let us define the projection, Alt : T)(M,) — A*(T; M), as

1
Altw(vy, ..., vy) = ] Z(sgna)w(va(l), ey Ug(q))-

o€Sy

Using this projection we can define the exterior product (or wedge product) of two
forms, A : NUTEM) x NP(T:M) — NTP(TFM) , from the tensor product as

+p)!
wAn= (4 ' 1'0) Alt (w®n).
q-p:

If we define the space of all forms at = as

NTM) = D N\TM),

then (A(T;M), ) is called the exterior algebra.
Another operation commonly defined on forms is the interior product with a vector
w € TpM, 1, : N(TEM) — N (TM), which is just evaluation in the first slot, so that

(1) (V1 .o Vg—1) = (W, V1, ...y Vg_1).
This means that if « is a 1-form,
a(w) =w(a) = (o, w) = ,a.

Note that by the antisymmetry of forms we have that for any ¢-form w with ¢ > 2,
and any pair of vectors v and v,

Tl = —y2yW,

which implies that 2,2, = 0.

10
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Maps between manifolds

Let M, N be two smooth manifolds, not necessarily of the same dimension. We say
that the map F' : M — N is smooth if for every x € M there exist smooth charts
(U,¢) and (V,4), where x € U and F(z) € V, with F(U) C V such that the map
F=wvyoFog¢t:¢U)— (V) is smooth.

From F we can define a linear map, T, F : T,M — Tp)N, by T,F([y]) = [F o],
called the differential of ' at z. If dim N = n, and v induces local coordinates (y?, ..., y™),

then O (z)
xXr
TxF((azl)w) = ori (ayj)F(iU)’

where (OF7(z)/0z") is the well-known Jacobian matrix and Einstein’s “summation over
repeated indices” convention has been used and will be used from now on.

We say that T, F' is of rank r if the rank of the Jacobian matrix is r, and we say that
rank F' = r at x. If rank F' remains constant for all points in M, then we say that it is of
constant rank.

We say that F' : M — N is a (smooth) submersion if its differential is surjective
everywhere (rank /' = dim N). A particular case of smooth submersions that we will
encounter is called projection, which are also surjective and usually denoted by 7 or pr.
Let m: M — N be a surjective submersion, then any smooth map ¢ : N — M such that
moo = Idy is called a smooth section of 7.

We say that F': M — N is a (smooth) immersion if its differential is injective every-
where (rank F' = dim M). If F' is an immersion and injective, then M C N is said to be
an (immersed) submanifold of N, and F' is said to be an inclusion map. Inclusions are
usually denoted by ¢ and with a hook instead of an arrow, i.e., i : M <— N.

The constant rank theorem states that if a smooth map F' : M — N is of constant
rank, then:

e if I is surjective, then it is a smooth submersion;
e if F'is injective, then it is a smooth immersion;
e if I is bijective, then it is a diffeomorphism.

In the last case, F'~! exists everywhere and is smooth, and necessarily dim M =
dim N = rank F'. In that case M and N are said to be diffeomorphic, and we will
write M = N. If this only holds for a neighborhood U, so that F|, : U — F(U) is a
diffeomorphism, then F' is said to be a local diffeomorphism. The inverse function theorem
states that if T,,F' is invertible at a point x, then there exist connected neighborhoods Uy
of x and Vy of F(x) such that F|[; : Uy — Vp is a diffeomorphism.

Fields on a manifold

The (smooth) assignment of a tangent vector to each point of U C M is called a (smooth)
vector field, denoted by V(z) € T, M. The set of all vector fields in U is commonly
denoted as X(U).

A vector field V' can be thought of as an operator acting on any smooth function,
giving a new function, that is, V' : C*°(M,R) — C>*(M,R), f — V f. This action
satisfies the properties of a derivation:

e linearity: V(f +cg) =V [f+c(Vg),Vf,g € C°(M,R),ceR;

11
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e product rule: V(fg) = (Vf)g+ f(Vyg).

This coincides with the traditional notion of directional derivative.

If we had two vector fields, V and W, we could apply one after the other, that is,
WV for VW f to obtain new functions. Still, neither WV nor VW could be interpreted
as a new vector field acting on f because neither acts as a derivation (they do not satisfy
the product rule). However, [V, W] = VIW — WV can be shown to be a new vector field,
that is, it satisfies

V. Wi(fg) = (VW) g+ F(V.W]g).
This is called the Lie bracket of the two vector fields.
An integral curve of a vector field V' € X(M) is a curve fulfilling the condition that

its velocity vector at each point coincides with the value of the vector field at said point,
that is,

Y(t) =V(y(1))
A vector field can then be interpreted as to be dividing M into a system of integral curves,

generating a map
O:IxM— M,

which for a certain ¢ € I C R displaces a point z to ®(t,z) = ®;(x). This is called
a (local) flow or one-parameter group of transformations, as it can be interpreted
as the group R acting on the manifold M. It satisfies that &, o &, = ®;,,. Note that
bet _ (V(I))

A smooth distribution D on M is a smooth assignment to each point z € M of the
subspace spanned by the values at x of a set of smooth vector fields [see Blo15]. Thus
D, C T, M.

A distribution is said to be involutive if for any pair of vector fields V, W in D, their
Lie bracket [V, W] is also in D. A distribution is said to be integrable if through each
point x € M a local submanifold N C M can be spanned such that for each point y € N
its tangent spaces equal D, . If a distribution is integrable, then a maximal extension of
a submanifold, a maximal integral manifold, passes through each point in M, generating a
foliation. Frobenius’s theorem guarantees that D is integrable if and only if it is involutive.

In this sense, every vector field in M can be regarded as a 1-dimensional integrable
distribution and its integral curves define maximal integral manifolds.

Consider now a smooth map F' : M — N as in the previous section. If V is a
vector field on M and F is injective, then F' induces a new vector field on its image,
(I,F)V(x) € TpN. This is called a vector field along F. Furthermore, if F' is a
diffeomorphism, then one can define a vector field on all N

W(z) = (Toao F) (V (F())).

This new vector field can be noted as F.V € X(N), and is called the pushforward of
V. We may still abuse this notation, using it when F' is only injective as (T, F)V (z) =
(FV)(F()).

In the case where F' is surjective, then a vector field on N derived from a vector field
on M is only well-defined when for z € N and z € F~'(z), (T.F)V(z) is independent of
the choice of z. Such vector fields on M are said to be projectable.

As with functions, a vector field V' can act on another vector field W to give us a sense
of the rate of change of W along the flow of V', &,

LyW(z) = l}tI—I}O K [T 0 ()Pt W (Pag(2)) — W ()] .

12
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This is what we call the Lie derivative of W with respect to V', and it can be shown
that

LyW =[V,W].
If f is a smooth function on M, then we define its Lie derivative as
) 1
Ly flz) = lim —= [f(Parl)) = f(2)].

Clearly, with this definition we have that Ly f = Vf and, furthermore, Ly (fW) =
(Ly YW + fL,W. Also note the following

d o od,
&(focbt):(f O‘I)t)ﬁ

=Vfod,
—Lyfod,. (2.1)

The (smooth) assignment of a covector to each point of U C M is called a (differen-
tial) 1-form, denoted by a(x) € T} M. The set of all 1-forms in U is commonly denoted
as Q'(U). The natural pairing (-, -) can be extended pointwise to the entire manifold and
therefore to act on 1-forms and vector fields, (-,-) : Q' (M) x X(M) — C(M,R). This
allows us to write vf = (df,v) where, in local coordinates,

af . .
df = —=da' € Q' (M
/ Dt (M),
which is commonly referred to as the differential of f.
If we consider again a map F': M — N, we can define the dual linear map 7T F' :

TpN = T3 M as

(TyF(a)(V) = (T F(V)), fora€Tp,N,VeT, M. (2.2)

If we have a 1-form « € Q(M), then we can use the notation T F(a(F(z))) = (F*a)(z),
and we say that F*« is the pullback of a. Using the natural pairing, eq.(2.2)) can be
rewritten for vector fields and 1-forms as

(Fra, V) (z) = (o, F,V) (F(x)).
Note that using the pullback we can now generalize the relation (2.1 to

-
where again V' is a vector field and ®, its associated flow.

The (smooth) assignment of a (f; )-tensor gives rise to tensor fields of type (Z ), denoted
as EP(M ), and the point-wise extension of the tensor product leads to the tensor algebra,
T (M). Analogously, the (smooth) assignment of a g-form gives rise to a (differential)
g-form, and the set of these on M is denoted as Q9(M). The point-wise extension of the
exterior product leads to the exterior algebra Q*(M).

Naturally, the interior product can be extended to the space of differential forms in
similar fashion. However, working with differential forms allows us to introduce a new
operation, the exterior derivative, d : Q4(M) — Q41 (M), which generalizes the notion
of differential of a function. This operation can be defined as the unique map satisfying:

13
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e d(aa + bB) = ada+ bdg, for «, 5 € QI(M) and a,b € R;

e d acting on Q°(M) = C*(M,R) is precisely the differential;

o dd = d2 =0

e dlaANw)=daAw+ (—1)!(a A dw), for a € QI(M), w € QP(M).

Note that for Q°(M), the exterior product is nothing but the usual multiplication of
a function.
One property that will be useful is that the exterior derivative commutes with pull-
backs, that is,
F*da=d(F*a)

We say that a form « is closed if da = 0. If there exists a form g such that a = dg,
then « is said to be exact. Clearly every exact form is closed by d? = 0, but the converse
is not necessarily true and it is dependent on the topology. The Poincaré lemma
for smooth manifolds states that around any point on the manifold M there exists a
neighborhood on which every closed form is exact.

It is worth mentioning an interesting identity, called Cartan’s magic formula, which
relates the exterior derivative and the interior product with the Lie derivative,

Ly = 1yd + day (Cartan’s magic formula)

allowing us to compute the Lie derivative of a form easily.
Another interesting identity, this one relating only the interior product with the Lie
derivative is

leyw = Ly —ww Ly,

which can be simplified using commutators as

] = [Lv, ], (2.3)

where the commutator on the right hand side is just operator notation [AMT7§].

2.1.2 Fibre bundles and vector bundles

A (smooth) fibre bundle over M with model fibre F' is a (smooth) manifold £ with
projection 7 : E'— M such that for every x € M there exists a neighborhood U C M of
z and amap ® : 7 (U) C E — U x F, called a (smooth) local trivialization, such that
® is a diffeomorphism. This implies the existence of adapted local coordinates for any
point p € F of the form:

D(p) = (', .,a™ yt, o yF),  with k = dim F,

where x = 7(p) has local coordinates (2, ...,2™), and (y', ..., y*) are the coordinates of a
point in F'. Clearly the dimension of £ as a manifold is then dim M + dim F' = m + k.

If it is possible to extend the trivialization to the entire base space M, then the bundle
is said to be trivial. Otherwise, more than one trivialization will be required to cover it.
Let (Uy, ®1) and (Us, @3) be two local trivializations such that U; N Uy # (). Then there
exists a smooth map fio : 7r_1(U1 NUy) C E — F, called transition map or function, such
that, with some abuse of notation:

Py 0 &1 (p) = (m(p), fr2(p)).

14



Chapter 2. Mathematical tools

A particular case of fibre bundle is where F' is a k-dimensional vector space, in which
case we refer to it as a vector bundle (of rank k). These will play a principal role in
this work. For these, the transition functions simplify so that if p € #=1(U; N Us), such
that ®1(p) = (z,v), then

Dy 0B (p) = (z, fr2(p) = gr2()v)

with gi0 : Uy NUy — GL(k,R), where GL(k,R) is the general linear group of order k and
we use matrix notation, gv, for the usual linear action of an element g € GL(k,R) on a
vector v.

Given two vector bundles over M, «# : B — M, «’ : E' — M, of ranks k and k’
respectively, one can generate a new vector bundle of rank k + k', called the Whitney
sum of F and E'. If E, = 7 }(z) and E! = 7/~!(x) denote the respective fibres of each
bundle at a point x € M, the new bundle can be defined as £ @ E' = | |, .,,(E, © E,).
Its projection 7g : £ @ E' — M and trivializations ® are the obvious ones.

A (smooth) section of a bundle E is a smooth section of the projection =, i.e., o :
U C M — E such that m o 0 = Idy. If the domain U can be extended to all of M, then
the section is said to be a global section, otherwise it is said to be local. In the case of
vector bundles there always exists at least a global section, the zero section ( : M — FE,
((x) =0 € E,. The space of all local sections from U is I'(U, E), and the space of global
sections is usually denoted as I'(E) = I'(M, E). Clearly these spaces are vector spaces
under pointwise addition and scalar multiplication,

(ao + bp) (x) = ao(x) + bp(x) with o,p € T(U, E),a,b € R.

The latter can be easily extended to scalar multiplication with elements f € C*°(U,R),
so fo € I'(U, E) is defined as

(fo)(z) = f(x)o(z).

The tangent bundle

A particular but very important case of vector bundle is the tangent bundle T'M of a
smooth manifold M. It is defined as the union of all the tangent spaces of M, that is,

™ = | | T.M,

zeM

and comes equipped with the natural projection 75 : TM — M, z = (z,v) — x (we will
frequently use the notation v, to denote a point in 7'M but this may collide with labels
from time to time). For us it will be of capital importance as this is the central stage of
Lagrangian mechanics as the velocity phase space [see |LR89; |AMTS].

The tangent bundle is itself a smooth manifold of dimension 2dim M = 2m. We will
commonly use the adapted local coordinates (x!, ..., 2™ vl ..., 0o™).

This setting gives vector fields a new interpretation as sections of TM, ie., X : U C
M — T'M, with local coordinates

X(z) = (2, ...,2™, X (2),..., X™()).

In fact, they are in one-to-one correspondence with each other.

If we have a smooth map F': M — N, this defines a smooth global map T'F : TM —
TN by putting together all the different T, F" : T,M — Ty N. This map is such that
the following diagram commutes,
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™™ Iy TN

wl lm

M—E N
that is, F o1y = 7y o TF. TF is a vector bundle morphism, meaning that it maps fibres

into fibres and it does so linearly, which is immediately apparent due to the linearity of
T, F for each x. In adapted local coordinates we have:

dri T O

Note also that if /' and G are two maps such that F' o G is well-defined, then T'(F o G) =
TFoTG.

Of course, the notion of tangent bundle of a tangent bundle is well defined, as T'M is
itself a smooth manifold. The construction can be stacked further, but for the remainder
of the section it will be sufficient to consider TT'M in relation with T'M. The bundle
rm » TTM — TM is also a vector bundle of rank 2m over TM. Note that T,y :
T.TM — T, -yM = T, M, and this defines a global map T'ry; : TTM — TM such that
the following diagram commutes:

TF(z',...,2™ v, ... 0™) = (Fl(x),...,F”(x), OF (z) OF"(z) Z) )

TTM
N
TM TM
M
If we denote a point in TT'M using local adapted coordinates (x, v, X,, X,), we have that
v (2,0, Xpy Xy) = (2,0) and Ty (z, v, X, X)) = (2, Xy).

Let us then consider the n-dimensional vector subspace V., TM = kerT,7py C T, TM.
The union of all these subspaces over T'M,

VIM = | | V.TM,

zeTM

is a vector bundle of rank m over T'M which we call the vertical bundle. If a vector
field X € X(T'M) defines a section in VI'M, then the vector field is said to be vertical.

Now, with this structure in place, we can tackle some of the canonical operations and
objects that are available in any tangent bundle.

If y: 1 CR — M is a smooth curve, then we define its tangent (or natural) lift as
the curve 4 : I CR — TM, t — (v(t),54(t)). Clearly mps oy = 7.

If ueT,M, x € M, we define its vertical lift as the vector u* € V. TM C T,TM,
z = (x,v) € TM which results in the tangent vector at ¢ = 0 of the curve 0 : I C R —
TM, t~ (x,v+tu), that is,

4
dt|,_,

This notion can be extended to vector fields, so if X € X(M), then XV € X(T'M) such
that X¥(z) = (X (7am(2)))" which defines a section of VT'M. In adapted local coordinates
this vector field takes the form

u’(z,v) = (x, v+ tu)

XY(z,v) = X"(1)0y.
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The vertical lift operation is linear, that is, for f € C*°(M,R) and X,Y € X(M), (X +
Y)YV =X"4+ (fory)Y".

If f: M — R is a smooth function on M, that is, f € C*°(M,R), then its complete
lift, f¢: TM — R is defined by

f@,v) = (Tof)v =v(z)f

If X € X(M) is a smooth vector field on M with local presentation X (z) = X*(x)0d,.
and &, : M — M is its associated local flow, then T'®, : T'M — T'M is again a flow whose
infinitesimal generator X¢ € X(T'M) is what we call complete lift of X. In adapted
local coordinates this takes the form

X(x,v) = X(2)0y + 07 aaii

There is also a particularly important class of vector fields on 7'M called semisprays
on M (also known as second order differential equation vector fields or its acronym
SODE). These are vector fields on T'M such that they are sections of both 7y : TTM —
TM and Tty : TTM — TM. This implies that if Y is a smooth semispray on M, then
in local coordinates it shall take the form

([L’)@m

Y(z,v) = 004 + Y(2,0)0,,

with Y*(z,v) smooth.

Finally, let us define two important canonical objects on the tangent bundle. The
first is the so-called Liouville vector field (also canonical vector field), which we will
denote as A. This vector field can be defined as the infinitesimal generator of the flow
O, : TM — TM, (z,v) — (z,e'v), from which it is clear that this is a vertical vector
field. In local coordinates it takes the simple form

A(z,v) = 00,

The second object is the canonical endomorphism S : TT'M — TT M, a vector bundle
morphism such that imS = ker S = VT M. Therefore, it satisfies that S = So S = 0.
We may define it by

S(X(2) = (Tmu(X(2)))",

and it can be regarded as a (1) tensor field on M, which in adapted local coordinates has
the form .
S =0, ®dz".

Given Z € TM with coordinates (x,v, Z,, Z,), then
S(x,v, Zy, Zy) = (x,0,0, Z,).
It can be checked that if X € X(M), then
S(X°) =X".

Using this, it is not difficult to check that if Y is a semispray, then S(Y') = A, which also
serves to characterize these.
Another property of S that will be used later on is the following. Given X,Y €
X(TM), then
[S(X), S(Y)] = S([S(X), Y]) + S([X, S(Y)]) (2.4)
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We define the adjoint operator of the canonical endomorphism, S*, by the relations

S*(fy=f, for feC®(TM)
(S*()( X1, ..., Xp) = a(S(Xq), ..., S(X,)), forae QP(TM)

Locally this implies that . ‘ A
S*(dz") =0 S*(dv') =da’
This adjoint operator serves to characterize a special subset of p-forms on T'M which will

appear frequently in this work. If o € QP(T'M) such that o € imS*, then it is said to be
semibasic. This means that, locally, it can be spanned by

{dxil A dxi”,l < <. <4, < m}
In particular, if 3 € QY(T'M) is semibasic, it will have a local presentation
6 = 51(1‘,1))(11‘1 :

To end this section, let us introduce a type of maps between T'M and M which will
be useful for us in several parts of this work.

Definition 2.1.1. A smooth map R : TM — M is a tangent retraction or simply
a retraction on M [see AMSO08| chapter 4] if it satisfies the following properties. If we
denote by R, = R|TxM the restriction of R to T, M, then:

o R,(z,0) =uz,
o Identifying T, 0T, M = T, M then T, 0 R, = Idr, .

With such a map, for a given point (z,v) € TM we may generate a curve 7, : [0, 1] —
M,t — R(z,tv) such that v,(0) = x and 4(¢) = v. The point v,(1) = R(z,v) can
be thought of as a translation of x along the curve, which generalizes the concept of
translation from affine and Euclidean geometry.

Given a vector field on M, it naturally generates a retraction map via its associated
flow, and the retraction just moves a given point along the integral curve passing through
it, which serves as a generalization of the above example. Also, if our manifold were
endowed with a Riemannian structure, which we will not study here, the concept of a
geodesic can be used to generate a retraction.

The cotangent bundle and symplectic manifolds

Another very important vector bundle in mechanics is the cotangent bundle T*M of a
smooth manifold M [see LR89|. The cotangent bundle is a smooth manifold of dimension
2dim M = 2m and it is defined as the union of all the cotangent spaces of M, that is,

"M = | | ;M

xeM

It comes equipped with the natural projection mp : T*M — M, ( = (z,p) > x.

Similar to what happened in the tangent bundle, if we have a smooth map F': M — N,
this defines a smooth global map T°F : T*N — T*M as T;F : Ty, N — T;M. This
map is such that the following diagram commutes,
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T*M = T*N|p
N
M—L 5 N

that is, Fomy o T*F = 7. T*F is a vector bundle morphism. Note also that if F' and G
are two maps such that F' o G is well-defined, then T7*(F o G) = T*G o T*F..

The cotangent bundle will be the central stage of Hamiltonian mechanics and the
most obvious point of connection between mechanics and geometry due to its intrinsic
geometric structure, the symplectic structure. Before proceeding, let us talk briefly about
what a symplectic vector space is.

Definition 2.1.2. Let V be a 2m-dimensional vector space equipped with a characteristic
2-form w. If w is non-degenerate, i.c. kerw = 0 & AZ,w = w™ # 0, we say it is a
symplectic structure for V. The pair (V,w) is then a symplectic vector space.

Consider now the dual vector space associated to V', denoted by V*. Let us define the
following linear map between V' and V*:

bV = V*
v by, (V) = 1,w

If (V,w) is a symplectic vector space, then this map is a linear isomorphism of vector
spaces. Its inverse is commonly denoted as f,, = b! and both are referred to as musical
1somorphisms.

Additionally, if (V,w) is a symplectic vector space, there exists a basis {el}ffl which
satisfies V2,7 = 1,...,m:

o wlei, ejim) = —w(€jtn, €;) = dyj,
o w(ei, ;) = w(Ciyn; €jym) = 0.

where 6;; is the Kronecker delta defined as:

s _{1ifi=]
U0 ifi# .

The characteristic 2-form provides us with a notion of orthogonality. If U C V is a
vector subspace then, its w-orthogonal (or symplectic complement), U=, is the space

Ut ={uecV]|wuu)=0 v cU}.
Definition 2.1.3. A vector subspace U of a symplectic vector space (V,w) is called:
e isotropic if U C U™, ie., w(u,u') =0, Vu,u' € U.
e coisotropic if Ut C U, i.e., w(u,u’) =0, Vu,u' € UL,

e symplectic if (U, w|,;) is a symplectic vector space, i.e., w|,; # 0. Equivalently,
UnU*+ ={0}.

e Lagrangian if U is both isotropic and coisotropic (U = U™).
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Intuitively, the manifold extension of the concept of a symplectic vector space is nat-
urally that of a manifold whose tangent spaces are symplectic vector spaces.

Definition 2.1.4. Let S be a 2m-dimensional smooth manifold. S is said to be a sym-
plectic manifold if there exists a non-degenerate 2-form w € Q2 (S) such that each pair
(TS, we) , V¢ € S is a symplectic vector space, together with the additional condition of
being closed, i.e. dw = 0.

We say that a vector field X € X(S) is symplectic if and only if

ﬁxw =0.

By|Cartan’s magic formulafthis is equivalent to 1xw being a closed form. This also implies
that if ®; is the (local) flow induced by X, then

Qjw =w,

as we know that

d
E(I)fw =0, Lxw,

Then @, is said to be a (local) symplectomorphism.
If X,Y are two symplectic vector fields on S, then applying the identity in eq.(2.3),
we get that its commutator then satisfies

xyw = —d (w(X,Y)) (2.5)

Analogous to the vector space case we can also define a map, this time a linear vector
bundle homomorphism, b,, : T'S — T*S, where T'S and T*S are respectively the tangent
and cotangent bundles of S. Owing to the non-degeneracy condition, this mapping can
be shown to be a vector bundle isomorphism. As in the vector space case, its inverse is
commonly denoted as 4, : T*S — T'S.

To each function f € C* (S,R), with k > 1, we can associate a vector field X; € X (S)
called a Hamiltonian vector field, defined by:

ix,w=df.

Note that every Hamiltonian vector field is symplectic, which is easy to see applying
|Cartan’s magic formula

Lx,w=1x,dw+d (zXfw)
=ddf
= 0.
Also note that by eq., the commutator of two symplectic vector fields X and Y
is itself the Hamiltonian vector field of the function —w(X,Y).
According to the Darboux theorem, if (S,w) is a symplectic manifold, then for each

point ¢ € S there exists a neighborhood ¢ : Us — R?*™ inducing local coordinates
(', ..., 2™, p1,...,pm) such that the symplectic form can be written as

w = da' Adp;. (2.6)

One can also classify a submanifold K of a symplectic manifold (S,w) in analogy to
the subspaces of a symplectic vector space case:
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e isotropic if T, K C (T,K)*.
e coisotropic if (T, K)* c T, K.

e symplectic if (K, w|,) is a symplectic manifold. Equivalently, (T, K) N (T, K)* =

{0}.
e Lagrangian if T, K = (T,K)*, Vz € K.

Every cotangent bundle T*M is itself a symplectic manifold, and in fact the very
concept spanned from this example. The adapted local coordinates are precisely those of
the Darboux theorem. To see this, let us first introduce another canonical object.

Let V € X(T*M) and consider the 1-form § € Q'(T*M) defined pointwise by

0wy (V) =1 (Tapm) V) -

This is called the canonical 1-form (or tautological 1-form) and using adapted local
coordinates it can be written as

6 = pida’.

It can be immediately seen that the 2-form w = —d#@ is a symplectic form which in
adapted local coordinates is expressed precisely as in eq.(2.6)).

Poisson brackets and Poisson manifolds

If f,g € C*(S,R), k > 1, and X, X, € X(9) are their associated Hamiltonian vector
fields we can define a R-bilinear operation {-, -} : C°(S,R) x C*(S,R) — C*°(S,R) called
Poisson bracket by
{f,9} = w(Xy, Xy)

Satisfying:

o Anti-symmetry: {f,g} = {9, /}

e Leibniz product: {fh,g} ={f, g} h+ f{h,g}

e Jacobi identity: {f,{g,h}} +{g,{h, f}} +{h.{f. 9}} =0

This endows the space C*°(S,R) with a Lie algebra structure.
In this space there may be distinguished elements ¢ € C*°(S,R) that satisfy

{c.f} =0, YfeC®S,R).

These are called Casimir elements (or Casimir functions) of the Poisson structure [see
MR99.

With the Poisson bracket we can write

Xi(9) =19, [},

and we can also give yet another interpretation to eq.(2.5) as

(X7, Xgl = —X(1.9}-
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If P is a smooth manifold equipped with a bracket on C'*°(P,R) satisfying the prop-
erties above, then (P, {-,-}) is said to be a Poisson manifold. This implies that every
symplectic manifold S is a Poisson manifold, but the converse is not true.

Note that in any Poisson manifold we can define an object Il : T*P x T*P — R, by
the relation

{f,9} =11(df,dg)

This object is called the Poisson bivector field. It is a (g) antisymmetric tensor field.
Using it we can define a map, §1: T*P — TP, u = #%(u) = II(-, ). Thus

X, = t'(dh)

In the particular case where P is a symplectic manifold with symplectic form w, then
we have that the bivector and the symplectic form are related by II = w™!, and from the
Darboux theorem, it takes the local form:

Il = 0, N\ Op,,

where the wedge indicates an antisymmetric tensor product.

Tulczyjew’s triple

Let TTM, T*TM, TT*M and T*T*M be the double bundles derived from the tangent
and cotangent bundles. The Tulczyjew’s triple is an isomorphic relation between the
latter three bundles just mentioned, via two isomorphisms ay; @ TT*M — T*TM and
B TT*M — T*T*M introduced in his papers [Tul76a; Tul76b].

In order to construct the first isomorphism let us define the canonical involution [see
God69)], kyr : TTM — TTM, as the map such that for all f € C>*(R? M),

d d d d
o (@ (a tof“’s>>) = il (%

In adapted local coordinates we have that ky (z,v, X, X,) = (2, X4, v, X,).
Next, let us define the pairing (-, ) : TT*M x TTM as

<<% » tzov(t)>> _ %

with o € C*®(R, T*M) and v € C*°(R, T M) such that my(«(t)) = Tar(v(t)).
Using these elements we can finally define a;y; as the map defined by the relation

(W), Vg = (W ma (V)

where W € TT*M, V € TTM.

The second isomorphism, (,;, is much easier to define, as it is nothing but

f(t,s)) .

s=0

alt), % (alt), (1)) ,

t=0

where V € TT*M and w is the canonical symplectic 2-form of T* M.

If we let wppr @ T*TM — TM, wpspr - TT*M — T*M and 7psp - TT*M — T*M
denote the projections that play a role in the construction, then the following diagram
commutes:
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T*TM M 77*M — 2 7 M

T TT* M
TT* M
M

Let U be a neighborhood of M so that Upry = mpy, (13, (U)) C T*TM, Uppspns =
Tren (71741 (U)) C TT*M and Upereyy = Tl (7TM1 (U)) C T*T*M. Assuming local
coordinates on Uperar (2,0, Py Do), Ursrens © (Ys Pys @y, @p,) and Uppepr = (2,02, 0¢)
such that x = y = 2, Tulczyjew’s isomorphisms a,; and [, take the forms

an (2, ¢ vz, v¢) = (2,02, v¢, Q)
ﬁM( 7C’UZ7UC) _( ’C7 _UOUZ)'

Thus, ay maps ($ =2,V = Uy, Pz = U, Pv = C)v and (3)r maps (y = 2Py = Cawy =
—V¢, Wy, = Uz).

The double bundles T*T'M and T*T*M have canonical symplectic structures wys
and wp« s respectively, generated from their corresponding tautological 1-forms wyy, and
wr«pr. In the adapted local coordinates used above these take the form

Ory = prida’ + pyido’
QT*M = wyidyi + wpidpl-
wrar = dz' A dpgi + dv' A dpyi
Wpspp = dyi N dw,i +dp; A dw,,
The isomorphisms ayy, 5y are symplectomorphisms (more precisely ), is an antisym-

plectomorphism), and defining two symplectic structures in 77*M by w, = a},;wry and
wg = Bywr+n. As it turns out, w, = —ws and in local coordinates

wa = d2" A dog, + dv.: Ad .

This can also be defined as the complete lift of wy, to TT™ M.

Higher order tangent bundles

Let us briefly mention the concept of higher order tangent bundles. The idea is a gener-
alization of the construction used for the tangent bundle [see |[LR85].

Consider a smooth curve v : I € R — M that passes through x € M, such that
~(0) = z for some 0 € I. Given two such curves ; and 7, passing through x, we say that
they have a tangency of order s > 1 at z if there exists a chart (U, ¢) with x € U, such

that n n
@(cbo%)(t) = @(

t=0
](S)

poy)(t)) , fork=0,..s

t=0

This generates a new equivalence class [y]"” at x. The set of all these equivalence classes

at x conforms the tangent space of order s of M at x, denoted by T{9 M. The disjoint
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union of all these spaces conforms the tangent bundle of order s, T M, which is a smooth
manifold of dimension (s+ 1)m and, together with the projection T](\;) cTOM — M, it is
a fibre bundle over M. It is clear that when s = 1, TWM = TM.

There is a canonical inclusion, iy : T®WM — TTE DM defined as i ([7]*)) =
[A=D]M where 4% : T € R — T®™M is the tangent lift of order k. In local co-
ordinates, y(t) = (y'(t),...,7™(t)), this reads

i (Y(), (), e, 7D) = (1), (), e 7TV (@),4(1), oy (1), /(1))

2.1.3 Lie groups and Lie groupoids
Lie groups and actions

A Lie group G is both a smooth manifold and an algebraic group whose operations are
smooth. This means that they are equipped with a smooth and associative multiplication
map, p: G X G — G, and a smooth inversion map ¢ : G — G, and that there exists an
identity element, e, so that

e
o
I
=
o
N~— \L.i/

I
S

<C
Q

M
Q

Some of the most salient examples of Lie groups are matrix Lie groups, such as the
general linear group of order n,

GL(n,R) = {A € M,(R)| det A # 0},

which is an n2-dimensional manifold, or the special orthogonal group (rotations) of order
n,

SO(n) = SO(n,R) = {A € GL(n,R) | ATA = AA" = I, det A = 1},

which is itself a subgroup (and submanifold) of GL(n,R). As in these groups the group
operation is simply matrix multiplication, it is common to introduce matriz notation
where the multiplication map becomes simple yuxtaposition, and inversion is denoted as
()71, that is,

u(g,h) =gh, Vg,heG
Ug) =97,
which simplifies the notation substantially in some cases.
Given h € G we can define three different automorphisms from the multiplication
operation
L, :G— G, g — hg,
Ry, :G— G, g — gh,
C, :G—G, g hgh™,
the first two called left and right translation respectively, and the third is called con-
jugation. Here identities such as C, = Ly o Ry-1, Ly, = Ly o Ly, Ry, = Ry o Ry or
L' = Ly hold true.
These operations can be thought of as the group G acting on itself. In a similar
manner, we can generalize this situation to have a smooth manifold M and a Lie group
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G that acts on it. We say that an action of the Lie group G on M is a smooth map
¢: G x M — M such that,

o(e, r) = ¢pex = x.

¢ is said to be a left action if for any two elements g, h € G,

GgPnT = Pgnt = ghz,

and right action if
GgPnr = Ppgr = Thg.
We call the set
O, ={¢"(g) e M|ge G} C M

the orbit of =, and the set
G, = {g € G| gy(2) =2} C G

the isotropy group (or stabilizer) of x, which is indeed a Lie subgroup.
An action is said to be

e transitive if for every pair x,y € M there exists g € G such that ¢,(z) = y, or
equivalently, if there is only a single orbit which is M itself;

e faithful (or effective) if the map ¢* : G — M is injective;

e free if the isotropy group of every point z € M is trivial, that is, it only contains
the identity.

Note that every free action is faithful [see MR99; |AMTS].

Under certain conditions about the action, namely that it be free and proper in the
topological sense, it is possible to guarantee that the set of all distinct orbits, M/G, is a
smooth manifold, and the map 7 : M — M/G, z — O, is a smooth submersion (that is,
a projection) [see AMT78| theorem 4.1.20].

If instead of M /G we consider G/H with H C G a closed Lie subgroup, this is always
a smooth submanifold [see AMT78| corollary 4.1.21].

If we have a map F : M — N and two actions ¢ : G X M — M, : G X N — N, the
map F is said to be equivariant (with respect to these actions of G) if

F(pgx) = F(x) Vg€ G,
that is, if the following diagram commutes for each g € G

MLy N

W e

MLy N

This will be important in mechanics, as these notions translate into symmetries of
a mechanical system and these in turn lead to conserved quantities through Noether’s
theorem.
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Vector fields on a Lie group and Lie algebras

As in any other smooth manifold, it makes sense to talk about the tangent (and cotangent)
space of G at a point g, T,G (T, v (G). Consequently, the notions of vector field, 1-form and
tensor field extend to Lie groups.

On a (finite dimensional) Lie group G there is a set of special vector fields, called
left-invariant (resp. right-invariant) vector fields. These are those fields X € X(G)
that satisfy the relation

(ThLg) X(h) = X(gh) (vesp. (TnRy) X(h) = X(hg)),

for all g, h € G. Since translations are diffeomorphisms, then we may just write (L,).X =
X (resp. (Ry).X = X). Note that given a vector X, € T.G, this defines a left-invariant

(resp. right-invariant) vector field on G by translation which we may denote as y =

(Lg)«Xe (resp. X = (Ry)+Xe). These vector fields form a linear subspace of X(G), and,
furthermore, they are closed under Lie brackets, i.e.,

(Lg)o[X, Y] = [(Lg): X, (Ly).Y] = [X, Y]
(resp. (Ry).[X, Y] = —[(Ry). X, (Ry).Y] = [X,Y]).

Any vector space V' equipped with a bilinear multiplication operation forms an algebra.
If this multiplication, which we conveniently note as [-,-] : V' x V' — V| further satisfies

e antisymmetry: [X,Y] = —[Y, X],
e Jacobi identity: [ X[V, Z]] +[Y,[Z, X]] + [Z,[X, Y]] =0,

for all X,Y,Z € V, then (V,[-,-]) forms a Lie algebra. If U C V is closed under the
bracket operation, then (U, [-,-]|,;) is a Lie subalgebra.

X(G) is a Lie algebra under the Lie bracket, and the set of left-invariant vector fields
is a Lie subalgebra (as is the set of right-invariant vector fields), which we denote as g. It
can be shown that the latter is a finite dimensional vector space of the same dimension
as (G, and in fact can be set in isomorphic relation with the tangent space of G at e, that
is, g = T.G.

g being a vector space, we may choose a basis in g, say {e,},_,, with n = dim g. If we
compute the bracket of the elements of the basis, we get relations of the form

d
leq, ep] = Ceq, fora,b=1, ... n.

The coefficients C% are called the structure constants of the Lie algebra.

An element £ of the Lie algebra is in a one-to-one correspondence with a left-invariant
vector field on G. If ¢ denotes the 1-parameter (sub)group generated by the left-invariant
vector field associated with £, then ¢ defines a curve on G such that v¢(0) = e. From
this we can generate a map between the algebra and the group called the exponential
map, exp : g — G, by

exp(€) = (1),

In the case of matrix Lie groups this map coincides with the usual definition of the matrix
exponential, hence the name. This map is smooth and such that Tj exp = Id; and so it can
be regarded as a retraction on G restricted to T.G = g. Note that exp(t€) = (1) = 7¢(2),
which we will use frequently, and also that exp(—¢) = (exp(¢))™"
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Furthermore it is always possible to find neighborhoods of 0 € g, uy, and e € G, Uk,
so that expl, :ug — U, is a diffeomorphism.

If we consider the map C' : G x G — G, (h,g) — Ci(g) = hgh™!, this can be
interpreted as an action of the group G on itself. From it we can derive the action of G on
its Lie algebra g, the adjoint action Ad : G x g — g, by differentiation. If g = exp(¢&),

then | )
dt t=0 Crlexplit)) = dt t=0 hexp(t§)h™" = (T.Cy) € = Adyg

We may also obtain the action of the algebra on itself, the adjoint operation ad :
g X g — ¢ in a similar fashion, if A = exp(n),

d

dt

d _
Adexp(tr])g = a eXp(“?)f eXp(tn) !
t=0

=né —&n=[n¢ =ad§

t=0

Lie groupoids

It is possible to generalize the concept of group to that of a groupoid by allowing the
multiplication operation to be a partial map, that is, such that not every element can
be multiplied by every other element. In a similar fashion it is possible to generalize the
concept of a Lie group and Lie algebra to that of Lie groupoid and Lie algebroid [see
Wei96a; Mac87; Mac05].

The former will play a particular role in part of this thesis but they are both a recurrent
theme in the study of the relation between what we call continuous and discrete mechanics
[see [Wei96b|. Let us first recall what a groupoid is.

Definition 2.1.5. A groupoid over a set M is a set G together with the following
structural maps:

e A pair of maps o, 5 : G — M, the source and target. This allows us to think of an
clement g € G as an arrow from x = a(g) to y = B(g) in M

g

SN

[} [}
z=a(g) y=PB(g)

The source and target maps define the set of composable pairs
G2 ={(g1,92) € G x G|B(g1) = alg2)} -

e A multiplication on composable elements 1 : Go — G, denoted simply by (g1, g2) =
g192 using matrix notation, such that
— a(g192) = a(g1) and B(g192) = B(g2)-
= 91(9293) = (9192)9s-

91 g2

/\L/\L

9192
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2.1. Differential geometry

e An inversion map ¢ : G — G, denoted simply by «(g) = g}, such that

— g 'g=€(B(g)) and gg—" = e(a(g)).

/\l
[ ]
z=a(g9)=B(g~1) y=B(g)=a(g~1)

‘\/

g—l

e An identity section ¢ : M — G of a and (3, such that

— €(alg))g = g and ge(B(g)) = g

96)
[ ]

z=a(g)=B(g)

A groupoid G over a set M will be denoted simply by the symbol G = M.

The groupoid G = M is said to be a Lie groupoid if G and M are smooth mani-
folds and all the structural maps are also smooth. In particular o and g are surjective
submersions, € is an immersion and ¢ is a diffeomorphism. Moreover, if z € M, o~ !(z)
(resp. B71(x)) will be called the a-fibre (resp. the S-fibre) of z.

Typical examples of Lie groupoids are: the pair or banal groupoid M x M over M,
a Lie group G (as a Lie groupoid over a single point), the Atiyah groupoid (M x M)/G
(over M /@) associated with a free and proper action of a Lie group G on M, etc.

If G = M is a Lie groupoid and g € G, then the left-translation by h € G and the
right-translation by h are the diffeomorphisms

Ly :a”'(B(h)) = a7 a(h), g Lu(g) =h
Ry : ~a(h) = B7H(B(R), g~ Riulg) =g

Note that L' = Ly+ and R;' = Ry-1.

Similarly to the Lie group case, a vector field X € X(G) is said to be left-invariant
(resp. right-invariant) if it is tangent to the a-fibres (resp. p-fibres) and X (hg) =
T,LyX(g) (vesp. X(hg) =TpR,X(h)), for (h,g) € Gs.

9,
h.

Lie algebroids

The infinitesimal version of a Lie groupoid is a Lie algebroid, which is defined as follows.

Definition 2.1.6. A Lie algebroid is a vector bundle A — M equipped with a vector
bundle morphism p : A — T'Q called the anchor map and a bracket operation [-,-] :
['(A) x I'(A) — I'(A) that verifies

p([X,Y])
[X, fY]

[p(X),p(Y)], for X,Y € I'(A);
FIX, Y]+ p(X) (f)Y, for f e C®(M,R).
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Chapter 2. Mathematical tools

Given a Lie groupoid G = M, the associated Lie algebroid AG — M is defined
by its fibers A,G = V.o = ker(Tycr). There is a bijection between the space I'(AG)
and the set of left-invariant vector fields on G. If X is a section of 7 : AG — M, the
corresponding left-invariant vector field on G will be denoted y (resp., ?), where

X (9) = Tupton Ly X (B(g)),

for ¢ € G. Using the above facts, one may introduce a bracket [-,-] on the space of
sections I'(AG) and a bundle map p : AG — T'Q, which are defined by

XY= [X.¥]. s0)@) =T @),

for X, Y € I'(AG) and = € M.

Using the fact that [-, -] induces a Lie algebra structure on the space of vector fields
on G, it is easy to prove that [-, -] also defines a Lie algebra structure on I'(AG) verifying
the properties of a Lie algebroid bracket.

One can also establish a bijection between sections X € I'(AG) and right invariant

vector fields X € X(G) defined by

X(9) = ~Titaton By Tutatont(X (a(9))),

which yields the Lie bracket relation

- [7.7].

2.2 Elements of the calculus of variations

2.2.1 Functionals and their variations

The calculus of variations is based on the concept of a functional. A functional is an
assignment of a real number to each function (or curve), and it can be regarded as a
function whose argument is another function |GF63| chapter 1]. We will be interested in
functionals of the form

Tl = /t CL(t, o(t), é(t))dt (2.7)

where ¢ € F([to,ts] C R), and L € F'([ta, ts] x R™ x R™), where by F and F’' we mean
two functional spaces.

Although throughout this work we will not need to concern ourselves with complicated
function spaces, as we will consider spaces of smooth or at least sufficiently differentiable
functions, let us consider here some of the basic spaces that appear frequently in the
literature. In particular, let us consider those that appear in [GF63]. These spaces can
be summarized as C*([t,,t]) (or CF([ts,ty],R) to be more precise), that is, the space
of continuous functions defined on [t,,t,] whose derivatives up to and including k are
continuous in [t,, tp]. As it is common elsewhere, we will just write C°([tq, t3]) = C([ta, tb))-
These spaces are considered in conjunction with the norm

k
llell,, = > max | (#)]

tel
=0
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2.2. Elements of the calculus of variations

where ¢© is understood as ¢ itself. They can be interpreted as the Riemann integral
equivalent of the Sobolev spaces W5 ([t,,t,]), that is, spaces of functions whose deriva-
tives up to and including k are in L*°([t,,tp]). It should be noted that we could extend
the results in this section to these latter spaces and even bigger by appending the usual
“almost everywhere” but we will not do this.

A functional 7 is said to be continuous at ¢* if for any € > 0 there exists a § > 0 such
that |J[c] — J[c*]| < €, with ||c — ¢*|| < J, where ||| is the norm of the corresponding
function space of choice.

The increment of a functional 7 in the direction h is defined as

AJe[h] = Tle+ h] = T,

where h = h(t), and the function ¢ = ¢(t) is fixed.
If we can write the increment as

AJc[h] = 6T[h] +e||n]l,
where 7 [h] is a linear functional and € — 0 as ||h]| — 0, then J is said to be differen-

tiable and the linear functional is called a variation of 7.

2.2.2 Critical points of a functional and variational problems

In analogy with standard calculus, we say that a differentiable functional J has a critical
point at ¢ = ¢* if its variation vanishes at said point, that is, if

0Jex|h] =0

for all admissible h.

The following two lemmas will lay the foundations of the rest of the results that will
allow us to characterize such critical points. For their proof and further generalizations,
please check [GF63; |(GHO4; [Fril0]

Lemma 2.2.1 (Fundamental lemma of the calculus of variations). If g(t) €
C([ta,ty]) and

/tb g(Bh(t)dt = 0
for every h(t) € C([ta,ts]) such that h(t,) = h(ty) =0, then g(t) =0 for all t € [tq,ty).

Lemma 2.2.2 (Du Bois-Reymond lemma). If g(t) € C([t,, %)) and

/ " SR (Bt = 0 (2.8)

for every h(t) € C'([ta,ts]) such that h(t,) = h(t,) = 0, then g(t) = ¢ = const. for all
t € [ta,ts].

The following lemma is also sometimes referred to as the fundamental lemma of the
calculus of variations instead of lemma R2.2.1}
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Lemma 2.2.3. If f(t),g(t) € C([ts,ts]) and

/ " O + g (0] dt = 0 (29)

for every h(t) € C'([ta,ts]) such that h(t,) = h(ty) = 0, then g(t) € C'([ta,ty]) and
g (t) = f(t) for all t € [tq,ts).
Proof. Let

F(t) = /tt F(5)ds

so that if we apply integration by parts on the first term of eq.(2.9)), we get

/t ! FOR(E)AE = F(t)h(t)|" — /t ! PR (£)dt

where the boundary terms vanish due to h vanishing on it. Then we can rewrite (2.9)) as

[ F0 gl =0
Applying now lemma [2.2.2| we know that
F(t) — g(t) = const,
and thus, by the definition of F'(¢) we get that
g(t)=[()
for t € [ta, ts], concluding the proof. O

As we stated in the beginning of this section, the most common type of functional
we will deal with is one of the form of eq.. This is the form of the typical action
functional that appears in mechanics and the defining function L of the functional is
called a Lagrangian.

We can compute the variation of such a functional by using Taylor’s theorem on the
increment of the functional, that is

AJ.h] = /tb L(t, c(t) 4+ h(t), é(t) + h(t))dt — /tb L(t, c(t), c(t))dt
= [ [Bltctt) + hie). o)+ hie) = Lt (o).
= /t b [L(t, c(t), c(t)) — L(t, c(t), ¢(t))] dt

+ /t b [DQL(t, c(t),¢<t))h(t)+D?,L(t,c(ﬁ,c(t))h(t)} dt + €|l

where D; corresponds to partial differentiation with respect to the i-th argument.
From this we then read,

5T.[h] = /t ' [DQL(t, c(t), é(t))h(t) + Dy L(t, c(t), c'(t))h(t)} dt

A solution ¢ € C*([t4, 1)) of 6 J.[h] = 0 for all h € C([t4, 1)) is called a weak solution
of the variational problem or weak critical point.
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2.2. Elements of the calculus of variations

Theorem 2.2.4. Let "
il = [ 10,0, 0t
ta
with ¢ € C*([ty, ty]) weak critical point, that is,
tp .
/ [DZL(t, c(t), é(t)h(t) + DsL(t, c(t), c'(t))h(t)] dt =0
ta

for every h € C*([ta,ty]) with h(t,) = h(ty) = 0, and assume DoL € C([ta,ty)) and
DsL € C'([ta,ty]). Then c satisfies

d
g (DaL(t,c(t), (1)) — D2 Lt c(?), €(t)) = 0 (2.10)
Proof. This theorem can be derived as a direct consequence of lemma [2.2.3| [

The resulting equation, is called the Euler-Lagrange equation. A solution
c satisfying this equation is called a strong solution of the variational problem. We will
be solely interested in strong solutions throughout this work, and so we will simply call
them solutions.

Remark (1). More commonly this theorem can be stated simply for L € C?, in which
case, it suffices to apply integration by parts on the second term of the variations [e.g.
CH53; /AMT78|, namely
ty . . ty d
| DaLtt cle) ce)it)dt = DaL(t.e(®) oML ~ [ DLt c(0). ) ho)r
ta ta
Clearly, the boundary term vanishes due to the hypothesis on h and then the same
result follows by applying lemma on the resulting integral. This is by far the most
common derivation and one we apply very often in mechanics. A

Remark (2). This theorem gives us a characterization of a critical point of a functional
and thus we can say that a necessary condition for ¢ € C*([t,,t]), with k > 2, to be a
critical point is for it to satisfy the Euler-Lagrange equation.

Note that the Euler-Lagrange equation is of second order, and so its solutions will
generally depend on two arbitrary parameters. The most common variational problem is
finding a particular curve c satisfying certain admissibility conditions and such that it is
a critical point of the functional. These admissibility conditions usually take the form of
boundary value conditions, such as

(ty) = cay,  (tp) = cp. JAN

These results can be readily generalized to higher dimensions, that is, for functions
c € C?*([tq,ty], R™), for n € N. In this case we would be dealing with h € C'([t,, t;], R")
and each component h'(t) would be independent of the rest. This leads to Euler-Lagrange
equations for each component of ¢, i.e.

% (gc'[;(t’c(t)’dt))) - %(@C(t)jé(t)) =0, fori=1,..,n

where we use the standard notation 2% instead of something like Ds,.

Note that for each Lagrangian function L € C? we get a well-defined set of Euler-
Lagrange equations, but it is perfectly possible for two different Lagrangians L, Ly € C?
to lead to the same set of Euler-Lagrange equations.
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Chapter 2. Mathematical tools

Proposition 2.2.1. Let ¢ € C?%([t,, ], R™) be a critical point of the functional J defined
by the Lagrangian function L(t,c(t),¢(t)) € C*. Let also F = F(t,c(t)) € C? and define

the function

_oF oF (1)
“ ot T aa V)

Then c is also a critical point of the functional J' defined by the Lagrangian L' = L+ G.

G(t, eft), ¢(t))

Proof. 1t suffices to check that for a G so defined, its Fuler-Lagrange equations vanish

identically, that is,
d
— (8G> oG _ 0, fori=1,....,n.
dt

oéi ) o
Then the result follows immediately. O]

Remark. This last result can be restated simply as if L' = L+ ‘é—f, with F € C?(RxR", R),

and if ¢ is a critical point of L, then c is a critical point of L'. JAN

2.2.3 Constrained variational problems

We will often find variational problems with further admissibility (also referred to as
subsidiary) conditions [see (GHO04, chapter 2] such as the necessity of ¢ € C*([t,, t;], R"),
with k& > 2, to satisfy a certain set of (generally nonlinear) equations

d(t,c(t),c(t) =0, with & € C¥([ta,tp] x R* x R*, R™), £ >1,1>m>n—1

or even inequalities in the context of optimal control (the latter will not be considered
here, [see Fril0]). Such equations are called constraints. Obviously, in order for the
problem to be well-posed it is necessary for the boundary conditions to be compatible
with the constraints.

We will restrict ourselves to constraints of the form

O(c(t) =0

and of the form
®(c(t),¢(t)) =0

The former are called holonomic while the latter are frequently called nonholonomic
constraints. In the context of mechanics, as we will see in chapter [3] we will reserve this
latter name precisely for explicitly non-variational problems, whereas variational problems
subject to these constraints will be referred to as variational nonholonomic or vakonomic.

Holonomic constraints can be regarded as a local definition of a manifold M immersed
in R” with dim M = n—m. We will then refer to M as the constraint submanifold. In
this setting, ¢ is then a curve which, in order to satisfy the admissibility conditions, must
lie on M. Note that this means that in order to generate a variation of ¢ also lying on
M, let us call it ¢, the generator of such transformation could be interpreted as a vector
field tangent to M. Indeed, we can consider a family of curves on ¢ on M dependent on
some real parameter € such that for e = 0 we get ¢, so in some local chart we can write

c(t,€) = c(t) + eh(t) + O(e?).

More generally then
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and thus h(t) € Ty M for every t € [to,ty] and we can simply write h € T.M. From the
results in the former section we are particularly interested in a certain kind of such vector
fields, namely those that vanish at the boundaries ¢, and t,. This leads to the particular
definition of the tangent space of a curve satisfying the admissibility conditions as

T.M = {X : [ta,ts] = TM|muX = ¢, X (t,) = X (t,) = 0}

We can be more precise and define this with respect to a certain type of curves, ¢ €
C*([ta, t), M), so that T.C*([t,, ], M) is only composed of C*([t,,t,], TM) curves.

If we consider h € T.M, then the fundamental lemma implies that, if g(t) is
instead considered as an element in the dual of the tangent of ¢, then g(t) € TOM, where

TOM = {a: [ty ty) = T*M|mya = c,a(X) = 0,VX € T.M}

is the annihilator of all tangent vectors of c.
In order to compute a variation we can write [see AM78, chapter 2.3.8]

d [

de J;,

L(t,ce(t), c.(t))dt

e=0

310 = 1-Tled

e=0

and now 6.7, can be interpreted as a differential form acting on the vector h. In that sense
we will change our notation slightly and write d 7 [c|(h).

Clearly, from this point of view the result of theorem can also be generalized
nicely to the manifold setting where instead of R™ we deal intrinsically with a smooth
manifold N of the same dimension, and the Euler-Lagrange equations are just coordinate
expressions of the 1-form DL : R x T@M — T*M [see MWO1, chapter 1.2]:

/ D L&), h(®) dt = 0

If instead we decide to work with M as an immersed manifold in R™ (or N), then
it is possible to modify a given functional to make sure that the first variation is in the
annihilator. One just needs to realize two things:

1. the annihilator of 7, M is spanned by d®|,

2. there must exist functions A € C*([t,, ], R™), for some k > 0 such that DpyL
+AdD|, = 0.

With this, one can see that if we substitute our Lagrangian function with a modified
Lagrangian 3
L=L+ M\

the corresponding functional J will be naturally constrained to M. In fact, if we consider
A to be part of the curve we vary, by theorem [2.2.4] we get

% (gf (t, C<t>’é<t>>> - §§ (t, e(t), é(t)) = N (t) %q;j (c(t)), fori=1,..,n,

P;(c(t)) =0, for j=1,...,m,

which are necessary conditions for ¢ to be a critical point of the original functional [J
simultaneously satisfying the holonomic constraint.
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When dealing with variational nonholonomic constraints, the procedure is formally
the same as this one, but now the constraint submanifold is a submanifold not of R™, but
of TR™ = R?*". We will not discuss this further but we offer here the necessary conditions
for ¢ to be a critical point satisfying the constraints [see |Cor+02; BC93; |Zam00):

& (5r.c0.600) ) - G5t etw). o) = S T2t ) e.11)

Y [% @‘? (c(t),c'(t))) - %qc)j (c(t), )|, fori=1,..n,
D;(c(t),c(t)) =0, forj=1,...,m,

2.2.4 Total variations

There is a more general type of variation where the evolution parameter ¢ is also a varied
function and the boundary values are not fixed [e.g. Fril0, chapter 3.1.2]. The best way
to do this is to consider 7 as a new unvaried evolution parameter, so that ¢t now depends
on 7 and € and t = 7 when € = 0, that is,

t(r,€) = 7+ ek(r) + O(€%).

Geometrically this can be handled in an elegant way using the formalism of jet bundles
[see Kral3| for an excellent step-by-step derivation], but this exceeds the scope of what
we wish to discuss, so we will limit ourselves to a more analytical formalism.

If we substitute this ¢ in c,

c(t(r,€),€) = q(t(r,€)) + eh(t(r,€)) + O(e?).

where ¢ now varies both on its own and due to the variation of ¢.
Differentiating with respect to €, we obtain

K(r) = %t(ﬁ €)

H(T) = %C(t(T, €),€)

e=0

= q(T)k(T) + h(r) + O(kh)

e=0

We will only consider the case of an unconstrained functional 7. The total variation
is
AT|K, H) = 0J.[K, H) + e ||K|| +en || H]|

with e, — 0 as |K|| - 0 and ¢, = 0 as |H|| — 0
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The variation of the action is

R d =t
STl H = 3 [ Litelt it

ta=t(Ta,€)

The first term gives us

/ ! [%ﬂ (), DR() + 52 (7, 0(7), (7)) @R + ()

_ / K {di (L(7, e(r), é(7))) k(r)

+ [‘i_i@,c(ﬂ,c'(f)) - (G | far + o

)

Ta

while the second term gives us, using integration by parts,

L(7,q(7), 4(7))k(T)

L / K dd7 (L(7, e(7), (7)) k(r)dr-

Putting everything together we see that the total derivatives of L cancel out, leading
to

/: [83_5(7, (1), ¢é(7)) — f—T (%(7, c(7)7c'(7))>] h(r)dr

+ [%(T,q(f)w}(f))h(f) +L(T,q(7‘),q'(7-))]g(7-):| "
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But k = K, and h = H — ¢K, and thus we get

/T:b |:g_lc;(7', o(7),¢(r)) — (f—T (%(7’, c(7),c’(r))>] h(r)dr

oL ™

+ %(7_7 Q(T)v Q(T))H(T)

Ta

- (Llratr)d(r) = ) G ) () ) K o)

Clearly, if we set K(7,) = K(7) = 0 and H(7,) = H(m) = 0, we get exactly the same
result as with a normal variation, but the important terms here are the boundary terms.

2.2.5 Optimal control

An interesting area of application of the theory of calculus of variations other than me-
chanics is optimal control [see [Fril0; LVS12, BW99; Blol15]. In chapter |5 we will
actually see a case of optimal control of a mechanical system, so both fields are not only
related but can coalesce.

Control theory is a branch of mathematics that studies the effects of introducing
controls in a dynamical system. Let a certain system be described by a dynamical system
v = fo(t,y), where y € R™ and fy € F(R x R",R™) are called the state variables and the
plant of the system, and F(R x R™, R"™) is some functional space. Introducing controls in
a system usually entails generating a new dynamical system

y:f(t,y,u),

the control system (also known as plant), such that f(t,y,0) = fo(t,y), where the new
variables v € U, with U C R™ and 0 < m < n, are precisely the controls. These allow us
to manipulate the original dynamical system influencing its evolution. Control theory is
thus a broad subject posing questions such as the feasibility of steering the system from
one state to another given a certain sets of controls (controllability), or the generation of
control laws that stabilize certain trajectories of the system, among others.

Optimal control is a part of this subject where, given a controllable system and some
optimality criterion, we are tasked with finding a control law that steers the system from
a given state to another optimally. The optimality criterion is provided by the necessity of
extremizing (either minimizing or maximizing) a cost functional 7. This cost functional
is commonly defined by a single cost function, C' € F'([t,,t;] x R” x R™ R), although
more general terms can appear in the form of terminal costs, ® € F"([t,, 5] x R").
Thus, a typical optimal control functional is of the form

71 = o(t ) + " Ot y(0), ul))de

where now ¢(t) = (y(t),u(t)) is a curve in an appropriate space. Although control prob-
lems tend to be quite general, needing to take into account the possibility of discontinuous
controls and discontinuities in the cost function, among other things, for the purposes of
this work we may restrict ourselves to simple C* spaces with k sufficiently high.
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A standard optimal control problem is then a problem of the form

Find (t, ¢) such that min J|c]

subject to:
y(t) = [t y(t), ult))
y(ta) = Ya

(2.12)
u(t) € U, fort € [tq, 1)

where U(t,, y(ty)) € F"([ta,ty] x R*,R"), for r > 0 € N, is called a terminal condi-
tion. This formulation already takes into consideration the possibility of not having ¢,
fixed (optimal time problems). If U had boundaries, then we would need to study the
problem of inequality constraints and talk about the Pontryagin maximum (or minimum)
principle [see |Cla90, chapter 5.2] and the Karush-Kuhn-Tucker (necessary) conditions for
optimality [see Fril0, chapter 4.6], which would deviate us too far. Thus, we will assume
U=R™.

For such a problem, we can define an extended cost functional including the constraints

T = (s, y(ts)) + (v, U(ts, y(ts)))

+ /t (O (), ule)) + (ult), 500) — £t y(0),ue))] b
where ¢(t) = (y(t),u(t), u(t)) € C*([ta, ts), R* x R™ x R™), and both v € R” and u(t) € R"

are Lagrange multipliers. The latter are called co-states in this theory. Let us also define
a new function, L(t,y,y,u, u) € C?, as the integrand of this functional, and variations

e=0

= (G(DE(T) + h(7), w(T)k(T) + v(7), (T)k(T) + A(T))

such that K(7,) =0, H(1,) =0, V(7)) =0, A(7,) =0, t(7,) = t, and t(7,) = 1.

The necessary conditions for optimality are precisely that the total variations vanish
[see Fril0, chapter 3.3]. Therefore, we can read off from the result of the previous section,
with y instead of ¢, and obtain

/b { B_j - diT (%)] h(r) + g—iv(ﬂ + g—iA(r)} dr

oL oL
+ —H(t +[L—'—-]KT
7 ()n, oy (1)

Tb

We also need to take into account the terms related to the terminal cost and conditions:

00 {0 2w+ [ (v N b + o)

with IT € R" arbitrary.
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Joining everything together we get the following set of equations after substitution

oC 0
[L = 8—y(t,y,u) - <,LL, 8_§(t7yvu)>
oC 0
0= %(t,y,U) - <,U; a_z(t>yvu)>
Z) = f(tayau)

. o0d ov
G0:3) = €y, = g+ < §>

o0 ov
M0 = Gty < ay<tb>>

0 = U(ty, q(ts))

The function (u, y) — C(t,y,u) is usually called the Hamiltonian of the optimal control
problem.

2.3 Numerical integration

The main reference for this section is [HLW10]. Further references can be found through-
out the text for notions not found in those books or not taken from them.

2.3.1 Introduction to the numerical solution of systems of ODEs

Assume we are interested in solving the following generic initial value problem (IVP)

numerically:
y(t) = [t y(t))
{ y(to) =wo (2.13)

where y(t) € R" and f : I x R" — TR" = R", where I C R and ¢, € I, is a sufficiently
differentiable time-dependent vector field.

The exact or analytic solution of problem is a mapping (a flow) ® : I x [ xR" —
R™, such that y(t) = y(to + At) = Py, aryo, VAL € 1.

A numerical solution of problem is a mapping (an approximate flow) ®y,, :
Yo — Y1, where y; = y(to + h). We say the order of approximation of our numerical
solution is p if, as h — 0, it satisfies that

y1 = y(to + h) = O(K"*),

or equivalently, B
®t07h - (pt(),h - O(hp+1).

We are going to take an interest in methods based on polynomial interpolation rules
and more specifically, in collocation type methods. These methods consist of finding a
polynomial whose derivative at certain interpolation nodes, known as collocation points,
coincides with the vector field f of the problem [GS69; Wri92; HNWO93|.
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Continuous collocation

An s-stage continuous collocation polynomial u(t) (of degree s) for problem ([2.13]) must
satisfy:

(to) =wo
ﬂ(to—f‘cih) f(to+cih,u(t0+cih)), 1= 1,...,8
where ¢; are distinct real numbers. s is called the number of stages of the collocation
polynomial. Using Lagrange interpolation the polynomial must be such that:

u(t) = i kit;(t) = i f(to + ¢jh, u(to + ¢;h))¢;(1)

j=1

where ¢;(t) is the j-th element of the Lagrange basis of dimension s. Thus, each element
of this basis is a polynomial of degree s — 1.

The most well-known and widely used methods of this kind are Gauss, Radau and
Lobatto methods. We will be focusing on the latter for reasons that will become clear in
later chapters.

A Lobatto continuous collocation polynomial has the highest order possible, subject
to the condition ¢; = 0,¢; = 1, i.e. they must include the endpoints as interpolation
nodes. Said interpolation nodes are the zeros of the polynomial z(z — 1)%(121)(2 - 1),

where J,\*? )(w) is a Jacobi polynomial. They are also symmetric, meaning @;1 =d_4,
which warrants that their order is even. Its quadrature order is p = 2s — 2, and its lowest
order member is the implicit trapezoidal rule.

One of the most salient features of continuous collocation methods is that they provide
us with a continuous approximation of the solution between ¢y and t; = tg + h, namely
the interpolation polynomial u(t), instead of just a discrete set of points. This polynomial
is an approximation of order s to the exact solution [see HLW10, lemma 1.6, p.33], i.e

|u(t) —y(t)]] < Ch*tt Vt € [to,to + h] (2.14)

and for sufficiently small h.
Moreover, the approximation at quadrature points is of order p (immediate conse-
quence of [HLW10, theorem 1.5, p.32]).

Discontinuous collocation

An s-stage discontinuous collocation polynomial u(t) for problem ({2.13) is a polynomial
of degree s — 2 satisfying:

ulto) = yo — hbi(i(to) — f(to, u(to))
W(to+ cih) = f(to + cih,u(to + c;h)), i=2,...,5s—1
yr = u(ty) — hbs(a(ty) — f(to, u(tr)))

where t; =ty + h, b1, by and c¢; are distinct real numbers. s is called the number of stages
of the method. Using Lagrange interpolation the polynomial must be such that:

,_n

S—

Z k; gj 1 f(to + th, u(to + th))fj_l(t)

J

Il
)

where /;(t) is the j-th element of the Lagrange basis of dimension s—2. Thus each element
of this basis is a polynomial of degree s — 3.
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Contrary to continuous methods, the generated interpolation polynomial provides a
poor continuous approximation of the solution [HLW10, lemma 1.10, p.38], i.e.:

|u(t) — y(t)]| < Chs™' ¥t € [t,to + hl, (2.15)

and is better seen as providing a scaffolding from which to build an approximation of ;.
Again, we consider Lobatto collocation polynomials, i.e. subject to ¢; = 0,¢s = 1. These
methods still provide an approximation of order p = 2s — 2 for y; [HLW 10, theorem 1.9,
p.37].

Runge-Kutta methods

The collocation methods discussed above can be seen separately as a particular instance
of a Runge-Kutta method, completely defined by a set of coefficients (a;j, b;,¢;), where

Zj:1 a;; = ¢;. These coefficients are usually arranged in a Butcher’s tableau,

C1 | aix -+ Qi1s
Cs as1 Tt Ags
‘ by -+ b

In particular, for continuous collocation methods |[GS69; Wri92]:

c; 1
aij = /0 gj(T)dT, bz = /0 &(T)dT

A numerical solution of (2.13)) can be found using an s-stage Runge-Kutta method
with coefficients (a5, bj, ¢;) leading to:

i =Yo+hd _ bik;
Vi =yo+hdi_ aik;
ki = f(to+cih,Ys, Z;)

In order to analyze the properties of a given Runge-Kutta scheme it is useful to
establish a series of simplifying assumptions that it satisfies:

. 1
B(p) : ;bicfl =z fork=1,..,p (2.16a)

s k

_ C; .

C(q) : Zaijcf ge % fori=1,...s, k=1,...,q (2.16b)

j=1

® bi(1 —c*
D(r) : Zbicfflaij = % forj=1,...,s, k=1,...,r (2.16¢)

i=1

~

When referring to these assumptions for a Runge-Kutta method (a;;, b;) we will write
them as X (7).

Lastly, there is a function associated to a Runge-Kutta method that we need to define.
Consider the linear problem 3 = Ay, and apply one step of the given method for an initial
value yo. The function R(z) defined by 3, = R(hA)yo is the so-called stability function
of the method.
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For an arbitrary Runge-Kutta method we have that
R(z) =1+ 2b(Id — zA)'1,

where A = (a;;), b = (by,...,bs) and 1 = (1,...,1)”. In the particular case of a method
satisfying that ay; = b;, which is the case of Lobatto methods, this can be reduced to:

R(z) = e,(Id — zA)'1,

where e; denotes an s dimensional row vector whose entries are all zero except for its i-th
entry which is 1.

Partitioned Runge-Kutta methods

Apart from the usual Runge-Kutta methods, there exists a slightly more general class of
methods called partitioned Runge-Kutta methods. These methods are of special relevance
when the ODE system of problem ([2.13]) can be partitioned, i.e. it has a natural partition

of the form:
{ y(t) = ft,y(t), 2(t))
A(t) =glt,y(t), 2(t)
where y(t) € R™ and z(t) € R" with n, and n, not necessarily equal.

A particular case is that of problems derived from classical mechanics, where the phase
space is usually the cotangent bundle of some manifold @), T*(), which can be partitioned
at each point as () x R" via its local trivialization.

These methods consist of applying different Runge-Kutta schemes to each part in order
to take advantage of the structure of the problem. As such, a partitioned Runge-Kutta
method is defined by a pair (aij, b;), (@4, bi):

Y1 = Yo + thzl bjkj, 21 =29+ th’:l l;jgj
Y; = Yo + h Zj’:l aijkj, Zz = 20 + h Zj:l &ijgj
ki = f(to+ch,Yi, Z;), b = g(to +c:h,Yi, Z;)

In the realm of time-independent mechanics a very important set of partitioned Runge-
Kutta methods arises naturally from the application of the discrete Hamilton’s principle
(see . These are the so-called symplectic partitioned Runge-Kutta methods, which
manage to preserve the symplectic structure of the original problem. Such methods satisfy
[HLW10, theorem 4.6, p.193]:

biaij+bjaji = bj, 1,7 :]_,...,S

bi
b; b;

, 1 =1,..,s

This means that each of the methods does not need to be symplectic in order for the
partitioned method to be overall symplectic.

Note that if (a;;,b;) and (g, b;) are two symplectically conjugated methods, each
satisfying the symplifying assumptions B(p), C(q), D(r) and é(ﬁ), 6(@), ﬁ(f) then p = p,
C'(q) implies 7 = ¢, and conversely D(r) implies § = r.
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Apart from these, there are a few more simplifying assumptions that pairs of compat-
ible methods satisty [see |Jay96]:

s s k
A ) o k=2 _ ¢ . _
Q) .ZZaijaﬂcl —m for i = 1,...,8, k—2,,Q

j—l I=1
by
bick a0 = ——— [(k — 1) — (key — ¢f)
lezl T k(k-1) [ 2l
forl=1,....s, k=2,...,. R
~ f < ck .
C(Q) IZZ&MCLJJC?;Q:]{;(]{;—Z_D for i = 1,...,8, k:2,,Q
j—l I=1

ZZZ) 20505 = k;(k;bl_ - [(k —1) — (ke — )]

=1 j=1

~

forl=1,....s, k=2,..., R

It can be shown that if both methods are symplectically conjugated, then Q = R =
p—r and Q R= p—q. In particular, Lobatto III A and B methods, which will be very
important for us, satisty B(2s —2), C(s), D(s —2), B(28 —2), C(s — 2), D(s) as well as
Ca(s), DD(s), 60(5 —2), DD(s — 2) respectively.

2.3.2 Momentum and symplecticity conservation

A non-constant function I(y) is a first integral of eq.(2.13)) if

1) = I'o)f) =0, v

In mechanics these are referred to as conserved quantities or constants of the motion.
Some of the more well-known ones in that context are linear momentum (linear first
integrals), angular momentum and the symplectic form (both of which classify as mixed
quadratic (2.17))), and energy (generally fully nonlinear).

Methods preserving the latter will not be the focus of this work and instead we will
focus on methods preserving the other quantities. Still, some very interesting results that
will appear later (see will show us that the methods considered will have very good
energy behavior.

Theorem 2.3.1 (Conservation of linear first integrals). [HLW10, theorem IV.1.5,
pg.99] Every Runge-Kutta method conserves linear first integrals. Partitioned Runge-
Kutta methods also conserve linear first integrals if b; = b; or iof the first integral only
depends on either y or z.

Proof. The proof for Runge-Kutta methods can be found in [HLW10]. The proof for
partitioned Runge-Kutta methods can be done similarly: Let I(y,z) = L,y + L.z, with
L,, L, constant functions, then L, f(y,2) 4+ L.g(y,2) = 0 for all y and z. In particular,
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for partitioned RK methods it must be true that L k; + L,¢; =0, for i =1, ..., s. Then,

I(yh Zl) = Lyyl + Lzzl
= Ly (yo + hz bjk?j) + Lz (Zo + hz 8j€j>
7j=1 j=1

= Lyyo + LzZU + hz bijk'j + hz l;jngj

Jj=1 Jj=1

= Iy, 20) + h Y (biLyk; + b L.

j=1

Thus, in order to have conservation the second term must vanish, which leads us to the
result of the theorem. O

Arbitrary quadratic forms are not generally conserved for all RK. Only symplectic
methods, such as Gauss methods, conserve these. The situation is even worse for par-
titioned RK methods, for which this is impossible. Nevertheless, there is a subset of
quadratic forms, let us call them mized, of the form

I(y,z) =y' Lz (2.17)
with L € M, . (R) that some partitioned RK methods can preserve.

Theorem 2.3.2 (Conservation of mixed quadratic first integrals). (HLW10, theo-
rem IV.2.4, pg.103] Consider a partitioned RK method with coefficients (a;;,b;), (Gij, b;).
If the coefficients satisfy

bl&l] + lA)jaji = bii)j, fOT’ Z,j = 1, ey S
bibj - bj

then it conserves mized first integral of the form (2.17)).

The proof is similar to the proof of the theorem above but it now involves the equa-
tions for the stages. This conservation is particularly important in mechanics, as stated
above, because this implies the conservation of the canonical symplectic form, hence the
added adjective symplectic for the partitioned methods that satisfy the hypotheses of the
theorem.

2.3.3 Order conditions

Order conditions for a Runge-Kutta type method are derived by comparing the Taylor
series of the exact solution of with the solution obtained via our numerical method.
This spans a very rich theory developed by Butcher and others during the second half of
last century, using tools such as rooted trees, Hopf algebras and group theory. We will
not be delving into the latter two.

Focusing on the autonomous case, the idea is to consider the exact solution y(t),t €

[to, to + h] of: ‘
T
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Our main goal is to compute the Taylor expansion of y(ty + h) in powers of h and
compare same order terms. We can compute higher derivatives by inserting our solution
in f and recursively using the chain rule as:

y=f(y)
j= 1wy
v = W) @,9) + f ()i
y W = W)@, 5.9) + 31" W) @, 9) + £ (y)y®

after which we eliminate all derivatives from the right-hand side, starting from the top,
by inserting the preceding formulas:

y=1r (2.19a)
jg=1rf'f (2.19b)
yO =D+ (2.19¢)
)

V=" L D+3 SN+ D+ TS (2.19d

Each term on the right-hand side has a diagrammatic representation in terms of
rooted-trees, and each successive differentiation can be easily obtained by grafting new
branches onto each node (or wvertex) of the tree.

eq.(2.19a)) to eq.(2.19b)), and the second how to go
from eq.(2.19b)) to eq.(2.19¢). Taking the bottom
f 1! right trees, we can see that if we were to continue

f expanding from them, there would be three terms

’ with the exact same configuration corresponding to

the term f”(f'f, f): two coming from the tree on

f I <« the left and one coming from the tree on the right.
\ \/ This leads to the factor 3 multiplying that term in

eq.(2.19d))

f \ Figure 2.1: The first line shows how to go from
<&

f/ f‘//

Definition 2.3.1. The set of rooted trees ¥ is recursively defined as follows:
1. The graph e with only one node, called the root, is in ¥.

2. If ry, ..., € T, the graph obtained by grafting their respective roots to a new node
(see fig)2.2)) also belongs to ¥. This is denoted by

T = [7'1, ...,Tk],

and the new node is the root of 7. The relative ordering of the different 7; € T is
irrelevant.
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e e 9 Figure 2.2: Rooted tree construction by grafting existing

trees to new root

root

Trees 7 = [e, ..., 0] are called bushy trees, as graphically they are dense and short

(see fig. [2.3).

Figure 2.3: Sample bushy trees of orders 2, 5 and
6 respectively

The order (or degree) of the tree, ||, coincides with the number of nodes contained in
7. Let us denote by F': T x R — R™ the map defined recursively by F,(y) = f(y) and

Fr(y) = O (Fr(y), s Fr(y)),  for 7= [r1, .00, 7]

Each instance of this is called an elementary differential. If we collect all combinatorial
coefficients that appeared in the expansion, most of which were 1 except for the 3 in
eq.(2.19d)), in a symbol a,, then we may write the ¢-th derivative of y compactly as:

YD (to) = > arFr (o) (2.20)

|7|=¢

Now, let us move on to our numerical methods, which are of the form

ui:y0+zaijgja 3/1:3/0—1‘25]'9]‘-
J J

Considering g;, u; and y; as functions of h we can expand the former in terms of h. Based
on

o = ()" = hFOB) + af (1),
where f(h) = f(u;(h)), we see that when h = 0 we get
0" = a (f(u)"".

If we expand this, we get essentially the same as with the exact solution except for the
factor q.

gi=1- (f yo))
Gi =2 (f'(yo)i:)
9£3) =3 (f"(yo) (Wi, w) + f'(yo)ii;)
g =4 (" (yo) (i s, 115) + 3" (o) (i, 13) + £ (yo)ul™)
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; ) and successively substituting derivatives in the
right-hand side again, we are left with expressions:

gi=1-(f)

gi=2- Z%‘f’f)

Using the derivatives of ugq) = Zj aijg(‘q

J

9@ =3 Zaijaikf”(f7 f)) +(2-3)- (Z aijajkfff)

gk jk

91(4) =4 Zaijaikaiéfm(fa f, f)) +(2-4) (3 ' Z“ijajkaiff”(f/f’ f)>

ke ke

+(3-4)- (Z ajapaif f"(f, f)) +(2-3-4)- (Z az‘jajkakéf/f/f/f>

ke ke

Again this leads to compact expressions:

qu) (tO) = Z Vr i @TFT(yO) (221)
ITI=q

gl(q) (t()) = Z Vr 5i,T aTF’T'(yO> (222)
ITI=q

where the new factors ¢; ;,d; . are the factors containing terms in a;;, and y(7) are the
integer coefficients appearing in each term that do not belong in a,. For 7 = [r, ..., 7]
we have that

Eir =) Wl
J
6i,'r =E&im - Eims

Yr = ‘T|’Y7'1 HRERI )

Finally, using the notation:
¢’T = Z biéi,r

the derivatives of the numerical solution at A = 0 become:

y%q) = Z ’YT¢TOJTFT(Z/O) (223)

I7l=¢

Comparing eqs.(2.20)) and ([2.23]) we get that the corresponding method will be of order
p iff [HLW10, theorem II1.1.5, p.56]:

1
¢ = — for |7| <p. (2.24)
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Example 2.3.1. Let us denote the order 6 tree repre-
sented on the left by 7. It can be schematically written as

{ m n . . .
T = [11,T2] = [[e], [®, ®]]. The ¢ coefficient associated with
this tree is
J k
Or = Z biaijajéaikakmakn
i,9,k,£;m,n
1 Z 2
= biaijCjaika
i7j7k“

while, if v,, = 2 and 7., = 3, the v coeflicient is
Yr =TIV =6-2-3=36,

and thus ¢, = 1/36.
The same can be done for the inner stages of a method. It is easy to see that if we
consider y(t) = y(to + ch), c € [0, 1], then (2.20) becomes:

U (to) = > arFr(yo) (2.25)
ITI=q
Proposition 2.3.1. The order of approximation of the i-th stage, y;, of a method will be
ck
€ip=—, for|r| <k (2.26)
Vr
Proof. Direct comparison of each order in (2.25) and (2.21) shows sufficiency. As in
[HLW10, theorem II1.1.5, p.56], necessity comes from independence of each F'(7). ]

These results ((2.24) and (2.26))) are intimately related to the so-called simplifying
assumptions (2.16). One can use the latter to perform what is commonly referred to as
tree reduction, which serves to reduce the height of the tree, turning it bushier instead.

k-1
/—H

/—L
1

(a) Reduction using C (2.16b)). (b) Reduction using D (2.16d).

Figure 2.4: Tree height reduction using simplifying assumptions (2.16]).

Order conditions for partitioned methods

Let us consider the following IVP for an autonomous partitioned system

y(t) = fly(t),2(1))
Z(to) = 20
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Similarly to the non-partitioned case we may expand the exact solution around ty:

i =y, 2)y + f:(y, 2)2
) = fyy<y7 Z)<y7y) + 2fy,2<y7 Z)<y7 Z) + fz,z(@/, Z)(Z, Z) + fy(y; Z)y + fz(y7 Z)’Z

z= g(yv Z)
Z=gy(y,2)y + g.(y,2) 2
20 = g, (0, 2) (0, 9) + 20y, (y, 2) (0, ) + 922 (y, 2) (3, 2) + 9y (y, 2)i] + g2y, 2)

and eliminate the derivatives of y and z from the right-hand side.
y=1r
y= fyf + fzg
YD = o (fo ) + 202 (F:9) + F22(9,9) + Fyfuf + Fyfog + Fo9uf + fog:9

z=gy
Z=gyf+ 9.9
2D = g (f, ) + 29y -(f,9) + 9:2(9,9) + gy fuf + 9ufog + 929 f + 9-9-9

Once more we can rewrite these equations more compactly by using trees, but we need
a more general set of these.

Definition 2.3.2. The set of rooted bi-colored trees ¥* is recursively defined as
follows:

1. ®,0€ %2

2. If 71,..., 7 € T2, the graph obtained by grafting their respective roots onto a new
node, e or o, also belongs to T2. This is denoted respectively by

T =Ty s Tl T = [Tt Tkl

and the new node is the root of 7. The relative ordering of the different 7; € T2 is
irrelevant.

We will use the notation T2,%% C T2 for the sets of trees whose roots are e or o
respectively. Using bi-colored trees we can then use e to represent a term in f and o to
represent a term in g (or y and z respectively). Thus, we may write:

(Q) (to) = Z an Fr (yo, %), for 7, € T2, (2.28a)
ITe|=q

q) (to) = Z o F. (yo, 20), for T, € T2 (2.28b)
ITo|=q
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The same can be done with the numerical solution, where now we just need to redefine

Ci,re = Z @ij0jre  Pro = Z bi0i r.
j i

Ci,ro = Z @ij0jr,  Pr, = Z bi0i r
j i

for 7, € T2 and 7, € T2. This way, for h = 0, we can write

y%q) = Z 77'.¢7'.047.FT. (y0a ZO>7 fOI‘ Te € (3:27

I7e|=q

Z§Q) = Z 77'0 ¢To aTo FTO (yo’ ZO)? for To € 537

I7o|=q

and the order condition that must be satisfied is exactly eq.(2.24) for each variable.

2.3.4 Backward error analysis

Another powerful tool in the analysis of numerical methods is that of backward error
analysis. This is in opposition to the analysis we have shown up until now, which could be
classified as forward error analysis, where we study the error of the numerical method with
respect to the solution. In backward error analysis one looks for a modified differential
equation, § = f (g, h), which our numerical method solves exactly and compares with the
original one. It is assumed that the modified equation can be written as a series of the
form

y = h1(5) + hf25) + B2 fs() + ...
where f; = f is the original vector field and f;, with ¢ > 2, can be constructed from an
expansion in terms of f and its derivatives.

If we also assume that the discrete flow generated by our numerical method can be
expanded as

B4 (§) = § + hf(5) + h2da(§) + h*ds(G) + ..

then we can reconstruct the modified equation by comparing terms of the same order
up to a certain order p. One of the first results of the theory is the following [HLW10,
theorem XI.1.2, pg. 340]

Theorem 2.3.3. Suppose that the method y,41 = ®p(yn) is of order p, i.e.,

O (y) = Puly) + WP 10pa1(y) + O(RP?),

where ®,(y) denotes the exact flow of y = f(y), and h?*16,,1(y) the leading term of the
local truncation error. The modified equation then satisfies

J=f@)+hfr1(§) + s 5(0) = yo,

with fp1(y) = dpr1(y).

Another interesting theorem shows why symmetric methods can show better results
than expected in some cases [HLW10, theorem XI1.2.2, pg. 342]
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Theorem 2.3.4. The coefficients functions of the modified equation of a symmetric
method satisfy f;(y) = 0 for even j, consequently the expansion of the modified equa-
tion only contains even powers of h.

By far the most powerful and important results for us are those involving symplectic
methods, but we will state them in section after we have introduced the concept of
a Hamiltonian and its importance in mechanics.

2.3.5 Constrained systems and differential-algebraic equations.

Part of the work of this thesis (see chapter [5)) is devoted to the numerical solution of
mechanical systems with constraints. Such systems lead to IVP of a more general form
than that of eq.(2.13). This new type of systems involve not only differential equations but
also algebraic equations, and this is the reason why they receive the name of differential-
algebraic equations (DAEs) [HLR89]. The generic form of these systems is

F(Y,Y)=0, with F:R™ x R™ — R™

but this is far too general for the scope of this work.

There are several classifications of systems of this type. A simple classification is based
on the differential index of the system defined as the minimum integer k& such that the
system

F(Y,Y) =0,
d .
—F(Y,Y) =
dt (¥,Y) =0,
d* :
—F(Y,Y)=0
dtk (YY) =0,

can be solved for Y in terms of Y, i.e. Y =Y (Y) [see HLR89; GLGS5].
The canonical example of a system of index 1 is one of the form

{ y(t) = fly(t), 2(t))
0 =g(y(t), 2(t))

such that (g.)”" exists around the solution. In this case we have that Y = (y(¢), z(t)) and
derivation of the second equation leads to

g9u(y(1), 2(0)y(t) + g:(y(1), (1)) £(t) = 0

Thus, upon substitution of the first equation in this one, we get

{ §(1) = fly(),=(1)
— —(g2) " (). 2(0)) l9y (), =) F (y(8), (1))

The canonical example of a system of index 2 is

i) = Flt), =(1)
{ 0 = gy(t)) (2.29)
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such that (g, fz)f1 exists around the solution. Mechanical systems with nonholonomic
constraints fall in this category.
Differentiating the second equation we get

gu(y()y(t) = gy (y () f (y(2), 2(t)) = O,

and a second differentiation leads us to

9y (f )+ gy ff + 94122 =0.

This way we can write

{y' =f
z :—(gyfz)il [gyy(faf)+gyfzf]

The canonical example of a system of index 3 is

y(t) = fly(t), 2(t))
) = g(y(t), 2(t), w(t))
0 = k(y(®))

such that (k, fzgw)_1 exists around the solution. Mechanical systems with holonomic
constraints fall in this category.

In order to solve numerically the IVP associated with a DAE one can apply the same
theory as for ordinary differential equations, but the analysis required to prove convergence
becomes much more involved. In chapter [5| we will perform a new analysis for a subset of
DAE problems of index 2, namely partitioned index 2 problems of the form

y(t) = fy(t), =(1))
() = g(y(t), 2(t), w(t)) (2.30)
0 =k(y(t), 2(t))

such that (kzgw)f1 exists around the solution. The form of these systems is reminiscent
of that of systems of index 3, and it is precisely the sort of system that appears in
nonholonomic mechanical systems.

In [HLR9] the authors study systems of index 2 of the type (2.29). In that case
bi-colored trees can be applied but the meaning of the nodes o differs from what we have
seen here and not all tree variations appear in the expansion. Furthermore, they require
their methods to be such that the matrix A = (a;;) is invertible. In [Jay93] the author
studies the case where A is not invertible but a submatrix of it, A = (@ij)ij>2, is. This is
the case of Lobatto IITA methods.

We will perform a similar analysis for systems of type using partitioned methods
satisfying certain conditions, focusing on symplectic pairs of Lobatto IITA-B methods,
which are the ones that arise naturally as variational integrators in unconstrained systems.
Unfortunately, the analysis is even more complex as we need to deal with the multiple
interactions of A = (a;;), A = (a;;) and the inverse of A = (a;;);;>2, leading to the
necessity of analyzing which terms can actually appear in the expansion of the system
and the use of tri-colored trees.
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Chapter 2. Mathematical tools

2.3.6 Numerical integration on Lie groups

We will briefly discuss a particular technique to numerically solve IVP on Lie groups. Let
us begin with a general ODE on the Lie group G.

g(t) = (¢, 9(1))

This can be recast into a form which will be easier to work with:

g(t> - TeLg(t)¢(t7 g(t)) = g(t)qb(tv g(t))

where ¢ : [ x G — g, with I = [tg,to + h]. An IVP would be one where we are given
9(to) = g0 € G.

There are several known ways to numerically solve these problems on Lie groups such
as projection methods, Crouch-Grossman methods and Runge-Kutta-Munthe-Kaas [see
HLW10; [Mun99]. We will focus on the latter, and in particular we will offer a derivation
of the resulting continuous collocation methods here.

The idea of these methods is, again, to generate a continuous approximation to a
solution curve g, but now this curve must lie on the Lie group G. As we are no longer
working on a simple vector space, operations such as addition and translation of vectors
in different tangent spaces or the generation of tangent vectors from two points must be
carefully reconsidered. To sidestep this problem, we can try to move to a common linear
space, such is the case of the Lie algebra g.

Retractions and their trivialized tangents

Consider a retraction on GG which we will write as 7 : ¢ — R. This may be the natural
exponential map on G or any other retraction such as the Cayley map (or Cayley
transform), cay : g — G,

cay(§) = (I+¢/27 (I-¢/2), €eg,

which is available to us for so-called quadratic matrix Lie groups such as SO(n) and
SE(n).

We should mention here, as it will be necessary in what follows, that given a retraction
7 with tangent map T'7 : T'g — T'G, we can define the so-called left and right-trivialized
tangents df7, df'7 : g x g — g as the maps defined by [Ise+00a; [BM09]

(Ter)n = ToLr) (d57en), neTig =g
(Ter)n = TeRyey (d"7en) -

Note that it is a linear map in its second argument and it can be interpreted as a trans-
lation transformation such that if n € Teg, then its transported image on Tyg is either
dF7en or dfren.

For matrix Lie groups, we have the following formulas to compute the trivialized
tangents of the exponential map [Ise+00b]:

L _ - (_1)j j R _ S 1 '
d eng = Z madg, d exp€ == Z madé (231)
j=0 Jj=0
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2.3. Numerical integration

We will generally work with the left trivialization but similar results will hold using
the right trivialization. We can in fact relate both as follows. First,

TeLrg) (d"7en) = T.Re) (d"7en)
= (d57en) = (TeLre) " TeRege) (77en)
= T Lr(-) Te Rre) (d7en)
= Ady(—¢) (d"7en) .

Now consider the following lemma:

Lemma 2.3.5. (BM0Y, lemma 4.3] Let d¥r,d%r : gxg — g be the left and right-trivialized
tangents to a retraction T : g — G respectively, and Ad, : g — g the adjoint operation of
an element g € G. Then the following relations hold:

dLT£ = AdT(_g)dLT,§

dR7'€ = AdT(g)dRT,§

Proof. From the identity 7(£)7(—¢) = e, by direct differentiation we find that:
T Rr-9Tem = —Tr(-g L) T-eT.

Now,

—1
T er=—(Tr(-oLre)  TreRe(-oTer

= ~TeLr-Tre) Rr(-)TeT,
and using the chain rule, (T_¢7)n = —T. Ry (_¢ (dRT_gn). Inserting this in the last equa-
tion we find that
—TRe(-d"7_¢ = —T.Lo(—)Tre) Rr(-e) T Rr(e) A7
TeRe(—gd"7_¢ = T.Lr(—g)d"m
A7 ¢ = (TeRr(~¢)) ' TeLr(—gyd"7e

=T Rro)TeLr(—d" e

= Adygd"re
from which we can read the result for the right-trivialized tangent after moving the adjoint

operator to the left hand side of the equation. The result for d“7 can be obtained
similarly. n

Using the result of lemma [2.3.5| we immediately arrive at
dbre = d®r ¢

We may also define the inverse trivialized tangent as the algebraic inverse of each of
these trivialized tangents, (dLrg)_l and (dRTg)_l. Geometrically this can be defined in
a similar manner to what we did for the direct tangents: let (¢g,v) € TU, C TG, where
U. C G is a neighborhood of the identity where the inverse of 7 is well defined. The inverse
map T'7~! maps elements in TU, to elements in T'g = gxg. Thus di7=1, dfr=t: gxg — g
must be such that:

(Tyr ™) v= dLTg_l (TyLg-1v) = dRTs_l (TyRg-1v)
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Chapter 2. Mathematical tools

Continuous collocation on a Lie group

As we wish to generate a collocation approximation of ¢g(t), which we will call u(t), it
must satisfy:

uto) = go
ﬂ(to + Czh) = u(to + C,;h)gb(to + Cih, u(t() + Cih))a Vi = 1, .y S

where ¢; € R are the collocation coefficients of the s-stage (continuous) collocation
method.

Equipped with a retraction, and owing to the linear structure of the Lie algebra, we
can generate a polynomial approximant in g,

&0 =30 [ Glod

with ¢;(0) being the i-th element of the s-dimensional Lagrange basis associated with the
¢; coefficients and 1’ € T;)g = g being fixed elements which can be chosen.
Similar to what we would do in the vector space case we can start with an ansatz of

the form:
s A
u(to + Ah) = gom(hE(N)) = goT <h Z U4 /0 Ej(a)ckf)

This clearly satisfies the first condition that our collocation approximant must satisfy.
Now we need to impose the second condition to determine the n’s. Using L;(\) =

fo/\ li(o)do, we get:

it + Ah) = goT'T (h Z n Lj(A)> (Z Ud fj@))

J

= goT (thij()\)> dLThZ;m’L]-()\) (Z T}jgj()\)>
J J

= u(ty + /\h)dLThz;i W L; () (Z ﬁjgj(k)> )

J
thus:

dLTth NI Lj(c;) (Z 77][]' (Cz)) = ¢ (to + Cih, goT (h Z 77”7(@))) . (232)
j -

J

From [GS69] we have the following relations between Runge-Kutta coefficients and
collocation polynomials:

aij = Lj(ci) bj = L;(1)
We also know that ¢;(c;) = d;;, so we can finally express eq.(2.32)) as:

dLThZ; aijm?’li = ¢ (to + Cih, goT <hz awf)) . (233)

J

95



2.3. Numerical integration

For its application to variational integrators we are interested in the case where
o(t, g(t)) is the (left-)trivialised velocity of the system. If we introduce some auxiliary
variables £ to simplify the expressions, we finally obtain:

§i =h Z Gz‘jnj,
j=1

G'= gOT(gi)’
(G Vi = dbry,

g1 = goT (h Z bﬂ?j) .

j=1
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Chapter 3

Geometric description of mechanical
systems

3.1 Lagrangian and Hamiltonian mechanics

3.1.1 Lagrangian description

The Lagrangian description of a mechanical system starts with a choice of the space where
the system is going to evolve. We will assume it is an n-dimensional smooth manifold @),
which will receive the name of configuration manifold. Let also T'() denote its tangent
bundle with canonical projection 7¢ : TQ — Q. If we consider local coordinates (¢*) on
Q, 1 =1,...,n and corresponding adapted coordinates on TQ, (¢*,v"), then, consequently
70(q",v") = (¢'). In this context, T'Q is commonly called velocity phase space.

Next, we need a function that encodes the information of the system. This will be a
C? function L : TQ — R. We call such a function the Lagrangian of the system. The
pair (@, L) constitutes a Lagrangian system |[AMT§].

In principle the Lagrangian could also depend on a parameter t € R called time,
rendering it a function L : R x T'Q) — R. These Lagrangians are called time-dependent,
for obvious reasons, but will not be considered here.

For simple mechanical systems the Lagrangian can be decomposed into two main
terms, L =T — V where

T(qv) = %Q(Q)ijv’vj7
ij=1

with g € T(Q), a positive-definite symmetric (i.e. g(q);; = g(¢);;) tensor field, which in
Riemannian geometry is called a metric tensor. This term receives the name of kinetic
energy of the system. The term V' is called a potential and it frequently depends only on
q. If in a chart T only depends on v, that is, T'(v',...,v™) — V(q¢', ..., ¢"), the system is
called separable. This will not play an important role for the development of this work,
but it is included here for the sake of completeness.

Let us now consider curves c : [t,,t,] € R — @ of class C? connecting two fixed points

Ga, @ € Q. Let us denote the collection of all these curves as

CQ(qub) [taatb]) = {C : [taatb] - Q | ce CQ([taatb])aC(ta) = qthc(tb) = Qb} .
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3.1. Lagrangian and Hamiltonian mechanics

and its tangent space as

TCO2<Qaaqb7 [twtb]) =
{X i [tats] > TQ| X € C([ta,ty)), 7@ 0 X = c and X (t,) = X(t;) =0} .

Given a Lagrangian L we define its action functional as

j: C2(qa7q1)7 [t(mtb]) - R
c = [ L(et)dt
where ¢(t) = (c(t), ¢(t)) is the tangent lift of the curve c.
The main principle that relates the Lagrangian and its action to the motion of the
mechanical system can be summarized as follows.

Definition 3.1.1. (Hamilton’s principle). A curve ¢ € C?(q,, @y, [ta, t)) is the physical
trajectory of the Lagrangian system defined by L : T'Q) — R if and only if ¢ is a critical
point of the functional 7, i.e. dJ[c](dc) = 0, for all dc € T.C?(qu, @y, [ta, ts))-

In these terms, physical trajectory means that the physical system after which our La-
grangian system is modeled will describe the same motion as predicted from said solution.
This principle is also called the principle of stationary action.

Using the standard techniques from variational calculus (see theorem [2.2.4]), we can
show that the curves c(t) = (¢'(t)), solutions of the Lagrangian system defined by L, are
the solutions of the following system of second order implicit differential equations:

. d (0L oL ;
D L(¢?) = (a (8q’i) - qu) dg' =0

which are the well-known Euler-Lagrange equations describing the motion of the system.
Note that Dgp,L can be regarded as a map Dg L : T®Q — T*Q over @, where T®Q C
TTQ is the second order tangent bundle of @) (see section .

Let us denote by Xy : TQ — TTQ the SODE vector field implicitly defined by the
Euler-Lagrange equations, and abusing the notation, let us also use this to refer to its
restriction to 7?Q, then we can write

DELLOXL:O
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Chapter 3. Geometric description of mechanical systems

Poincaré-Cartan forms and energy

As we are working on a tangent bundle T'(), we have at our disposal all the tools we
have seen in section , such as the canonical endomorphism S = d¢* ® 81}' and the
Liouville vector field A =t aaz. Using these tools we can generate important objects in
the geometric description of Lagrangian mechanics.

The Poincaré-Cartan 1 and 2-forms are defined by 0, = S*(dL) and w;, = —d6y,
where S* denotes the adjoint operator of S [see |LR89; |[Fec06]. In local coordinates these

read as

oL
HL 8UZ an
oL
wr =d¢' Ad (81} )

Interestingly, if we remove the constraint dc(t,) = dc(t,) = 0 in Hamilton’s principle,
then what we obtain after variation is:

A760) = [ (Dru L0, et e+ S (0.5 0 b

ta

where dc(t) = (d¢'(t)). As we see, the boundary terms can be rewritten as

(B (e(t)), de(t))];

This gives us a purely variational way to obtain the Poincaré-Cartan 1-form, and it also
has an important consequence. If we denote by Ff' 1 TQ — TQ the flow generated
by the Euler-Lagrange vector field X, with At = ¢, — t,, then, if ¢ is a solution of the
Euler-Lagrange equations defined in [t,, t,], we can write

dT (el = ((FR) 0, — 01) (¢(ta))
Furthermore, as we know that d? = 0, then
d*Jlc =0 < (FLAt)*wL = wy,

which means that the flow preserves the Poincaré-Cartan 2-form.
We can also generate an important function called the energy of the system as Ej =
A(L) — L, with coordinate expression

Bu(a,v) = v' 9% — L{qv).

This quantity is preserved for time-independent Lagrangian systems. To see this, one
can multiply the Euler-Lagrange equations by ¢* and then manipulate the expression

d oL\ , oL, OL .\ 0L OL
dt \ 94t 4 8qiq 8q ~ dq &fq

oL
— - I
(3q )
d

- —F
pn (¢, 9)

=0
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3.1. Lagrangian and Hamiltonian mechanics

If we compute a total variation of the action functional as in section [2.2.4] and evaluate
along a solution of the Euler-Lagrange equation ¢, we can identify the extra term that
appears beside the Poincaré-Cartan 1-form as —FEy:

dTle] = 00(é(ty)) — OL(é(ta)) — (EL(é(ts))dty — Er(é(ta))dta) (3.1)
= ((F£) 01 — 01) (é(ta)) — ((F2Y)" Erdt — Erdt) (é(ta))

so now we can interpret this as a form on the extended space R x T'Q).

Fibre derivative and symplecticity
We may construct the transformation FL : TQ — T*Q, called fibre derivative (or
Legendre transform), defined by

(FL(vq), wg) = L(v, + twy),

t=0

dt

where v,,w, € T'Q). In coordinates, this takes the form

FL(q,v) = <qi, %(q, v))

We say that the Lagrangian is regular if FL is a local diffeomorphism, which in local
coordinates is equivalent to the regularity of the Hessian matrix whose entries are
(g1, = 0*L
IL)ii = Gigei

(3.2)

Note that if the Lagrangian is of the simple mechanical form shown above, then g;,
coincides with the metric tensor g, and thus it is always regular.

If L is regular, then wy, is a non-degenerate exact form and so it is a symplectic form
on 7Q. As the flow of the Euler-Lagrange equations is a (local) diffeomorphism and
preserves wr, it is said to be a (local) symplectomorphism.

Observe that in this case, the Euler-Lagrange equations can be written as a system of
explicit second order differential equations, that is, of the form

q'=F(q,q).

The Euler-Lagrange equations can also be geometrically encoded as the equations for
the flow of the Hamiltonian vector field Xz, = X :

Ix, WL = dFE L
which allows us to prove energy conservation in another way:

£XLEL == ZXLdEL =X, lx, WL = 0,

where [Cartan’s magic formula) has been used in the first step and the antisymmetry of wy,
has been used in the last step.

Given any pair of vector fields, VW € X(T'Q), it can be shown after some tedious
computations involving [Cartan’s magic formulal eq. and that

Wis(V)WL = —USW)WWL -
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Chapter 3. Geometric description of mechanical systems

If we consider the relation [see LR89, proposition 7.13, pg. 303]
(N —S*(dEL) s
this implies that, for any Y € X(7T'Q),

lyiaWy = —ZyS* (dEL)

== —Zs(y)dEL

= —ls()Ix WL

= lyls(X )WL

and therefore if wy, is symplectic, the Euler-Lagrange vector field must indeed be a SODE
(see section [2.1.2)) as stated above, that is,

S(X1) = A.

Interestingly, the Euler-Lagrange equations can be equivalently encoded as [see |JS98,
chapter 3.4.2]
Lx, 0, =dL, (3.3)

which can be easily shown by either carrying out coordinate computations or using
ftan’s magic formulal again and the definitions of £, and 6.

One final way to express the Euler-Lagrange equations is in conjunction with a vector
field on Q. Let V € X(Q), then the Euler-Lagrange vector field satisfies [see [Fec06,
chapter 18]

X (VYL) = VL =0. (3.4)

which can be easily checked using coordinate computations.

Noether’s theorem

Let G be a Lie group with Lie algebra g and let it act on @ with the action ¢ : GXQ — @,
(9,q) — ¢(g,q). Consider the tangent lift of this action, ¢ : G x T'Q — TQ, (g,v,) —

~

®(g,v,) = (T¢p4)vy, where in local coordinates we have
. Z, By A
0(9,vq) = (cb (9:9), a—qj(g,q)v") -

Consider now the integral curve g : R — G, with g(0) = e, generated by the Lie
algebra element £ € g, that is, §(0) = £. We say that {g € X(Q), defined by

$olq) = %¢(g(t)> q)

)
t=0

is the infinitesimal generator of the action ¢4, and similarly {rq = &5 € X(T'Q),

~

§rqlvg) = d—¢(g(t)a Vy)

t

)

t=0

is the infinitesimal generator of ggg(t). In local coordinates these take the form

Ot
(ql, a—jk(e, q)f'“)
82¢z‘

0 .
Ero(vg) = (q’,vz, a—jk(e,Q)fk, 09707 (e,Q)Skqﬂ)

3100
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3.1. Lagrangian and Hamiltonian mechanics

Theorem 3.1.1 (Noether’s theorem). [e.q. MWO0I] Let (Q, L) be a Lagrangian me-
chanical system and assume that L is invariant under the lifted action gg for a curve g(t)
generated by € € g, that is,

Lo ggg(t) = L, vt .

Then

oL
01, = —¢
(01, &rq) aqng
18 a conserved quantity.
Proof. One way to see this is as follows: Assume c is a physical solution, i.e.

dJc](X) =0,

for all X € T.C*(qa, @, [0, T]). In particular, we can choose X such that X (t) = &qo(c(t)),
so the varied paths can be interpreted as generated by c.(t) = ¢ (exp(€€), c(t)), where
exp(e€) = g(e). This in turn means that for this particular choice

But this then implies that
. . T
(O (c(t), Erq(et))y =0
which is precisely what we set to prove.
A different way to prove this is by taking eq.(3.4), and taking V' = &g. Then, as
§6(L) = &rq(L) = 0, the equation reduces to
X1(§(L)) = 0.
Noting that
(0r,&rq) = (S*(dL), &rq)
= (dL, 5(érq))
= (dL,&)
= &o(L)
where we have used eq.(2.1.2)), then

Xr((0r,érq)) =0.

If we define the Lagrangian momentum map, J; : T'Q) — g* by the relation

(JL(vg), &)y = (O1,&1Q) = 161001,

then we say that under the conditions of Noether’s theorem the momentum map is con-
served along the flow.

If a momentum map is such that the following diagram commutes, then it is said to
be equivariant
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TQ I g

(Z)gl lAd;_ 1

TQ I g

Every Lagrangian momentum map for a G-invariant Lagrangian L is equivariant, as can
be shown from the fact that then ¢.0; = 6;.

3.1.2 Hamiltonian description

The Hamiltonian description of mechanics takes place in the cotangent bundle of the
configuration manifold Q. As we have seen in section 2.1.2] T7*Q is equipped with a
canonical and exact symplectic structure wg = —dfg, where 8¢ is the canonical 1-form
on T%@). In canonical (adapted) coordinates these become

wg = dq' A dp; .
Given a Hamiltonian function H : 7*Q — R in C! we can define its Hamiltonian

vector field by
IxXyWQ = dH

which can be written locally as

_OH O 0H 0
B Op; ¢t aqi 3]%.

X

Its integral curves are determined by Hamilton’s equations,

i OH
q _apZ Q7p7

'A__a_H( )
b= =5 4P)

Clearly, these equations induce a symplectic flow F4! : T*Q — T*Q, the Hamil-
tonian flow, as they derive from a Hamiltonian vector field, which is automatically a
symplectic vector field. In the language of classical mechanics we say that any diffeo-
morphism on 7@ that respects the symplectic form (i.e. a symplectomorphism) is a
canonical transformation. This means that Hamiltonian flow can be regarded itself as
a canonical transformation.

We know that wg induces a Poisson bracket on 7(), which allows us to write these
equations locally as

i ={q H},
pi:{piaH}-

It is easy to see using the antisymmetry of the Poisson bracket that H is a conserved
quantity of the flow, ‘
H={H,H}=0.
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3.1. Lagrangian and Hamiltonian mechanics

Given a Hamiltonian function, H, we may construct a Hamiltonian analogue of the
fibre derivative in Lagrangian mechanics, that is, the transformation FH : T*Q — TQ
defined by

(By, FH () = H(ay +t8,y),

d
dt|,_,
where oy, 8, € T*(Q). In adapted local coordinates, this takes the form

FH(q,p) = <qi, Z—Z(q,p)) :

We say that a Hamiltonian is regular if its fibre derivative F H is a local diffeomorphism,
which in local coordinates is equivalent to the regularity of the Hessian matrix whose
entries are: P2

(gH)ij = :
IpiOp;

If we have a regular Lagrangian mechanical system (Q, L), we can define an associated
Hamiltonian function as H = Ej o (IE‘L)fl. Additionally, one gets that 6, = (FL)" 0
and wy, = (FL)" wg, which proves once again if L is regular, then wy, provides T'Q with a
symplectic structure. In this particular case, FH = FL™! and we also get that FL, Xp, =
Xy.

(3.5)

Momentum map

As in the Lagrangian setting, let G be a Lie group with Lie algebra g and let it act on @
with the action ¢ : G X Q — @, (g,q) = ¢(g,q). Consider now the cotangent lift of this
action, ¢ : G x T*Q — T*Q, (9,p,) — ¢(9,p,) = ¢;-1Dq, where in local coordinates we
have

&g, pg) = <¢i(91,Q), g%j(g,q}pj) .

We can define the infinitesimal generators in an analogous manner, by using a curve
in G generated by an element £ € g, so that

4 59t). py)

§T*Q(pq) = dt

t=0

With this we can define the (Hamiltonian) momentum map J : 7*Q) — g* by

<‘](pQ)7 £>g = <9Q7 éT*Q> = ZfT*QQQ

where 0 is the tautological 1-form. Note that, contrary to the Lagrangian side, this is
defined independently of a Hamiltonian. Even better, the cotangent lifted action always
satisfies that

dy0q = tg,
which means that the momentum map is always equivariant, that is
Jody=Ad 10
Clearly, it also means that

‘CfT*QeQ =0, (36)
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Chapter 3. Geometric description of mechanical systems

which is its infinitesimal version.

The Hamiltonian version of Noether’s theorem states that if H is G-invariant, i.e.
Ho qgg = H, Vg € G, then the corresponding momentum map .J is conserved, that is,
J o F}; = J for all t. This is easy to see: Let us fix a £ € g,

Xy (J%) =1x,dJ¢
= ZXHd (ZiT*QHQ)
=Xy (£§T*Q9Q + ZfT*QWQ)

TUr X g WQ
= —ZgT*QdH

where we have made use of |Cartan’s magic formulal and eq.(3.6). Now, one only ought to
realize that o, ,dH = L¢,,, H is precisely the infinitesimal version of H being G-invariant
and so it must vanish.

Remark. Note that if we also apply [Cartan’s magic formulalto eq.(3.6)), we get

W@ = d (ZfT*QeQ) )
which means that {7+¢ is always a Hamiltonian vector field (qg is then said to be a Hamilto-
nian action), and in particular, in the conditions of Noether’s theorem it is the Hamiltonian
vector field for the corresponding conserved quantity. A

Symplectic reduction

A very interesting and powerful result by Marsden and Weinstein [MW74; AM7§]| tells us
that under certain conditions, if we have a group G acting on a symplectic manifold 5,
then it may be possible to move to a lower dimensional space formed by the orbits of the
group and have that space be a manifold.

Let G act on (S,w) with a Hamiltonian action, and assume we have an equivariant
momentum map J : S — g*. Let u € g* be a regular value of J and denote by G, the
isotropy group of this value. The theorem states that if G, under the Ad*-action on
g*, acts freely and properly on J~'(u), then J~!(u) is a manifold and there is a unique
symplectic form w,, 7w, = ifw, with i, : J~'(u) — 5. That is, (J~'(u)/Gy, wy) is a
symplectic manifold [Hos|.

In general, if the quotient S/G is a manifold, it may not have the right dimensions to
be a symplectic manifold but it will inherit an associated Poisson structure.

If we have a Hamiltonian problem with symmetries in the higher-dimensional manifold,
we can then solve it in the quotient and reconstruct the solution in the original space.
We will not delve any deeper into the theory, but this is the process which we will apply
to many problems in the Lie group setting. There our symplectic manifold will be the
cotangent bundle of a group or its tangent bundle equipped with a suitable Poincaré-
Cartan symplectic 2-form, and the group will act on itself.

3.1.3 Hamilton-Pontryagin action

In this section we will present the Hamilton-Pontryagin action and its corresponding
variational principle. The name was first used in [YMOG|, but the idea had already been
around long before that [see Haa61; (Wha90|. At its core, it is a Lagrangian method to
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3.1. Lagrangian and Hamiltonian mechanics

obtain the dynamics of a mechanical system, but it provides an interesting point of view
on the relation between the Hamiltonian and the Lagrangian formalism. Moreover, it will
play an important role in the construction of numerical methods [e.g., see BM09; KMS10,
for some uses].

First, consider the space of curves

((CZaaUaapa) (Qbavbvpb> [taatb])
= {(q,v,p) : [ta; ts] = TQ | q € C*([ta, ), v,p € C'([a, 1)),
( )( ) (qav Uavpa>7 (Q7 U7p)(tb) = (Qba Ubypb>}

where TQ = TQ & T*Q = {(vq,aq),vq €T,Q,aq €T;Q,Vq € Q} denotes the Whitney
sum of the tangent and cotangent bundles of Q).

Let us denote by mg : TQ — @ the corresponding bundle projection, 7 (vy, ) = ¢.
Then if ¢ € CY((qa, Va, Pa); (Gb, Vb, Pb); [ta, 1)) and mac € C?(qa, @b, [ta, 1)), We say that c is
over the curve g¢.

Let Jup : C((qay Vas Pa)s (qvs Vb, Do), [ta, ts]) — R denote the functional defined by:

h
Inrl(¢, v, p)] :/0 [Lq(t), v(t)) + (p(t), 4(t) — v(2))] dt . (3.7)

This is the so-called Hamilton-Pontryagin action functional and it can be interpreted
as a constrained functional with p as Lagrange multipliers allowing us to impose the
kinematic constraint ¢(t) = v(t). It can be checked that the necessary conditions for the
extended curve ¢ = (q,v,p) € C*((¢a;Va, Pa); (qbs Vb, Db), [ta; tp]) to be an admissible critical
point of the action, dJyp[c] = 0, reduce to the set of equations

df;_@ = D L(q(t), o(t)),

p(t) = D2 L(q(t), v(t)),

dg(t) _
T = U(t), vVt € [O,h]

These imply that mgc must be a critical point of J[g], which is not surprising, but they also
tell us that the Lagrange multipliers enforcing the constraint are precisely the canonical
momenta, hence the notation.

Incidentally, if variations are taken without imposing fixed end-point conditions, we
obtain the expected boundary terms

(p(t),3q(t)]5 = (p(h),dq(R)) — (p(0),8¢(0)) = 01,(3q)(h) — O1(3¢)(0).

3.1.4 Hamilton-Jacobi theory

The Hamilton-Jacobi equation is a first-order partial differential equation for some func-

tion S of the general form -
12 ag )~ ot

where H : R x T*Q) — R is a time-dependent Hamiltonian function. A complete
solution S is a function dependent on (¢, q’) and n + 1 arbitrary constants [see Fer+17;
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Chapter 3. Geometric description of mechanical systems

MMM16, and refs. therein]. As it turns out, it is possible to fix the n + 1 remaining
constants so that they also lie in R x T#(@). In this sense, the equation can be rewritten as

. 0S8 B S
H <t1’q1’3_q§) =~ o

with g(to,(](]?tl,ql), ie. S: (R X T*Q) X (R X T*Q> — R.

In the time-independent case the equation simplifies to

H (qj, 8—S> =F,
94,
where F is a constant and now S : T*Q x T*Q) — R.
Jacobi found that if H is the Hamiltonian correspondent to a regular Lagrangian L,
then the action functional evaluated on solutions of the Euler-Lagrange equations, when
interpreted as a function of the boundary values,

71 = S(go, g1, T) = /O L(e(t), et))dt, (3.8)

with ¢ € C?%(qo, q1, [0, T]), is a complete solution of the time-independent Hamilton-Jacobi
equation. In fact, this result extends nicely to the time-dependent case, where now

Tlel = S(tordost1, 1) = / Lt elt), é(t))dt, (3.9)

and ¢ € C*(qo, q1, [to, t1]) It is easy to see that this is a solution if we consider the result
of eq.(3.1), where we read:

a_S(t qo,t Q)——a—L(t G, v0) = —po(to, qo, vo)
3(]9 0,40, 1,41 aqo 0, 40, Y0 0\t0, 40, YO
0S
g(toﬂlo,tl,éh) = Er(to, q0,v0) = H (o, qo, o)
0
S oL
8—61_1(7507%7?517(]1) = a_ql(thQIavl) = p1(t1, q1,v1)
oS
a—t(to,thh%) = —Er(ti,q,v1) = —H(t1,q1, 1)
1

where ¢(ty) = vo and ¢é(t) = vy.

The geometry behind this is very interesting. The following is taken from |[MWO01]
section 1.4.4] and we will only discuss the time-independent case, although the inter-
pretation is the same in the time-dependent case. Consider F4! : T*Q — T*Q, the
Hamiltonian flow associated with our Hamiltonian H, and consider the graph of this flow,
graph(F5') € T*Q x T*(Q, with canonical inclusion ipat: graph(F5!) — T*Q x T*Q.

T*Q x T*(Q) can be equipped with a symplectic structure inherited from T*@Q. If we
denote the projections onto the first and second components by pry, pry : 7%Q x T*Q —
T*@), then we can introduce the 1-form

© = pryfg — prifo,
and the symplectic two-form

1 = —dO = priwg — priwg.
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3.1. Lagrangian and Hamiltonian mechanics

Then it is not difficult to show that
Z*FétQ = (Fﬁt> (pI;CUQ - pI‘TWQ) = (prl|graph(F§t)) ((Fﬁt) wQ — WQ)

Note that as F74 is symplectic, graph(F4!) is a Lagrangian submanifold of (T*Q x
7@, <) and so ZFMQ 0. This means that d (ZFAt
locally there exists a function S : graph(F4?) — R such that i

Q) = 0 and by the Poincaré lemma,

ANCERES

This result is not only restricted to Hamiltonian flows and can be extended to any
symplectic flow. In that context S is said to be a generating function of the canonical
transformation. Here we have only considered generating functions in @) x ) but there
are other generating functions defined on T7*Q) x T*() whose geometric interpretation is
more involved.

3.1.5 The Tulczyjew’s triple in mechanics

In section we briefly studied the construction by Tulczyjew that relates different
double bundles which are at the same time symplectic manifolds [see Tul76a; |[Tul76b|
[see, e.g., GG13} |GZ16|, for further developments|. This construction provides an intrinsic
description of both Lagrangian and Hamiltonian mechanics as Lagrangian submanifolds
of these bundles.

Indeed, assume L : TQ) — R and H : T*() — R are regular and are related as
HoFL = E}. Both functions define sections of their respective double bundles by exterior
differentiation, namely dL : TQ — T*TQ and dH : T*Q — T*T*(Q. Let us denote
the image of these by ¥, C T*T(Q) and Xy C T*T*() respectively. The Hamiltonian
vector field Xy is also a section Xy : T*Q) — TT*(@Q and we can denote its image by
Yx, CTT*Q. Then it can be proved that:

1. ¥y is a Lagrangian submanifold of (T*17Q, wr+q),
2. Yx,, is a Lagrangian submanifold of (T7T*Q, w,),
3. Xy, is a Lagrangian submanifold of (1T*7'Q, wrg)
4. Bo(Ex,) =Zu.
5. ag(Xx,) =21

so we have

aQlzy,, Aolex,,

TWQ'EX TT*Q‘EXH
TrQls, TrxQley
\ /
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3.2 Discrete mechanics and variational integrators

Similar to the continuous case, the discrete Lagrangian description of a mechanical system
starts with a choice of the space where the system is going to evolve. Again, this is going
to be an n-dimensional configuration manifold ). The departure from the continuous
case comes with the choice of our state space, which instead of T'Q), will be @) x Q). The
interpretation of this is that now each of the copies of () correspond to different times in
the evolution of the system.

The second element necessary to define a discrete Lagrangian system is precisely a
discrete Lagrangian function. A (time-independent) discrete Lagrangian is a function
Lg : @ x Q@ — R, although in order to relate this with the continuous Lagrangian we
should probably define it as map @ x Q x R — R, where the extra argument keeps track
of the time scale of the evolution. We will call this the time-step, which measures the
time elapsed between the first () component and the second. As we will always work with
a fixed time-step, say, h € R we will just stick with Ly or use L” if we want to emphasize
the step.

A discrete curve on () can be defined simply as a map ¢4 : I; C N — @, although we
will prefer to work with time labels T; = {ti}ﬁio € R, with N € N, so that ¢4 : Tj — Q.
A constant step curve is then one where t;,1 —t; = h,Vi =0, ..., N — 1, with time-step h.
Consider now the space of discrete curves connecting q,, ¢, € Q.

Ca (qas @, Ta) = {ca: Ta = Q| calta = to) = qu, calts = tn) = a} -
Its tangent space is then:
Te,Ca(qa, @p, Ta) = {Xq : Ty = TQ | 1 Xa = ca, Xa(ty = to) = Xa(ty = tn) =0}.

With this we can define a discrete action functional

jd: Cd(Qme) — RN
ca > Sonco Lalar qr1)s

as the discrete counterpart of 7.

Definition 3.2.1. (Discrete Hamilton’s principle). ¢; € Cy(qa, g, Ty) is a (discrete)
physical trajectory of the discrete Lagrangian system defined by a discrete Lagrangian
Ly : QxQ — Rif and only if ¢4 is a critical point of the functional Jy, i.e. dJy[cq|(Xq) =0,
for all X, € T.,Ca(qa, qv, Ta)-

It is easy to show that discrete curves c, satisfying the discrete Hamilton’s principle
are the solutions of the following system of implicit difference equations

DyLg(qi—1,4) + D1La(qis ¢i+1) =0, i=1,...,N —1; (3.10)

These are the discrete Fuler-Lagrange equations. Each of these equations gives us a map,
called a discrete Lagrangian map

Fr,: QxQ — QxQ
(gi-1,%) = (@i Giy1)

which makes our discrete system evolve, serving as a discrete flow.
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3.2. Discrete mechanics and variational integrators

Following [MWO01], we have that if ¢4 is a critical point of 75, then dJylcq] = ©7 (qn-1,qn)—

sz(Qanl) = [(F[]/\;_l)* @Jer - @Zd:| (q07q1)a where

©1,(q0,01) = —DiLa(qo, q1)dqo
07 (90, ¢1) = Da2La(qo, q1)dg
are called the discrete Poincaré-Cartan 1-forms. As in the continuous case we can define
discrete Poincaré-Cartan 2-forms as Qfd = —d@j-fd, and as it turns out they coincide, that
PLy . . ;
d d aq%aqi

From d?J;(cq) = 0 we get that

(Fg;l)* QLd = QLd>

which is true for any number of steps. This means that the discrete Lagrangian flow
preserves this form.

3.2.1 Discrete fibre derivative

Consider the maps F*Ly : Q x Q — T*Q defined by

F~La(q0,¢1) = (g0, po = —D1La(q0, q1)),
IE‘JrLd(Cloafh) = (Q1,p1 = DzLd(QOy%))-

These are called discrete fibre derivatives (or discrete Legendre transforms). As in
the continuous case we say that the discrete Lagrangian is regular if both discrete fibre
derivatives are local diffeomorphisms, which is equivalent to the regularity of the Hessian
matrix whose coefficients are

2Ly
9qi0q]

(9L4)is (3.11)

This is equivalent to the non-degeneracy of the discrete Poincaré-Cartan 2-form, g,
ensuring it is a symplectic form. We will commonly assume that our discrete Lagrangian
is regular.
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Chapter 3. Geometric description of mechanical systems

Note that with these discrete fibre derivatives, egs.(3.10) can be reinterpreted as a
matching condition for the momenta

F*La(qe-1, 1) = F~La(qx, qr41)

)

DyLa(qre—1,qx) = pr' " =pp = —D1La(qk, qr11)
with £ =1,..., N — 1. This can be alternatively written as
F+Ld == F_Ld O FLd‘

If the Lagrangian is regular, then by the inverse function theorem there exists a unique lo-
cal function gxy1(qr_1, qr) satisfying the discrete Euler-Lagrange equations. Furthermore,
in this case we get that

(F"La) wo = (Fr,)" (FLa) wg = Qu,.

We can define a flow FJ, . T"Q — T*@) such that the following diagram commutes,

Fr,
QxQ: (g0, 1) ————— (q1,¢2)
F~ Ly F+Ld F~Ly F+Ld
* ﬁLd ﬁLd
TQ : <QO7p0) — (Q1ap1) _ (Q2,p2)

This map receives the name of discrete Hamiltonian map and is also discretely symplectic,
that is

deOJQ = CUQ.

3.2.2 Discrete Noether’s theorem

Let G be a Lie group with Lie algebra g and let it act on () with the action ¢ : G X Q) —
Q, (9,q9) — ¢(g,q). Consider the diagonal action, ¢* : G x Q — Q, (9,90, q1) —

¢X (gv qo, ql) = (¢(ga QO)a ¢(ga Ch))

If &g is the infinitesimal generator as defined in section then we say that {oxq :
Q xQ — T(Q x Q) is the discrete infinitesimal generator of the diagonal action gng(t)
defined by

§QxQ(QO,Q1) = (5@(‘]0)75@(%))

Theorem 3.2.1 (Discrete Noether’s theorem). [MW01, theorem 1.3.2] Let (Q, Lq)
define a discrete Lagrangian mechanical system and assume that Ly is invariant under
the diagonal action ¢* for a curve g(€) generated by & € g, that is,

Ld o ¢;<(e) = Ld, Ve.

Then
<®zd7€QXQ> © FLkd = <@Zd7£QXQ> :
forallk=1,...N —1.
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3.2. Discrete mechanics and variational integrators

Proof. Assume ¢, is a discrete physical trajectory, i.e.
dJalcq)(Xq) = 0,

for all X4 € T,,C4(qa, @, Tu). Choose X, such that Xy(t) = {o(ca(ty)), forallk =0,..., N,
so the varied paths can be interpreted as generated by cq((tx) = ¢ (exp(€€), ca(tx)), where
exp(e€) = g(e). Note that such a choice of X, induces a discrete infinitesimal generator
under the identification

£Q><Q<q’€7q’€+1> = (Xd(tk)vxd(thrl)) = (éQ(q’f)va<Qk+l))7 Vk = 07 "'7N -1

This choice means that

P

dJalcq](Xa) = dLa(qr, qe+1)(§oxq) = 0,
0

e
Il

and as ¢4 is a discrete physical trajectory, then this is true for each interval, which implies
that

(07, €axq) © Fr, = (O, Soxa) -
for every pair (qg, gxt+1) for £ =0, ..., N — 1, which implies the result of the theorem. [

If we define the discrete Lagrangian momentum maps, JLid 1 Q X QQ — g* by the
relation

<JZ’_d(QO7 QI)v
<J£d(QO7 QI)a

= <@2—d7§QXQ>7
= <@Zd7€Q><Q>’

then if L, is invariant under the diagonal action ¢;, we say that under the conditions of
the discrete Noether’s theorem the discrete momentum map is conserved along the flow.

6.
6),

3.2.3 Correspondence with continuous mechanics and variational
integrators

The question now is, given a regular (time-independent) Lagrangian mechanical system
(Q, L), can we find a discrete Ly : Q X @@ — R whose discrete dynamics correspond to
that of the continuous system?

The answer lies in Jacobi’s solution to the Hamilton-Jacobi equation, eq.. Let
¢ € C*(qa, @b, [ta, ty)), with k > 2, be a critical point of the functional 7. Then S(qq, gb, ty—
te) = Jlc| is a complete solution of the Hamilton-Jacobi equation.

Let us take the interval I = [t,,ty] and divide it into N equal length subintervals
{Tipir = [th, te]}oy , With t, = to and t, = ty and h = t4y; —t;. This splits the curve ¢
into the curves {cg 11 = C(Ik,kﬂ)}i]\;l with ¢t pr1 € C*(qr, Ghrrs Inpr1) and gy = Ga, gy =
¢. It is not difficult to see that S(qk,qr+1) = S(qk, Grs1, ) = T[ckp+1], With ¢ i1 a
critical point.

Now, clearly, ¢ = ¢(Ty), with Ty = {tk}ivzo must be a discrete curve belonging to
Ca(4a, qv, Tq). Furthermore, it can immediately be seen that ¢y is a critical point of the
discrete action J; defined by the discrete Lagrangian

tet1
LZ(Qk7 Qk:—i-l) - / L(ék,k+1(t))dt - S(Qka Qk—l-l); Vk - ]-7 ceey N — ]-)

173
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where ¢ 41 is the tangent lift of the curve ¢ 1.
As we are working in the time-independent case, it is possible to reparametrize the

curves so that we can write

h
Lfl(qk,qkﬂ) = / L(ék7k+1(t(7‘)))d7', Vk = 1, ...,N — 1.
0

We say that this discrete Lagrangian is exact in the sense that it reproduces the dynamics
of L in a discrete sense exactly. Results from the theory of calculus of variations [see Ber12]
and from the theory of ODEs [see |[Har02, chapter 4.4] guarantee that if the step h is small
enough and L regular, then LS exists and is unique [see MMM]16].

Proposition 3.2.1. Let L : TQ) — R be a reqular Lagrangian. Then there exists a deleted
neighborhood of 0, Uy = Uy \ {0}, with Uy C R, for which the exact discrete Lagrangian,
L' = L5, with h € Uy, is regular.

Proof. If Lg is regular, then the Hessian matrix gre defined in eq.(3.11]) must be regular.
We know that

ot = 2= a0 i) 3 0] =40

where we have used that ¢*(0) = gj.

h
%L 0 (~= 0L dq*
—4 = — 27 (a(t),4(t)) == (1)
0q50qi  Odqi (; 9¢* RN
h
—E 04", ¢
(Z g 40 40 5 (05 >> 0
L o . 0¢ |
I;laqkaql( (t) <>)8q0()aq{() 0
32 k h
(
Z aqu% 0

= Z 3 aq ,4(0))— o0 <0)

where the first and the third term vanish because

dq dq
—(0)=1,, =—(0)=0,
8q0() aql()

dq dq

— —=(h) =1,
890( aQ1( )

What remains is to analyze aq L(0), but a simple estimate ¢; = ¢j + hq' + O(h?) tells
us that the lowest order term must be %In, SO
PLy 1 0L
0g50q]  hOGOG

which in turn implies the result of the proposition. O

(¢(0),4(0)) + O(1),
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3.2. Discrete mechanics and variational integrators

Although warranted to exist, it is generally not possible to obtain an analytic closed-
form expression for the exact discrete Lagrangian. Instead, what we can do is try to
approximate the action integral by some quadrature rule in hopes that the extremum of
this approximation converges to the extremum of the continuous problem as the quality
of our quadrature augments and as the length of our intervals, h, diminishes. This leads
to the following definition:

Definition 3.2.2. Let Ly : ) x Q — R be a discrete Lagrangian. We say that L; is a
discretization of order r if there exist an open subset U; C T'Q) with compact closure
and constants C > 0, hy > 0 so that:

1Za(g(0), q(R)) — Lg(q(0), a(h))|| < C1h™

for all solutions ¢(t) of the second-order Euler-Lagrange equations with initial conditions
(40, 4o) € Uy and for all h < hy.

This means that, given a discrete Lagrangian L4, its order can be calculated by ex-
panding the expressions for Ly(g(0),¢(h)) in a Taylor series in h and comparing this to
the same expansions for the exact Lagrangian. If the series agree up to r terms, then the
discrete Lagrangian is of order 7.

Using our approximations Ly ~ L§ we can apply the discrete Hamilton’s principle,
which leads us again to eq.(3.10). The resulting discrete flows, be it the discrete La-
grangian map F7, or the discrete Hamiltonian map F L4, become our variational inte-
grator. By construction, variational integrators automatically preserve symplecticity, as
we have seen, and thus they are symplectic integrators. They also preserve momentum
and exhibit quasi-energy conservation for exponentially long times [cf. MWO01; HLW10,
and refs. therein].

Following [MWO01; PC09|, we have the next result about the order of a variational
integrator, which confirms our crude supposition about convergence.

Theorem 3.2.2 (Variational error). Let de :T*Q — T*Q be the Hamiltonian map
of the regqular discrete Lagrangian Ly : QQ X Q — R. Then, if Ly is of order r, this implies
that B B

Fr, = Fre+O(h™).

This result is key as it essentially tells us that the order of the quadrature rule we
use to approximate our discrete Lagrangian will be the order of the resulting variational
integrator.

Remark (1). The original result by J. Marsden and M. West in [MWO1] stated a triple
equivalence between the order of L, and the order of the flow, F 1., together with the order
of the fibre derivative, F¥L,. Later G. Patrick and C. Cuell in [PC09] showed that this
triple equivalence was not true, the culprit being in part the singularity of the discrete
Lagrangian at h = 0. They found that the order of the discrete fibre derivative could
indeed be lower than r, yet it could lead to flows of order r. Interestingly this result does

not invalidate the result that
]F+Ld = ]F_Ld o) FLd’

so the discrete Euler-Lagrange equations are still a matching of momenta, but both may
contain symmetric spurious terms that do not affect the end result. A
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Chapter 3. Geometric description of mechanical systems

Remark (2). An important point to make here is that we are considering the Hamiltonian
flow. If we want to use a variational integrator to obtain an approximate solution to an
IVP for some Lagrangian L with initial value (go,v9) € T'Q), we need to choose appropriate
initial conditions for our method. B

Note that F7,, needs initial values (qo, ¢1) € @ xQ and Fp,, needs initial values (qo, po) €
T*@). Starting directly with values in () X () by providing an external estimate of ¢; is never
a good idea, but it is unfortunately a prevalent one. Even worse, the same mistake can
and is repeated when retrieving the numerical solution given by the variational integrator,
leading to even more problems that hurt the convergence.

The canonical way to deal with this problem is to use the continuous fibre derivative
to sidestep the issue. In fact, if we denote as Fr, : TQ) — T'Q the map defined by
ﬁLd = (IFL)*1 o ﬁLd o FL, we see that the result of the theorem must be true for it too,
that is R

Fr,=F}+O(h™),

where we note that

Fro = FP,
Fr,
QxQ: (90, 1) ——— (@1, ¢2)
F~ Ly F+Ld F~ Ly F+Ld
* ﬁLd ﬁLd

T Q <QO7p0) — (Q1ap1) _ (Q27P2)

FL FL FL
TQ : (qo,v0) ——— (q1,v1) ————— (g2, v2)

This way, in order to start our variational integrators on ) x ) we should always
transform the initial conditions as [(]F*Ld)f1 oFL| (qo,v0) € Q X Q:

QxQ: (90, 1)

(7 ra)”

T*Q:  (qo,po)

FL

TQ : (q07 UO)

3.2.4 Symplectic integrators and energy

As we have seen, variational integrators are automatically symplectic. However, an im-
portant result from Ge and Marsden |Ge91} [ZM88| shows that a fixed-step symplectic
integrator cannot preserve energy unless it is exact (up to a reparametrization of time).
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3.2. Discrete mechanics and variational integrators

So why care about symplecticity instead of energy conservation when the latter is such
a big part of mechanics? The answer lies in the following result proposed by A. Murua
in his thesis [Mur95] and in [BG94]. The version here is a slightly modified version of the
one in [HLW10, theorem IX.3.2, p.345].

Theorem 3.2.3. Assume that the symplectic method with discrete flow @, : T*Q — T*Q
has a generating function

S(p1, 0. h) = So(p1, qo) + hS1(p1. o) + h*Sa(p1. qo) + h*S3(p1, q0) + -
where (qo, po, q1,p1) are local coordinates in T*Q X T*Q, with smooth S;(p1,qo) defined on

an open set U C T*Q x T*Q such that pr,(U) = U, i = 1,2, and where
p1 = D1So(p1, %), g0 = D25o(p1, qo)-

Then, the modified differential equation whose flow coincides with @y, is a Hamiltonian
system with )
H=H+hHy+ h*H; + ...

where the functions H; = H;(q,p) are defined and smooth on the whole U.

Remark. Here the function S is a generating function of the more general form that was
commented in the last part of section [3.1.4] As a generating function it must then satisfy

po = D1S(p1,%0), ¢ = D2S(p1,qo). A

In short, this result proves through backward error analysis that the discrete flow of
a symplectic integrator, ®; (which in the case of our variational integrators we denoted
as Ffd), is globally Hamiltonian. This in turn means that it is the exact flow of a certain

modified Hamiltonian, H, that is close to the original Hamiltonian H [SC94].

In Lagrangian terms this implies that even if we are not exactly preserving the energy
of our system, we are indeed preserving a modified energy exactly, and this modified
energy will be as close to the exact energy as the discrete flow is close to the exact flow.
This result explains one of the main qualitative features of symplectic integrators: good
long-term energy behavior. Whereas general purpose non-symplectic integrators tend to
display some form of energy drift, be it decay (energy dissipation) or growth (energy gain),
symplectic integrators display quasi-conservation, that is, the energy remains bounded and
close to the exact energy.

The bottom line is that when using a symplectic integrator we can have geometric
correctness in the form of symplecticity (which itself leads to good statistical properties),
momentum conservation and quasi-energy conservation.

3.2.5 Generation of high-order variational integrators

In previous sections we have seen that we can construct variational integrators by gen-
erating a discrete Lagrangian that approximates the discrete critical action, that is, the
exact discrete Lagrangian. Assuming () is a vector space, one of the first methods one can
think of is to use a simple numerical integration rule such as the midpoint rule (1-stage
Gauss) or the trapezoidal rule (2-stage Lobatto). These result in

+ —

h — h —
Ld(QOan) = EL (Q(L o h qo) + §L (ql, 4 N q()> ,
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respectively, which are both order 2 methods.

Now, to generate high-order methods, that is, methods of order p > 2, there are
a number of options. One of them is the use of composition [see HLW10; MWO01, for
additional information], which allows us to increase the order by mixing different size
steps of a lower order method to create a higher order step.

Another option is to find an approximation to the solution curve in a space of poly-
nomials of degree  [MWO01}; Leo04; (Obel7|. For each step k we have an approximation
curve g4(d;,q:) : [0,h] — @ parametrized by r 4+ 1 control points. These control points
are defined by their respective temporal and spatial position specified by a set of fixed
values 0 = dy < dy < ... < d, =1 and free {q. € Q}::O respectively, so that we can write

d'm qk7 hT ZQig

where [;(7) is the i-th element of the Lagrange basis of dimension r + 1 (polynomials of
order r) associated with the d; coefficients. Thus, the approximation satisfies

qa(d;, qi, d;h) = ql..

One then chooses a suitable quadrature rule (b;, ¢;) of order s to approximate the exact
discrete Lagrangian as

La(qi) = 1Y b L(qa(di, g} cih), da(d;, g, i)
=1

where, in order to approximate the velocities, we differentiate ¢; with respect to time.
The action for the entire interval is then

Jalca) = Y Lalqp)

together with constraints to enforce that g, = g¢j,,. Applying the discrete Hamilton’s
principle we get the equations

Dr+1Ld(CIIi—1) + DlLd(qlic)
Dde(CIJZc) =

Methods of this form are called Galerkin methods. The two order 2 methods in the form
stated above fall precisely in this category with linear polynomials and dy = 0, d; = 1 and
their respective quadratures. This approach is certainly easy to implement and tends to
give accurate results.

The last option we will discuss will be of central importance in a good part of this work
(chapter [B]). The idea is to use general Runge-Kutta (RK) methods in the generation of
our discrete Lagrangian, but initially it might not be clear how to do so. The key is to
start not from the standard action but from the Hamilton-Pontryagin action. This will
lead us to variationally partitioned RK methods.
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3.2. Discrete mechanics and variational integrators

The first thing to do is to discretize the constraint ¢ = v. Assuming we are working
on a vector space () (later we will explore the case of a Lie group), we can do so by using
an s-stage RK scheme for the integration of such an ODE:

QéZCIOﬂLhZaijVJ, Q1ZQO+thjvoi-
— =
It will be assumed that the method is of order p > 1, and thus it satisfies the order 1

condition
S

ij = 1. (order 1)
j=1
Following |[BMO09], given the chosen s-stage RK scheme with T; = {tk},]cvzo such that

ty1 — ti, = h, let us consider the space of s-stage variationally partitioned RK (s-stage
VPRK) sequences:

Ci(da: )
~{(e5.{Q v P} )T TR X (TQ) a(@) = dua®) = v}

Then we can define the following discrete Hamilton-Pontryagin functional / extended
cost functional (Jp), : C5(¢a, ) — R, by:

(Tup) g Zihb [ Vi) + <Pl§7 L

k=0 i=1

I <]3k+1, k+1 — Gk Zb V]>

Theorem 3.2.4. Let L : TQ) — R be a C’Z function with £ > 2 and an s-stage VPRK
sequence cq € C5(qo,qn). Then cq is a critical point of the discrete Hamilton-Pontryagin
functional, (Jyp),, if and only if for allk =0,..,N —1 and i =1, ..., s it satisfies

j=1

qk+1=qk+h2jzlbﬂ6§', it =i+ R bW,
=qethy g agVy, P = pk +hyi, ai Wi, (3.13)
Wy = D1 L(Q%, Vi), P = Do L(Qj, Vi),

where the RK coefficients satisfy b;a;; + E)ja/ji = bil;j and l;Z =b;.

The condition on the RK coefficients is called the symplecticity condition of the par-
titioned method (see section [2.3.1)).

Proof. Computing the variations of this action we get:

(d(Trp) g 0ca)

N-1 s

S, [<01 (G Vi) 5G1) + (DaL (G Vi) . 6V7)
k=0 i=1
Z uvj> + <P,§, —5Q;€}: O - Zaij(svkj>

+ <5pk,
j=1

5
4 <5~k+1, Gt — Zb VJ> <z5k+1, Bt Zb 5VJ>
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Let us collect all the different terms separately:

0q : Nz_l ibi [— <P1i7 5Qk> + (Pr+1, 0qrs1 — 5Qk>]
k=0 =1
N—-1 s

= 330 [ (Pt P 0 ) + (P, )|

e
I
—
-
I
—

+ Db (B, dan) = D bi (B + B, 00 )
) 1=1

N-1 s
= <Z5k — Dit1 — Z b P, 56]k>

=1

+ (pn, dan) — <Zb P +p1,5qo>

i=1

where we have used the condition.

N-1 s

6Q: Y Db [(hDiL (@4 Vi) .6QL) + (P 0QL )|

k=0 i=1

lib <th (@i, Vi) + P,;,(SQZ>

k=0 =1

N—

1 s S
SV Zhb [(D2 (Q, Vi), 6V <P,€,Z%5v > — <ﬁk+1,ij5ij>
k=0 i=1 j=1
- <Z bib1, ijav,5>
i=1 j=1
-1 S s s
~Sn [<Zb Dy (Qi, V}) 5v,§> -y <bj15,g,aji5v,§>

k=0 =1 i=1 j=1
s
~ i
- pk+1,E bioVy,
=1
N—-1 s

N—1 s
65: Y S hb, <5pk+1,Qk+1_Qk Zb w>
1

k=0 i=
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3.2. Discrete mechanics and variational integrators

N-1 s ; s
5 i QL — G i
oP : Z Zhb, <6Pk;7 kh — - a,ijV,g

k=0 i=1

From these last two variations we recuperate the original discrete kinematic con-
straints, as expected.
From 6@Q) we get that
Pi=—hDL(Q},Vy) .

Inserting this in d¢ we obtain:

Dk+1 = Dk + hz b;D1L (Q;, V) .

i=1

Comparing the boundary terms from the continuous and discrete cases we see that
these pj variables are approximations to the continuous p(tx). Thus, we will drop the
tildes, making this identification explicit.

From 6V we find that:
bjaji ; ;
b, DL ( ?m ij )

7

DL (Q3, Vi) = prs1 — hz

j=1

Inserting what we found from dq here, we get:
i Y - aji RV
DyL (QL Vi) =pu +h> b, (1 — b—ﬂ) DL (@], V)
=1 ’

Rewriting the equations using b;, d;;, Pi and W} we get the result we were after. []

The resulting system of equations from theorem defines a discrete Hamiltonian
map, i.e. a mapping (gx,px) — (Gk+1,Pr+1) and in order to determine these we will
also need to determine the set {Q%, V,j}f:l By theorem the order of the discrete
Hamiltonian map will coincide with the order of the RK method applied [HLW10; MWO1;
PCO09].

The first order 2 method shown above can also be thought of as the corresponding
VPRK for the 1-stage Gauss, and if the Lagrangian is such that ¢; is constant, then
the second can also be interpreted as the corresponding VPRK method for the 2-stage
Lobatto ITA. This should not be surprising, as both are continuous collocation methods
and the idea behind this type of RK methods and that of Galerkin methods is certainly
very similar (though the order of the polynomials differs).

It should be noted that defining the set {vk},ljzo by the relation py = DsL(q, vk),
we can rewrite the integrator to obtain a discrete Lagrangian flow ﬁL , TQ = TQ,

(@r, V) = (Qry1s Vrgr)
Qh+1 = Qi + thzl ijkj,' Dy L(Grs1,v641) = DoL(gy,vi) +h> ., [;leL( ia Vk])a

Qp =a+hYyayVy,  DaL(Qi, Vi) = DsL(a, o) +h Y5, aiyDiL(Q], VY,
(3.14)
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Chapter 3. Geometric description of mechanical systems

3.3 Mechanics on Lie groups

When our configuration manifold is a Lie group G, we have the natural action of the
group acting on itself [AM78; [MR99; Hollla; Holllb|. This allows us to trivialize using
the left (or right, alternatively) translation and even apply reduction theory to simplify
the problems. Here what is meant by trivialization is the use of the mappings

TG —Gxg, (9,9) = (9,(TyLg—)g) = (g9,m) ,
T"G— G xg",  (9,p) = (9, (T:Ly)p) = (9. 1) ,

where g and g* are the Lie algebra of G and its dual, and e denotes the identity element
of G. Equivalent results can be obtained using right translation.
Our next topic will be the equations of motion resulting from this process.

3.3.1 Lagrangian mechanics. Euler-Poincaré equations

We could work exactly as we did in section by simply prescribing that our config-
uration manifold is a Lie group G [CMO14; [se+00b|, but the problem becomes more
interesting when we consider the possibility of left or right trivialization (we will only
consider the first, but computations are analogous).

Let us define the trivialized Lagrangian ¢ : G x g — R, by ¢(g,n) = L(g,T.Lyn).
Observe that the quotient of the tangent bundle by the group is TG/G = g. If the
Lagrangian is completely G-invariant, i.e. for all ¢ € G and (g,v) € TG, L(g,v) =
L(¢g'g,T,Lyv), then we can define a reduced Lagrangian, which we will denote with the
same symbol, ¢ : g — R, by ¢(n) = L(e,T.Lyn) [MR99].

We will work first in the trivialized setting, because the results are more general than
in the reduced case, and moving to the reduced case will be a matter of eliminating a
term.

In order to obtain the equations of motion it is common to consider an action of the
form

with ¢(t) = (g(t),n(t)) € G x g. Proceeding like this is necessary to prescribe variations
of the form _
51 = ¢+ ad,C, (3.15)

with ¢ € g, such that dn(t,) = dn(t,) = 0.

Instead, we will use the Hamilton-Pontryagin principle we saw in section [3.1.3]to obtain
the equations of motion in a very straightforward manner. Both methods are equivalent
and this way those variations appear naturally from the manipulation of the principle.

Let us rewrite the integrand in eq. applying left-trivialization:

Cg(t),n(t)) + (), Tywy Lg-109(t) —n(t)) (3.16)

with u(t) € g* as defined in the beginning of the section.
In order to generate a variational principle it is natural to consider the space of curves

C"((9as Mas Ha)s (Gos os 10), [tas o))
={(g.,n, 1) : [ta, o] = G x g x g"|g € C*([ta, ts)), n, p € C*([ta, o)),
(9,1, 1) (ta) = (Gar Nas Ha)s (951, 1) (E6) = (Gbs s 116) }
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3.3. Mechanics on Lie groups

and define the trivialized functional Jup : C'((ga, Na, ta), (9o, Moy 116)5 [ta, ts]) — R:

Turl(g.m, 1)) = /t b [€(g(t),n(t)) + (u(t), Ty Lg-1 g (t) — n(t))] dt. (3.17)

Note that G x g x g* is the trivialization of TG, as would be expected.
Let us take a family of curves (g.(t), n(t), uc(t)) with € € R such that (go(t), n0(t), po(t))
= (g(t),n(t), u(t)) with variations

dalt) = goo)|
() = Sont)
Sult) = Solt)|

and define the curve ((t) € g by

0g(t) = TeLyrC(2).
Taking into account that
9e(t) = TeLgyne(t)

it is not difficult to show that eq.(3.15)) holds for this (. Using this we can easily compute
the variation of Jup[(g,n, 1)),

A3 l(9,,10)((5: 60,50)) = 3-Tel(geme ]|

This then tells us that for the extended curve (g,n, 1) to be an admissible critical
point of the action the following equations must be satisfied:

dﬁ_@ — adu(t) + (Low)” Dillg(t), n(t)),
u(t) = Datl(g(t). (1)),
di_(tt) =T.Lyayn(t), Vt € [ta,ts).

These are the corresponding trivialized Euler-Lagrange equations of the problem,
and again this is telling us that the trivialized multipliers p coincide with the trivialized
canonical momenta on g*. Inserting the second equation into the first we may cast these
equations in the standard form:

d (ot . (ot .ot
it \an) ~ 2w (g, ) = Lang,

In the trivialized case the third equation is coupled with this one by its right hand side,
telling us exactly how to relate the group element g with the algebra element 7.

If variations are taken without imposing fixed end-point conditions we obtain the
boundary terms:

(), CON = (ults), C(ta)) — (ulta), C(t)) (3.18)
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Chapter 3. Geometric description of mechanical systems

where ((t) = Ty Lg-1(1)09(t).
If the Lagrangian is G-invariant, then the reduced Euler-Lagrange equations are called
Euler-Poincaré equations and they become

d [0l ol
— =) —ad] — | =0.
dt (577) e (877)
In this case, the third equation, which can be written in a more compact manner as

g =gn,

is completely decoupled from the rest. In the context of reduction theory this equation is
known as the reconstruction equation allowing us to move from the quotient back to
TG. To find a solution ¢ — ¢(t) to the Euler-Lagrange equations, with initial condition
g(0) = go and ¢(0) = vy, we first solve the first order differential equation defined by
the Euler-Poincaré equations with initial condition 7(0) = g, vy and with this solution
t — n(t) we solve the reconstruction equation.

If we fix a basis {e, } of the Lie algebra g, inducing coordinates (n®) such that n = ne,,
then the Euler-Poincaré equations have the following expression in local coordinates

LG AN
dt \ one ba’l Omd
where C% are the structure constants of the Lie algebra g.

We can define a fibre derivative F¢ : G x g — G x g* as we did in the standard case,
by

(FL(g,n), ) €(g,n +t¢),

t=0

Tt

where 7, ( € g, which in coordinates can be expressed as

o4
Fe(g,n) = (gz,—.(g,n)) :
on'
Clearly, this map is related with FL by

(T7Lg)FL(g, (TeLg)n) = Fl(g, 7).

We say that ¢ is regular if its fibre derivative is a local diffeomorphism. With it we can
define the associated energy function as

Ei(g,m) = <g—f;:77> —U(g,m).

Obviously, all of this holds in the reduced case.

3.3.2 Hamiltonian mechanics. Lie-Poisson equations

Let us define the trivialized Hamiltonian 4 : G X g* — R, by A(g, u) = H(g, (T Ly-1)p).
The quotient of the cotangent bundle by the group is 7*G/G = g*. If the Hamiltonian
is completely G-invariant, i.e. for Vk € G and (g,p) € T*G, H(g,p) = H(kg, T}, Lr-1p),
then we can define a reduced Hamiltonian, which we will denote with the same symbol,
kgt =R, by A(u) = H(e, T} Ly-1p1) [MRI9; Marl§].
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3.3. Mechanics on Lie groups

The most convenient way to find the Hamilton equations of motion in the trivialized
case is to look back at the Lagrangian side. If £/ : G x g — R is a regular trivialized
Lagrangian, then we can define an implicit trivialized Hamiltonian by 4o F¢ = E,. Using
this and the equations obtained from the Hamilton-Pontryagin principle, it is not difficult
to see that the Hamiltonian equations must be

ok

g = (Lg)*a_,u7

0
1 =ad®, 1 — (L))" —A .
fo=adyn (Lyg) 99 (g, 1)

In the G-invariant case, with 4 = %, these equations reduce to
fr=ady (3.19)
9=k (). (3.20)

These are called the Lie-Poisson equations.

The manifold G x g* still has a symplectic structure as it is isomorphic to 7*G, which
is itself a symplectic manifold with symplectic form wg, but g* will not be symplectic in
general (the dimensions do not match the requirements if dim g* odd). Yet g* is naturally
equipped with a Lie-Poisson bracket { , }

o=~ L)

where f,g € C*(g*) [see MR99, theorem 13.1.1].

In coordinates ji,, induced by the dual basis {e®} on g*, we have that

{tta, o} = —Cpia -

This means that (g*,{, }) is a Poisson manifold. In fact, this bracket exactly cor-
responds to the reduced bracket by standard Poisson reduction from 7 : (TG, wg) —

(T"G/G = g*,{, }) where m(uy) = [1g] = T Ly(p1g)-
If we fix pp € g*, we say the set

Ouy = {Ad} 1y | g€ G} C g

is its coadjoint orbit. If ¢ — p(t) is the solution of the initial value problem ;i = adzl(u) 1
with 1(0) = po, then we can deduce that p(t) € O,0).
Given a Hamiltonian function 4 : g* — R we could also derive the equations of motion
by
fu(t) = £ (dA(u(t))) (3.21)
where II is the bivector field associated to the bracket {, }. It is well known that the
flow F} : g* — g* of X} verifies some geometric properties:

1. It preserves the linear Poisson bracket, that is
{foFlgoFi} ={f.g}oF;, Vf.geC(g).
2. It preserves the Hamiltonian 4 o F} = A.

3. If all the coadjoint orbits are connected, Casimir functions are also preserved along
each coadjoint orbit.
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Chapter 3. Geometric description of mechanical systems

3.4 Discrete mechanics on Lie groups

By far the most common way to tackle the Lie group case in discrete mechanics is to work
as we have done before [CMO14} Ise+00b], and apply reduction afterwards. Therefore,
we define a discrete Lagrangian on our group G, Ls: G X G — R, and a discrete curve as
amap cq: Ty — G, with T; = {ti}ﬁio € R. Again, we will assume we are working with
constant time-step curves, t;,1 —t; = h,Vi =0,..., N — 1, with h € R. All the essential
curve spaces remain the same and our discrete action is now

jd: Cd(gmgb) — RN
ca > Yoo Lalgrs Ger1),

with g, = go and g, = gn.
Direct application of the discrete Hamilton’s principle leads to the usual discrete Euler-
Lagrange equations

DyLi(gi-1,9:i) + D1La(9i, giv1) =0, i=1,..,N —1.

Now assume this discrete Lagrangian is G-invariant, i.e. it satisfies that V¢’ € G,
Li(q' 9%, 9" gkv1) = La(gk, grr1). Then we can define a discrete (left-)reduced Lagrangian,
¢:G — R by

fd(gk_lgkﬂ) = Lq(e, gk_lgk—f—l) .
red .

This is tantamount to taking the quotient (G x G)/G = G, with quotient map 7y
G x G = (GxQ))G, (gr,gk+1) = (g5 grr1) [see MPS99]. If we define Wy = g, ' gri1,
then the discrete action can be rewritten as

Jalca) = 2 La(Wy) .

Similar to the continuous case, we can impose variations (; of the form
5Wk = _Cka+Wka+1, for ]{IIO,...,N— 1.

The form of these variations is easy to understand by identifying (; = g, YSqp.
With these, the resulting discrete Euler-Poincaré equations can be written as

*Wkﬁ’d(Wk) — R;Vkﬂé’d(WkH) =0, fork=0,..N—-1,
or, more commonly, either

W laWiin) = Adyy, (L, La(Wi))

or

Ry, La(Wier) = Adyy, (Riy, €4(W)) -
The first version can be also rewritten as

<gVVk (gd) - ?Wk-u (gd) =0, Vf €g.

— —
Here &w = T.Lw& and & w = T.Rw& are the left and right-invariant vector fields
associated with &, respectively. This version remains valid even in the Lie groupoid
setting [see MMMO6].
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3.4. Discrete mechanics on Lie groups

3.4.1 Intrinsic discrete Lagrangian formalism

Alternatively, we can obtain the discrete Euler-Poincaré equations intrinsically, that is,
without mention of any pre-existing non-reduced Lagrangian [see MMMO06, for more de-
tails].

Given a fixed element W € G, define the set of admissible pairs

Cs = {(W,Wy) € G x G| W Wy =W},
A tangent vector to the manifold C3, is a tangent vector at ¢ = 0 of a curve in C3,
te(—e€) TR — (c1(t), ca(t))

where ¢;(t) € G, c1(t)ea(t) = W and ¢1(0) = Wy and ¢3(0) = W,. These types of curve
are given by
c(t) = WLU(t), U (t)Ws) (3.22)

for an arbitrary U(t) € G with t € (—e¢,€) and U(0) = e, where e is the identity element
of G.
Given a discrete Lagrangian ¢4 : G — R, we define the discrete action functional
by
jd : CI%V — R
(W1, Wa) = Lg(Wh) + La(W2) .

Definition 3.4.1. (Discrete Hamilton’s principle on Lie groups) Given W € G,
then (W, W) € CF, is a solution of the discrete Lagrangian system determined by £, :
G — R if and only if (W3, W3) is a critical point of Jj.

We characterize the critical points using the curves defined in (3.22)) as follows

d
0= gaetd)]

— % (WL U (1)) + La(U () W)

= (Ljy,dlq — R}y, dlg, ¢)

t=0

where ¢ = U(0).

3.4.2 Discrete fibre derivative
First consider the maps F¥L, : G x G — T*G defined by

F~La(90, 91) = (90,0 = —D1La(g0, 91)),
F*La(g0,91) = (91,71 = DaLa(go, 91)).

Note that we can left (or right) trivialize the fibre derivative to obtain FXLE! : G x G —
G x g,

F_L}ieft(gOagl) = (907#“0 = _LZODlLd(QOagl))v
F* L™ (g0, 91) = (91, 1 = Ly, DaLa(go, 91))-
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Identifying terms in the equality

<L;0D1Ld<907 91)7 C0> + <L;1D2Ld(90> 91), C1>

with ¢, = g; '0gr11, leads us to finally define maps F£¢,; : G — g* by

FLa(W) = Ry ly(W),
Fly(W) = Ly ly(W).

These are the reduced discrete fibre derivatives. We say that the discrete reduced
Lagrangian is regular if both discrete fibre derivatives are local diffeomorphisms, which is
equivalent to the regularity of the matrix whose coefficients are (¢7).

3.4.3 Correspondence with continuous mechanics and Lie group
integrators

The theory of the exact discrete Lagrangian remains valid here, so in this setting we can
also define the order of an approximation in the same way as we did before.

As in any other case, one should always be mindful of how to properly initialize any
integration method. Assume we are working in the reduced case and we are given an
initial condition (go,70) € G x g. We can check eq.(3.18) and establish that if we had
the exact discrete Lagrangian at our disposal, the proper way to initialize our method
would be to identify the boundary terms of the continuous and discrete case. Thus, it
makes sense to apply the continuous fibre derivative to transform the initial condition 7,
to o = Fl(no) and then apply the discrete fibre derivative to obtain W.

G W()

g Mo
Fe
g: Mo

Once the complete sequence {Wk}]kvzz)l is obtained, the reconstruction on G is then
easily obtained by using the discrete reconstruction equation

k1 = GeWh .

3.4.4 Variational Lie group integrators

In order to obtain numerical integrators we need to find a way to either connect Ly(gx, grv1)
with L(g(t),n(t)) or connect £4(W}) with ¢(n). This can be done in several ways, either
by using natural charts, applying Galerkin methods with curves on G or simply taking
crude approximations as if we were working in a vector space.
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As in this work we are mainly concerned with Runge-Kutta collocation methods, for
us it will be convenient to go back to the Hamilton-Pontryagin setting.

Consider the action in eq.. We want to discretize this action, and in particular we
need to know how to properly discretise the kinematic constraint §(t) = v(t) = TeLguyn(t).
Again, we will consider RK methods for this but we must be mindful of the geometric
structure of the configuration manifold.

The work of H. Munthe-Kaas [Mun99] was one of the first to tackle the problem of
generalizing RK-type algorithms to more general manifolds and specifically to the Lie
group case. In this work the author acknowledges the fact that one needs a vector space
structure in order to apply a RK method, as they rely heavily on its linear structure. In
order to address this issue, one can exploit the structure of Lie group of GG and its relation
with its Lie algebra g, which is a vector space (see section .

We will consider the local diffeomorphism 7 : g — U, C G, where U, is a neighborhood
of the identity element, as retraction maps. The most common instances of these are the
exponential map, exp, and the Cayley map, cay (in the case of quadratic Lie groups).

Assuming that G is connected, we will be able to translate a neighborhood of any
point to U, and from U, to g and back thanks to 7! and 7. Not only that, but this will
also be possible in TG = T'G @ T*G, which is what we need for our mechanical problems.

For some h € G, the complete geometric scheme is as follows:

Tr TLp
Tg ¢ > TUe ¢ ? TG
Tr—* TL; '=TL, 1
Tg U el
T . Ly, .
g < — 4 Ue < — e
T Lh =L,

with

Tr(&,ne, pe) = (7(€), Ter (&), (Treym ) pte)

where § € g, n¢ € Teg = g and pe € T7g = ¢* and similar definitions for the other maps.
Assume we work with adapted coordinates (g,v,p) € TG and (&, ne, pe) € Tg. Accord-
ing to this diagram, if A is such that Lj,-1g € U,, we find the following correspondences:
PII:‘Lh—197__111‘1(,1[4}1’1 (ga v, p)
= <T_1 (Lp-19) ,dLTT__ll(
= (67 e, ,ué)
TT(&)LthT(ga U3 :uf)
= <Lh7(5)aTeLLm(£)dLT£77§> (TLhr(s)L(LhT(g))—l) (dLTs_l) Mf)
= (g:v,p)

TyLg-1v, (dLTT‘l(Lh—lg))* (TSLQ)*p)

L,-19)

where dfr : g x g — g and d¥77! : g x g — g were defined in section [2.3.6]

Let us also take this opportunity to define dd”r : g x g x g — g, the second left-
trivialised tangent, which will be necessary for later derivations (see section
for a better picture). This is a linear map in the second and third variables such
that O (dLTgn) ¢ = dLngdLTg(T], 0¢). It appears naturally when representing elements
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(g,v,a) € T? G the second order tangent bundle of G (see section [2.1.2), with elements
of (£,1,¢) € T®g, which using matrix notation becomes:

(e,g’lv,g’la — g’lvgflv) — (O, dLTgn, dL7'§ [C + ddLTg (7},77)]) .

With this, RKMK methods for our kinematic constraint can be obtained (see section
2.3.0). Using matrix notation, our continuous constraint becomes ¢(t) = g(t)n(t), and its
discrete version can be written as:

T ((gk> lGZ - hZaUdL (( ) 1Gj (Gi)_lvkj7

J=1
() ) = h Dbt (GO
j=1

which, if Vi = Gidlr, “1((gr)~ 1Gz)H’]i€ (where H is capital 1), reduces to

g 'GL) =Y ayHY,

j=1
7 (ge)  gen) =Y bHY
j=1
With the above expressions, the discrete Hamilton-Pontryagin eq.(3.12)) on a Lie group
transforms into:

N-1 s

(Tnpr)y Z Z hb;

k=0 i=1

+<P L (gs) " GE) Zade L )IG@(G;;)—IV,5>

+ <pk+17 hgk—HT ((gk>7lgk+1 gk—i—lzb dL 71( (gr)~ 1GJ (Gi)lvkj>

Vi)

where ]5,2 € 17, G and pry1 € T, G. We can shorten this expression to:
k

9k+1

L (G Vi)

1 : B L
+ <Mkvﬁ 1G ZaszL 7_711 )71G?;)(G§c) 1Vl§>

~ 1 B o .
Mk+1>ET H(gr) " gr1a) Zb dL 1 )_1Gi)<Gi> 1Vk]>

where fi, M}C cg.
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3.4. Discrete mechanics on Lie groups

Using elements (2, Hi) € T'g as representatives of (G%, V) € TG, we find:

N-1 s

(Tup)g =D Y hb; [ <9k7 =), ng(Ei)dLTE;;Hw

k=0 =1
7 1’_"L ~ ]' J
Mk, Z a;; H M1, ET ( k) gk+1 Z b;Hy,

Expressing the Lagrangian L : TG — R as ¢ : G x g — R using left translation, this
expression simplifies to

N-1 s

(Taer), hb: [6 (ng 1), dbrs HZ) (3.23)
1

k=0 i=
o Lo - J ~ 1 J
+ { My, 7,k ;aink T e 7T H(g6) ™ grnn) Zb Hy,

which is the discrete equivalent of (3.17) and the one we will work with from here on.
Similarly as we did in the vector space case, let us consider the space of s-stage varia-
tionally partitioned Runge-Kutta-Munthe-Kaas sequences (s-stage VPRKMK sequences):

Ci(as 9v)
~{(oon {= ST )0l = G " % (T 9(0) = g0:90) = 1)

Note that Tg = g x g x g*.

Now we are in a position to state the Lie group analogue of theorem [3.2.4] This will
be a more general version of [BM09, theorem 4.9], which is order 2-bound. In fact ours
is essentially equivalent to the approach in [BM16, section 4.1], but without resorting to
any truncation.

Theorem 3.4.1. Let £ : G xg — R be a C' function with | > 2 and an s-stage VPRKMK
sequence c¢q € C5(go, gn). Then cq is a critical point of the discrete Hamilton-Pontryagin
functional, (Jyp),, if and only if for allk =0,..,N —1 and i =1, ..., s it satisfies

= =1 (g,'G)) = hi a;HI, (3.24)
j=1
Shprr =7 (9 k1) = hzs: b;H, (3.25)
j=1
M = AdZe, ,uk—l—th (dL L - ‘;ﬂdL T, Hl)*N;; (3.26)
pern = Adie o L+ th (asr2 ) ™ (3.27)
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Chapter 3. Geometric description of mechanical systems

where

Proof. We know that c; is a critical point of the discrete Hamilton-Pontryagin func-
tional if and only if d (Jxp), (ca)(0ca) = 0, Yocq € Ti,C(go, gn). Let us write dcq =

(5 g, 0]l {(5Ei, oH?, 519[1} ' ) and compute each of the individual variations separated from

each other: -
N-1 s
e Z Z hb; [<D1£ <9k7(5§c>7dLTE};H;€) ’5gk7—(52)>
k=0 i=1

+ <ﬁk+1, %DT_l((gk)_lgk:-i-l)(_<gk)_159k<gk)_lgk+l + (gk)_159k+1)>] :

As it is customary we will define new variations (, = (gx) 'dgx € g and use these to
rewrite this equation, together with the trivialised tangents and the short-hand & ;41 =

7 (k) " Grtr):

N—-1 s

NI CREARCSEA WA SRS
+ < fles1, %d%g;lk“ (A, Gt <k+1)>]

<h Z b (AdCLy)) ey Drt (9n7 (B, dbr 1Y) gk>

_ < Ad;1£k7k+1))* (4t ) ﬂk+1,<k>

+ < (dLTf_k,lkﬂ) * Pt 1, §k+1>]

where we have used the order one condition. If we rearrange the sum so that terms with
the same (j, appear together (the discrete analogue of integration by parts) we are left
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3.4. Discrete mechanics on Lie groups

with:

N-1

69 ) Khi:b (AL, ) Ly ey Dil (o (51), dbrey 1))

k=1

— <Adf_(1§k,k+1))* (dLTé}k+1>* U1 + <dLT§11,k>* ﬁk7§k>]
<h§:b (Ad L ) L ey Dil <gOT(HO) d T—zHl)

- (AdTéO,l))*(dLTEO%l)*ﬁ1,<o>+<(dL L) A

Identification of the boundary terms with their counterparts on the continuous realm
suggests the change <dL Ter s k) b = -
Let us move on to a different variation:

N-1 s

=S, {< Dt (i (24), P71 ) 0 Dr (2405}

k=0 i=1
=i i i\ smi 1~ o
+ <D2€ (ng(:k),dLTEZHk) , O=i (dLTE;CHk) 5:k> + <EMk,5:k>} :

Using the definition of dd*7 we can rewrite this as:

N-1 s
521 30 3 | (Dot (oer(Eh) b 1) (i 0 )
k=0 i=1
—i L ) L L i i ~ 1 —
+ <D2€ (ng(:k)>d TE};Hk) d T=i dd™ 1= (Hk, )> + <Mk’ - :k>}
N-1 s

B b {<<dLTEi> L;M(”Z Dt <ng( ) d* = Hl) HZ>

k=0 =1
* ) * ) ) 1~. .
+< ddLTEz) (Hk (dLTEE) Dyl (ng(Ez),dLTEZH2)> +EM;,5E;>}

It is now the turn of variations with respect to dH:

N-1 s

oH : Z Z hbz [ <D2€ (ng(Ei:), dLTng;;) ,dLTE}-C(SHZ>
- ~k7zazg(5H > - </~Lk+1,2bJ(5Hi>

j=1 j=1

N—-1 s

~ 33| ()t (i) o)
i=1

— < bjajil\N/[i,, (5H7]'€> — <biﬂk‘+1a (5H;€>
7j=1
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Chapter 3. Geometric description of mechanical systems

where we have used the condition again and we have also rearranged summation
indices.

The last two variations are the easiest ones, as they are nothing but the RKMK
constraints:

N-1 s s
oML 6 > > hb, KaM;, g Zain?;>

k=0 =1 7=1
B 1
+ <5Mk+1, ET "((gk) " grr1) Zb HJ>

After imposing fixed-end variations we are left with the following set of equations for
k=1,...N—1landi=1,...,s

e = Ad, ) |+ B3 b (AdL, ) Ly e Dt (g7 (Eh), abre L) | (3.28)
=1
1\7[}c =—h |:<dLTE;'€> L;N(E};)Dlﬁ (ng(uk) dFra; Hl> (3.29)

+ (ddLTE;;)* (HZ, <dL7'5;€)* Dyt (ng(EZ),d TE;HZ%))} ,

* . . b i *
(a72) " Dat (ar(E). dirag 1) — S0 BT — (arg, ) e =0, (330

— b
7j=1
Zi = hz ai; 1, (3.31)
Eepr1=h Z b;HI. (3.32)
j=1

Using some of the shorthand variables defined in the statement of the theorem we may
rewrite eqgs.(3.28)) and (3.29)) as

uk+hibj (at *2) N/

Jj=1

NG = —h [N+ (adtr; ) (1, 15)

Hi+1 = Ad:(gk,k+l)

where in the first one we have also used the fact that d“r 1Ad = df771. This first
one is in fact one of the equations we were after.

Inserting both of these in eq., and leaving only terms with Il on the left-hand
side we finally obtain:

M§€ - Adj’(ﬁk,kﬂ)

et h ) by (dLTil - i, ) Ni]

“k
=1

which is the remaining equation we wanted to obtain. O]
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3.4. Discrete mechanics on Lie groups

Remark. 1t is worth noting that perhaps eq. is not the most geometric way to express
such a relation. That form has been chosen for notational economy and mnemotechnic
reasons.

In order to give a more geometrically sound version of this equation we should identify
the different elements that appear in it. First, let us consider a point (G%, V) € TG and
the section of T*T'G induced by dL on that point, i.e.

(G, Vi D1 L(G}, Vi), Do L(Gy, Vi) € TFTG.

One may rush to the conclusion that if we represent such an element in 7*7T'g we
should get:

(i1 (areg ) L3, ey DiL(LoT (BL) (L), a7y HY),

Lng(E;c

(dLTEz,> L*Lng(:‘i)DQL(LQkT (E;f) ’ (Lgk)* dLTE}CH§C>> )

“k

which, using the invariance of the Lagrangian, reduces to

(B H (A7) Ly, oy Dil(Lg, 7 (2) A7y ),

Lng
(atr=) Dat(Ly, (3h),dbrey ) )

but this is not correct in this instance. The reason for this is that this expression is
not compatible with the restriction of the natural pairing (-,-) : TTG x T*TG — R to
TG (see section . This compatibility is required to obtain the correct invariance
when considering Tulczyjew’s triple (see sections and , which allows us to
interpret the third component as the “velocity” associated with the canonical momenta.
In particular, ag' : T*TG — TT*G, (g,v, P,, P,) — (9,p = P,,V, = v,V, = P,).

Thus, the correct representation in 7*T'g must be:

Lgk‘r EL

+ (ddbrey) (M), (dPrey) Dob(Ly, (3h)  dPr HY)

() " Dal(Ly,7 (2L) V7 ).

(20 (1) 1o P () 7

Clearly, I\N/[§C is proportional to this third component. If we transport this element from
Z: to 0 € g we are left with:

L ) *
<O7d TEE k’LLg (

=1
kT _‘k)

Dil(Ly,r (54) , db7e Hy), Dot(Ly, 7 (2}) ,d 7y H;;))

which shows that this third component becomes <dLT;-1> Ni.
“k

In order to simplify the final expression, let us write these as (&, ek, vel, pel) and
(0,m0%, vo&, 1ok ) respectively. Taking this into account we can finally rewrite eq.(3.26)) as

L1 \* i _
(d Tfk,k+1) Hey =

* - -1\ 5 Qg 1 a1\ g
AdT(fIv,kJrl) {Mk + hzbj {(AdT(ﬁi)) VO;C B b_ <AdT(§k,k+1)) <d T§k,k+l) Vﬁi} } ’

=1 ‘
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Chapter 3. Geometric description of mechanical systems

.
and if we use the notation <dLT£_1 ) Cep = Q;a this reduces to

ke k1
N A 1k - 1 \* 5 Gy -1 Y
ey = AdT(fk,kJrl) {'uk - hz bi [(AdT(€£)> VO?C b <Ad7(§k,k+1)) Vgi;:| } ’ A
j=1 i

3.4.5 Some relations of the second trivialized tangent

For the sake of completeness we offer the following section to complete the picture of the
map ddr.

To make geometric sense of this operator consider T'd*7, the tangent to the map
dfr . Tg — Tg, (&, n) — (0,d"7n). From this we see that d”7 is effectively acting as a
translation operator on T'g. dd”r can then be seen as a double bundle extension of this
tangent operator:

Tdlr . TTg — TTg
(&m Ve, V) = (0, dP7en, dPreVe, dPre (V) + dd™7e (1, V) -

When restricted to T®g, that is, when Ve = n, we get

TdL7"T(2)g . TPg T@g
&n,¢) = (0,d"7en, db7e (¢ + dd™ 7 (n,m))) -

In what follows we will derive several identities related to this operator.

Lemma 3.4.2. The tangent of the inverse tangent of T satisfies
O ("7 'n) ¢ = —dd"7e (4P 7', Q)
for (€,n,¢) € T®g.
Proof. First, consider the identity
dLngLTgln =1.
If we differentiate on both sides we get
O (A red 7o) ¢ =0,
and expanding the left-hand side
0 (A" med 7 ) € = 0 (Al medr ) ¢+ Pl (@7 ) €
= dLTdeLTg (dLTf_ln, C) + db 70, (dLTgln) C.
From here we can extract the result we were looking for. O
Lemma 3.4.3. For any (¢,1,() € T®g, the following identity holds

dd"7e (1,¢) + dd"7_¢ (n,¢) = AP tadys,cd"r_en.
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3.4. Discrete mechanics on Lie groups

Proof. Consider the identity
dLT§?7 = AdT(g)dLngn (333)

consequence of lemma [2.3.5|
If we differentiate on both sides we get

0¢ (d"7en) ¢ = 0 (Adrd"m-¢n) ¢
= 0; (Ad, g d"7en) g)ézg + Ad, )0 (d57_en) €.

Let us deal with the first term on the right-hand size. For this we need to differentiate
the Ad operator:

O (Adyeyn) ¢ = (T (r(€) ™) ¢
= D7(&)Cn (7€) = 7(n (7(£) " DT(E)¢ (1(€) ™
= Adye) ((T(€) "' Dr(&)¢n — 1 (r(£) ™ DT(€)()

= Ad,(g) (d"7eCn — nd"7eC)
= AdT(g)addLTgch .

For the second term we need only the following identity
0¢ (A" 7-¢n) ¢ = —d"7_¢dd"7¢ (1,C) -
These, together with eq., lead to
dLngdLTg (n,¢) = Adf(g)addL,r&CdLT_g?’] — dLngdLT_g (n,¢), (3.34)
which after regrouping leads to the identity we were after. m

Finally, we offer here a simple relation that can be easily obtained from eq.({2.31]) for
the exponential

1 1
dd" expy(n, ¢) = —5adyC, dd™ expy(n, () = 7adyC

3.4.6 The second trivialized tangent and 7"T'g

Remember that if ¢ € U,, then we may represent (¢g,v,a) € T®G by an element of
(€,1,¢) € TPg via left-trivialization as

(7(€), 7(€)d 7en, (&) { (A"7en) (A" 7en) + a7 [+ dd e (n,m)] }) -

We may left-translate this to the zero element of g and obtain a point

(0,70, o) = (0,d*7en, A= 7 [¢ + ddPre (n,n)]) € T@g.

Now, let (£,7n,v, 1), (0,10, Vo, o) € T*T'g denote two points such that one is obtained
by left translation of the other. Let us find a transformation rule that relates these two
such that it is compatible with the structure just presented in T®g. To do so, we may
apply the pairing (-,-) : TTg x T*T'g — R and impose:

<(V0>M0) ) (‘/507 Vno)) = <(V7 :u) ) (V§> V77)> )
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and later restrict to T®g, that is, (Vi,, Vi) = (10, Co)-
By expanding the left-hand side of the previous equality we get

(1), (Ve, Vi) = ((vo, o) » (A" 7eVe, dP7e [V, + ddP7e (n, Ve)]))
<1/0, dLT§V§> + <u0, dLTg [1/;7 + ddLTg (n, Vg)D
((d"7e)" vo, Vi) + ((d7¢) " o, Viy + dd™7e (0, Ve))
= ((d"7¢) w0, Ve) + ((d"7¢) " o, Vi)
+ ((dd"7e)" (m, (4"7e)" o) . Ve )

= <((dL75)* vy + (dd"7e)" (n, (%7¢)" o) , (A5 7e)" M0> (Ve V;z>>

and after restricting this to 7®g we obtain:
v = (db7) vo + (ddbre) (i, (@) ) . o = (@F7Y)" v = (adb ) ()]
p=(d"7)" o po = (5 1)
This in turn leads to a relation between (g, v, P;, P,) € T*TG and (§,n, v, p):

(97 v, Pga Pv) = (7(6)7 T(€>dL7—E77a
(=) { (a4 ")" v = (ad¥re) " (n,0)| = (@F7en)” (A7) o)
(r(=&)" ("7 1) n) -
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Chapter 4

Variational error analysis for forced
mechanical systems

4.1 Introduction to forced mechanical systems

By forced systems we refer to systems under the influence of forcing which cannot be
absorbed into the Lagrangian or Hamiltonian as part of a potential [see |[Lan70; GPS02].
As we will see in a moment, such systems do not admit a traditional variational description
without additional considerations; therefore, they present a problem when proving the
order of forced variational integrators.

In the later part of this chapter we will devote ourselves to the study of a novel
technique to transform forced problems into purely variational ones, allowing us to apply
the result of theorem after discretizing the resulting variational principle.

4.1.1 Lagrangian description

A Lagrangian external force is usually defined as a map f : TQ — T*Q such that
mo o fL = 7g [see BC99; MWO1], that is

In adapted local coordinates they take the form

fHav) = (¢, fHa,v) -
Let us define the virtual work done by a given force as the functional
tp
WA = [ (FHGete), X o)) de
t
where ¢ € C?%(qq, @y, [ta, ts]) and X € T.C*(qa, @, [ta;ts]). The term wvirtual comes from
the fact that an arbitrary X can be interpreted as a virtual motion of the system and the

classical concept of work was reserved for the case where X (t) = ¢(t), where the latter is
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Chapter 4. Variational error analysis for forced mechanical systems

the tangent lift of c. In this sense, the variation of our action functional can be regarded
as a virtual work too, called virtual work due to the inertial forces,

W e](X) = dT[c](X).
The total virtual work of a system is then

WI[A(X) = W (X) + W [e](X)

o /tt <fL(é(t))» %Ge(t) 60> dt.

The Lagrange-D’Alembert principle is a physical principle that tells us how to find
physical trajectories in the presence of external forces, where Hamilton’s principle cannot
help us.

which if X = ice(t)kzo we can write as

WY [d](X) d/E@mw

de J,,

Definition 4.1.1. (Lagrange-D’Alembert principle). A curve ¢ € C?(qq, @, [ta, ts))
is the physical trajectory of the forced Lagrangian system defined by the Lagrangian
L :TQ — R and the external force fX':TQ — T*Q if and only if WT[c|(dc) = 0 for all
dc € T.C*(qa, Gb, [tas ty)])-

In local coordinates the resulting equations given by the principle take the form

3 (55 - o = Fato). a0 (1)

which we may also write as
D L(@P (1)) = fH(e(1)).

We will call them forced Euler-Lagrange equations.
Given an external force we can construct a semibasic 1-form p; € QY (TQ) by the
relation

(Hr(vg), Xo,) = <fL<Uq)aTTQ(qu>>> Xy, €T, TQ.
In coordinates, this takes the form
pr = [, v') dg".

With this semibasic forcing form, the forced Euler-Lagrange equations can be recast into
a more geometric form as

tyf wp =dEL — g,
Er

which is of the same form as eq.(3.3]). Here the integral curves of the vector field X éL are
the solutions to the forced Euler-Lagrange equations.

Due to the linearity of this equation the vector field X };L can be decomposed into two
parts as Xp, + 7. Xp, is the Hamiltonian part of the vector field, i.e. the one in eq.,
and Z7 € VI'Q C TTQ is the part due to the forcing

tzywWp = —HL -

In local coordinates this last vector field can be written as
ZY = (g1)" fFo, .
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Lagrangian forcing in Lie groups

Assuming our configuration manifold is a Lie group G with Lie algebra g, a Lagrangian
external force fL: TG — T*G can be trivialized as the Lagrangian itself. We define the
trivialized force as a map f¢: G x g — G x g* by the relation

Fg,m) = (T} L) f (g, (TeLg)n) .

Noting that the forcing always enters the Euler-Lagrange equations as the potential
terms, that is, as the partial derivatives with respect to the base coordinates, it is easy to
guess the correct form of the trivialized forced equations:

%(%) —adye (gﬁ) L (gj + f(g(®), (Lgu))*n(t)))

—ﬁ<%+ﬂ<u n(t).

In the reduced setting an external force is a map f’: g — g*, where we are purpose-
fully overloading the same symbol as in the trivialized case. The forced Euler-Poincaré
equations then take the form

i (5) ~adio (57 ) = o,

Given a basis {e,} of g, and inducing coordinates (n®) such that n = n%e,, then the
forced Euler-Poincaré equations have the following expression in local coordinates

o¢ Y,
at <a ) Chalt Gy +
where (f*(n). .) = f.

4.1.2 Hamiltonian description

In analogy to the Lagrangian case, we can say that a Hamiltonian external force is defined
by a map f# :T*Q — T*Q such that 7o o f¥ = g, that is

T*Q s T*Q

Q

In adapted local coordinates they take the form

a,p) = (¢, fF(a,p)).

Still, perhaps the most natural way to think about a Hamiltonian force is as a semibasic
form py € QYT*Q). With it the forced Hamilton equations can be written as

Ix1WQ = dH — py
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Chapter 4. Variational error analysis for forced mechanical systems

which in coordinates becomes

= gp)
q_ap Q7p7

(2

. 0H u
P = a—qi(q,p)+fi (¢,p)-

Again, the field can be decomposed as X ' n+Yj, where the latter, Y € VI™Q C
TT*@Q, can be defined as the vertical lift

Vi(ag) = oy +1£7(a,)

t=0
Locally this is,
Yy = f(a,0)0p -
Given a Lagrangian external force and a Hamiltonian, we may define a Hamiltonian
external force based on the former as f# = FH*f*, which in coordinates is

fa,p) = (qz}ff (q,%—g(q,p)» .

Hamiltonian forcing in Lie groups

A Hamiltonian external force on a Lie group can be trivialized into a map f*: G x g* —
G x g* defined by the relation

g, m) = (T L) (9, (Ty Ly1)p)
The trivialized Hamilton equations of motion are
ok
()
g ( 9)* 8M7
oA

1= adip— (Ly) — + f* :
o= adip (Lg) angf(w)

In the reduced setting, a force becomes a map f* : g* — g*, and the Lie-Poisson
equations of motion are then

jir=adyep+ ().

Starting from a reduced Lagrangian force f*: g — g* we can also construct a reduced
Hamiltonian force via the fibre derivative f* = f¢ o FA, where F4 : g* — g is the fibre
derivative defined by 4. If 4 is derived from a regular reduced Lagrangian ¢, then FA =
F¢=1, and the forced Euler-Poincaré and forced Lie-Poisson equations are equivalent.

4.2 Discrete forced mechanics and error analysis

Discrete forced mechanics revolves around the discrete version of the Lagrange-D’Alembert
principle. Remember that in the continuous setting we consider total virtual work

WT|(5¢) = WEHd](6¢) + W [d](6¢)
> dt

_d " L(eu(t))dt . +/tb<fL(é(t)),%Ce(t)
101
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4.2. Discrete forced mechanics and error analysis

where ¢ = ¢(t) and dc = $ee(t). The first term, WY [c|(6¢) = dT[c](dc), is of the same
form as the varied action of the Hamilton principle, although of course, the trajectory c
will not be a critical point of J[c| in general. As we know, the discrete counterpart of
this first term is

Wiledl(6ca) = dTulca)(6ca) = 6 (Z_ La(, Qk+1)>

=2

[D1La(qk, qk+1)0q + Do La(qr, Qr+1)0Gk+1] -
0

b
Il

This causes us to propose a discrete total virtual work of the form

W1 [cal(6ca) = Wilcal(6ca) + Wi [ea) (dca)

1 N-1
0 (Z Ld(Qkan—H)) + 3 U (@ qee) 0 + £ (Ges Qs )0qus ]

=0 =0
1

[(D1La(qr, qe1) + F7 (@ @rt1)) 0 + (DoLa(qe, qre1) + fi (ks @or1)) Oura] -
0

=2

B
Il

This leads to the definition of a discrete Lagrangian force as a pair of maps fdi :
Q x Q — T*Q such that mgo f; = pry and g o f] = pr,y. In local coordinates these take
the form

fd_(QO;QI) = (Qéa chi(QOa(h))? for i = L...n
fj(%a%) = (qiaf;fz(q07Q1)) .

Then, the discrete Lagrange-D’Alembert principle can be stated as follows:

Definition 4.2.1. (Discrete Lagrange-D’Alembert principle). A curve ¢4 € Cy(qq,
@, Ty) is the (discrete) physical trajectory of the discrete forced Lagrangian system defined
by the Lagrangian Ly : @ x Q — R and the external forcing fdi QX Q — TQ if and
only if WT[cs](d¢cq) = 0 for all dcg € T..,Ci(qa, g, Ta)-

The resulting discrete forced Euler-Lagrange equations are then
Dy La(qe-1, ax) + [ (ar—1, @) + D1La(qr, @rs1) + [ (@ Qo) = 0

which generates a discrete forced Lagrangian map (flow) F, = QxQ — QxQ, (¢i-1,q) —

(Gis Giv1)-
Remember that the discrete Euler-Lagrange equations can be interpreted as a match-

ing of momenta via the fibre derivative. Analogously, we can define a pair of discrete
forced fibre derivatives F/*L;: Q x Q — T*Q by

F/~ La(qo, ¢1) = (90, p0 = —D1La(qo, 1) — f7 (g0, ¢1)),
F™ La(go, 1) = (@1, 91 = DoLalqo, 1) + £ (@0, a1))-

Consequently, the discrete forced Hamiltonian map is F Lr=F*LyoF, 7o (F/ jELd)_l.
d
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Chapter 4. Variational error analysis for forced mechanical systems

If we want to model a discrete forced Lagrangian system after a given continuous one,
(Q, L, f¥), then it seems natural to define a new exact discrete Lagrangian and exact
discrete forces as

Lg(q0, 1) = /0 L(e(t))dt,

frwa = [ (e 5 a,
e = [ (e 5 a,

where now ¢ € C*(qo,q1,[0,h]), & > 2, is the solution of the forced Euler-Lagrange
equations, eq.([{4.1)).

In [MWO1], the authors state that their variational error analysis theorem can be ex-
tended to this more general case. But note that forces enter at the level of the discrete
fibre derivatives. In [PC09] the authors dispute the fact that the order of the discrete fibre
derivative is the same as that of the discrete flow. This casts some shadows over the va-
lidity of extending the original result to the forced case. Still, numerical experiments back
the fact that forced integrators obtained by the discrete Lagrange-D’Alembert principle
have the correct order.

This was one of the motivations to begin studying forced systems in a different way.
What if one could completely sidestep the necessity of entering at the level of the discrete
fibre derivatives? What if we could reformulate the forced problem as a free Lagrangian
one (a variational one)?

4.2.1 Fokker effective actions and Galley’s idea

The last question is one many physicists and mathematicians have wondered about for a
long time, at least for the last century [see Bat31; [FT77; [MF53, for instance]. One of the
main motivators for this has been the need to incorporate dissipation phenomena in the
variational setting for its application in quantum mechanical problems.

The first law of thermodynamics states that the internal (i.e. total) energy of a closed
(isolated) system is constant. Therefore, dissipation can only occur in an open system.
Dissipation can be understood as a net flow of energy from the open system towards its
environment, to which it is coupled. If the open system and its environment form a bigger
closed system, its total energy must be conserved.

A classical toy model for dissipation in mechanics is precisely an arbitrary mechanical
system, A, coupled to an array of harmonic oscillators, B, modelling what is known as a
bath. The energy of A can flow towards B and back. As the number of oscillators in B
goes to infinity, the time it takes for the energy absorbed by B to move back to A also
goes to infinity (consequence of the Poincaré recurrence theorem). If we only consider A,
it experiments a clear process of dissipation.

An important contribution to the problem of including dissipation in a variational
principle, and the one we study here, is the one by C. Galley |Gall3; GTS14]. In order
to motivate his idea he proposes a very simplified version of the toy model: Assume a
mechanical system consisting of two harmonic oscillators of masses m and M and natural
frequencies w and €2 coupled together with coupling constant A. This can be modeled as
a Lagrangian mechanical system (Q = R?, L), with (¢, Q,v,V) € TQ and

L(Q7 Q? v, V) = L(m,w)(Qa U) + L(M,Q)(Q7 v) + LA(Q; Q)v
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4.2. Discrete forced mechanics and error analysis

where

m
L(m,w) (Q7,U) = 5 <U2 - w2q2) )

Loug)(Q,V) = % (V2 —°Q?),

The Euler-Lagrange equations of motion are then

i) = ~a(t) + Q1)

G(1) = ~0QU) + -alt)

We may think about one of the oscillators as the arbitrary system we are interested
in, and the second oscillator as its environment. The process known as “integrating out”
(or integrating away) in the physics community, consists of removing part of a system and
substituting it with its formal solution, so that only the subsystem under consideration
is featured in the description. This is equivalent to us focusing only on system A.

In the toy system, assume we want to focus on the subsystem formed by the oscillator
(m,w) with variables (¢,v) € TR. Integrating out the other oscillator (M, £2) implies
solving its equations of motion and substituting them in the firsts.

The solution of the second oscillator is of the form Q(t) = Qo(t) + QA (t), where Qq(t)
is the homogeneous solution of the problem, i.e. of

Qt) +Q*Q(t) =0

and @,(t) is the inhomogeneous solution

Qa(t) = %/t G(t,s)q(s)ds

where G(t, s) is the Green function of the problem, satisfying the equation

82
- 0?2 — —
atQG(t’ s)+ Q°G(t,s) =(t — s),

and d(z) is the Dirac delta distribution. For instance, given initial conditions Qo(0) = Qo
and Qo(0) =V, the homogeneous solution is

Qo(t) = cos(2)Qo + sin(Qt)% ,

The Green function is obtained for homogeneous initial conditions G(0,s) = 0 and
2G(t, s)|t:0 = 0 resulting in

O(t — s)sin(Q2(t — s))
Q ;

G(t,s) =

where 0(x) is the Heaviside distribution.
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Chapter 4. Variational error analysis for forced mechanical systems

If we do this sort of substitution directly in the action, the resulting type of action is
called a Fokker effective action

T (a(0)] = / |5 (@0 —w?a(0)?) + Mq(t) (@o<t> + @m)] t =
/ttb [% (cj(t)Q — w2q(t)2) + Aq(t) / s)q(s )ds} dt .

Note that the integral
/ / q(s)dsdt

is symmetric, so if we apply Hamilton’s principle the resulting equation of motion is
G(t) = —w?q(t) + AQo(t) / G(t,s) + G(s,t)| q(s)ds

where the symmetrized version of é(t, s) is coupled to gq. The symmetry of the kernel
implies that it can only take into account reversible or conservative interactions between
the two oscillators.

G(t,s) is in fact a function of ¢ — s that we will denote by Gie(t — s), called the
retarded Green function of the problem, so the symmetric kernel inside the equation can
be rewritten as

Gret(t — 8) + Gaau(t — )

where éadv(t —3) = éret(s — t) is the advanced Green function. This implies that the
evolution of the (m,w) oscillator depends not only on its past but on its future evolution,
so it is not causal.

Where did the problem come from? Galley points out that Hamilton’s principle is to
blame for posing a time boundary value problem instead of an initial value one, which led
us to our oscillator only coupling to the symmetric part of G(t, s).

The solution he found is to explicitly break the time symmetry by introducing two
instead of one set of variables, ¢ --» ¢1,¢2. The idea is to have a curve ¢;(t) advancing
in time towards the end-time boundary and the other curve g,(t) advancing backwards
in time satisfying that ¢i(t,) = ¢2(t») and 1 (ts) = ¢2(ts) (see fig. [.1). This way we can
write the action as

Jol(@1(t), ¢2(1))] Z/tbL(ql(t),dl(t))dtﬂL/GL(%(t),qé(t))dt

tp

tp
— [ [Lla®.00) - L) (0]
tq
Note that the actual value of ¢;(ty), ¢ = 1,2, is not set. The only values that are set
are the initial ones, namely ¢;(t,) = ¢1. and ¢(ta) = @24

An action of this type opens the door to adding more general terms, such as a coupling
function K(qi, q2,v1,v2) so that we get a new action

Tkl(@:(t), a2(8)] = /t b [L(q1 (1), q1(1)) = Lla2(t), ¢2(1)) + K(q1(1), ¢2(2), G2 (1), 42 (t))] dt
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4.3. Mechanics and geometry of Galley’s duplication

q1b = 42b

Figure 4.1: A mock-up comparison between the standard Hamilton’s principle and Galley’s modification. The arrows
mark the direction in which the trajectory is traversed.

In particular, for the system we were considering we would have

Tl (t). aa(t))] = / L (@102 (1)) — Lo (a2(0), a()

+ La(qu(t), Qo(t)) — La(ga(t), Qo(t))
+K(q1(t), g2(t), 41 (1), G2(1))] dt

with
/ K(u(8), a2(8), du (0), dat))dt = / / 01 (8) — ()3t 5)(@a(5) + ga(s))dsd

so q; and ¢y both couple to the retarded Green function in full, not just its symmetric part.
To recuperate the right results, one needs to set ¢ = g2, which Galley calls the physical
limit. If the function K(q1,qe,v1,vq) satisfies that K(qi,qe,v1,v2) = —K(q2,q1,v2,v1),
then it is possible to guarantee (see proposition that in the physical limit the
equations of motion for ¢; and ¢ are the same, and can be reinterpreted as equations of
motion for the original variable q.

In fact, these new functions allow us to add any arbitrary force we want. What we
will do now in the following sections is proceed to study the geometry behind these ideas
and its application to the problem of the order of forced variational integrators. These
sections are part of a pair of papers, one of them published [MS18b|, and another at an
internal preprint stage [MS19]. The reader should be aware that we changed the sign
convention in those papers with respect to Galley’s.

4.3 Mechanics and geometry of Galley’s duplication

We have conscientiously decided to maintain a more geometry-oriented approach in this
section by starting from the Hamiltonian side. This formulation is based on a groupoidal
construction (see section , so the unacquainted reader may feel overwhelmed. Per-
haps, a more sensible starting point for those will be section [4.3.3] where we discuss the
Lagrangian side. There, groupoids are mentioned too but the bulk of the section can be
understood without them.
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Chapter 4. Variational error analysis for forced mechanical systems

4.3.1 Symplectic groupoids

Definition 4.3.1. A symplectic groupoid is a Lie groupoid G = @ (see section [2.1.3)),
such that

1. (G,we) is a symplectic manifold,

2. the graph of u : Gy — G is a Lagrangian submanifold of (G, —wg) X (G, —wg) X
(G,UJG).

If G = @ is a symplectic groupoid with symplectic form wg on G then one may prove
that [see MW88|

1. dimG = 2dim @,
2. ¢(Q) is a Lagrangian submanifold of (G, w¢),
3. ¢ is an antisymplectomorphism of (G, wg),
4. (ker Tya)* = ker T, 3, for g € G, where
(ker T,a)* = {v € T,G |wa(v,u) = 0,Yu € ker T,a} ,
that is, the symplectic orthogonal of ker Tja.

Moreover, there exists a unique Poisson structure on @) such that « : G — @ (respectively,
p: G — Q) is a Poisson (respectively, anti-Poisson) morphism.

Example 4.3.1. Let G = @ be a Lie groupoid, and let A*G — @ be the dual vector
bundle of the associated Lie algebroid AG. Then, the cotangent groupoid T*G = A*G is
a symplectic groupoid with the canonical symplectic form wg. Given p € T7G, the source
and target mappings are defined

(@), X(a9) = (1 X(9)), (5w, X(8(9))) = (1 X (9))

for all X € T'(AG). [see CDWS8T7; Mar05; MMS15, for more details and the definition of
the remaining structural maps of this Lie groupoid.]

Proposition 4.3.1. Let G = Q be a Lie groupoid and Z € X(G) a vector field invariant
by the inversion, that is,

Ty(Z(9) = Z(g7"), VYgeG.

Then, for all ¢ € Q,
Z(€(q)) € Tq)e(Q) -

Proof. For all v, € A,G, consider an a-vertical curve g : I — G such that v = %(O).
Then 1 1
g
Tie(q) e (0gs vg) = &/ﬁ(dQ),g(t)) - = E(O) =v
Also, for the B-vertical curve g=! : I — G we have
d
Tietaetani(Tet(v), 0) = —n(ulg(t)) e(a))| = Teqe(v) -
t=0
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4.3. Mechanics and geometry of Galley’s duplication

Therefore,
Tie(g)c(ani(Te(g)t(v), v) = v+ Tegye(v) -
Since pu(g"(t), g(t)) = e(B(g(t))), then

(Tegr)(v) = —v + Teq) (€ 0 B)(v) - (4.2)

Using that
Z(e(q)) = Tep(e 0 a)(Z(e(q))) € A,

we can substitute it for v and then from expression (4.2)):

Topt(Z(e(q)) + Z(e(q)) = Tug (e 0 a)(Z(e(q))) + Tug (e 0 B)(Z(e(q))),
meaning
T1(Z(e(q))) + Z(e(q)) € Te(pe(Q) -

However, from the hypothesis about Z, we have that

T (Z(e(q))) = Z(e(q)) -
Therefore
Z(e(q)) € Tyqe(Q) -
m
Proposition 4.3.2. Let G = Q be a symplectic groupoid with symplectic form wg and

f:G — R a function such that f o = —f. Then, the corresponding Hamiltonian vector
field Xy

ix,we =df,
verifies that X¢(e(q)) € T(q€(Q) for all ¢ € Q.

Proof. Since t*w = —w then for all Y € X(G)
<df, Y> = wG(Xf, Y) = —L*(UG<Xf, Y) = —wG(L*Xf, L*(Y)) s
but from the hypothesis we have that

<df’ Y> == <d(f © L)7Y> == <df7 L*(Y)> = _wG(Xf7 L*(Y)) :
Therefore, from proposition we deduce that X((e(q)) € Ty(g)e(Q). O

All the geometric constructions that follow are based on a particular case of Lie
groupoid, the banal (or pair) groupoid G = @ x @ = () with structural maps:

ao(q,d) =q, Bole,d)=4d, eqlq)=(q,9),

w(e,d) =(d,a), nol(¢,d).(d,d") =(q,4"). (4.3)

In this case, the Lie algebroid of ) x @) = @ is isomorphic to the tangent bundle 7 :

TQ — Q.
The associated symplectic groupoid is T*(Q x Q) = T*@) with the canonical symplectic
structure wgxg of T%(Q) x Q) and with structural maps

, —Qg),

arg(ag, By) = —ag,  Brqlag, By) = By, erqlag) = (ay,
= (O‘q>7q”)'

vr(ag, By) = (= By —ay),  pr-q((ag, By)s (=Bys Ver)
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Chapter 4. Variational error analysis for forced mechanical systems

Consider the map
U: THQ xQ) — TQxT*Q
(ag: By) = (—ag, By)-

Using this map we have an alternative structure of symplectic groupoid T*Q) x T*(Q) =
T*@) given by

pri(ag, By) = g, Pralag, By) = By, €lag) = (ag, o),
Wag, By) = (By,aq)s  wl(ag, By): (Bysvg)) = (g vgr) -
We can see that ¥ is in fact a symplectomorphism, i.e. U*(wgxg) = Qgxg, Where
Qoxq = prawg — priwg

is a symplectic form. This form makes (7*Q x T%Q), Qg«q) a symplectic groupoid.

4.3.2 Forced Hamiltonian dynamics as free dynamics by dupli-
cation

In this section we define a new unforced Hamiltonian system whose dynamical equations
are related with the forced system (H, fH).

Consider the symplectic groupoid (7*Q x T*Q, Qgx¢) defined in the previous section,
and consider the Hamiltonian H : T*Q x T*Q) — R defined by

H(ay,By) = (H opry — Hopry) (ag, By) = H(By) — H(ag) -
Observe that this Hamiltonian satisfies that H o« = —H . Thus, we have the following
Lemma 4.3.1. The Hamiltonian vector field X g given by
ixuQoxg =dH

satisfies:

i) Xg is tangent to e(T*Q);

i) XH|6(T*Q) =e.(Xp).
Proof. See proposition [4.3.2] O

Observe that the proof of lemma is quite straightforward when using coordinates.
In fact, if we take adapted coordinates (¢, p;; Q°, P;) on T*Q x T*Q then

and so

OH 0 OH 0 OH 0 OH 0

a7 a—qi(q,p)api )
which is obviously tangent to (7). This last space is locally given by the vanishing of
the 2n-constraints Q" — ¢ = 0 and P, — p; = 0 and moreover follows immediately
since €(q",p;) = (¢',pi3 4", pi)-
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4.3. Mechanics and geometry of Galley’s duplication

Define FH™ (v, By) = (—FH (o), FH(5,)) with Hessian matrix:
0*H

- ) 0n><n
i, (¢,p) .
0n><n W(Qa P)

The following lemma is trivial but it will be useful for us when going to the Lagrangian
side.

Lemma 4.3.2. The transformation FH™ : T*Q x T*Q) — TQ x T'Q is a local diffeomor-
phism if and only if FH : T*(Q) — T'Q is a local diffeomorphism.

Given a Hamiltonian H, we may want to add a generalized potential K: T QxT*Q) —
R. This allows a richer behaviour of the original system in 7%(). In light of the result of
lemma |4.3.1}, if this function has the property K or = — K, then H = H + K will still
preserve that property and the trajectories of the resulting dynamics at the identities will
remain bound to the identities.

The previous results are only a preparation for our real objective, which is to find a
purely Hamiltonian representation of systems with forces using this duplication of vari-
ables.

In what follows, it will be interesting to introduce o : TQ — @ x ) defined by
o(vy) = (q, Ry(vy)), where R, is a tangent retraction (see def2.1.1). It is easy to show
that o is invertible in a neighborhood of 0, € T,() for any ¢ € ). Denote this local inverse
by 7: @ x @ — TQ, which in coordinates will take the form

(¢, Q") = (¢',7'(¢,Q)) -

Lemma 4.3.3. Consider a chart (U, y) around a point ¢ € Q, then the map o : TU —
QxQ defined by o(vy) = (q, Ry(vy)), where ¢ € U satisfies that the map Ty, o in coordinates

(TU,Tp) and (U x U, X ¢) is
I 0
I I

and, in consequence, the map T, T is represented by the matrix

(51)

Proof. We have that in the chosen coordinates o(q*, v*) = (F"(q,v), G'(q,v)) = (q, Ry(v)).
Therefore, in coordinates,

OF" . OF"
a_q](qvo) :(5]'7 w(Q7O):O7
where 5;. is the Kronecker delta, and observe that
oG" ;
a—qj(q, 0) =9}
since Ry (0) = ¢ for ¢ € U and
oG" ;
w(q, 0) =9}
since T, Ry = idr,q. ]
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Chapter 4. Variational error analysis for forced mechanical systems

Typically, we can induce this kind of mappings using an auxiliary Riemannian metric
g on () with associated geodesic spray I', [see |Car92]. The associated exponential for a
small enough neighborhood U C T'Q) of 0,

exple: UCTQ — QxQ
Uq = (Q7’7Uq(1))

where ¢ — 7,,(?) is the unique geodesic such that v, (0) = v,. For instance, when ) = R"
and we take the Euclidean metric, we induce the map

7(¢,4) = (¢.4 —¢) and o(q,v) =(g,q+v).
Given a forced Hamiltonian system (H, f), we can always construct the function
K;:T°Q xT*Q — R as:
1

K j(aq, By) = %(fH(ﬁq’)vT(q/7Q)> - §<fH(qu)>T(q, 7))

Observe that this function satisfies the important property %ﬂﬁq/, a,) = _/Ef(@q, By)s
and thus is a generalized potential. Consider the Hamiltonian H; : T7%Q) x T*Q — R
defined by .

H(ag, By) = H(ag, By) + Ky(ag, By)
which also satisfies H ¢(Sy, og) = —H f(ay, By) by construction.

Note that we are not imposing that f¥ be of any particular kind, so this approach is
fairly general. Also note that this choice of generalized potential is not the only possible
one. In fact, if a given f# can be derived from a more fundamental theory, it may be
entirely possible to derive a better suited K from a Fokker effective action.

Theorem 4.3.4. The Hamiltonian vector field Xgr, given by
xu,Qoxq = dHj
satisfies:
i) X, is tangent to e(T*Q);
i) Xty g = &Xu +Y7).

Proof. Part|i)|is again a direct consequence of proposition |4.3.2]
To deduce part fii)| observe that

OH 10f7 } 0
(8—i(q,p> +3 af (¢,p)7 (4, Q)) oq

Xp, =

iz

OH 1of] ;
- (a—qi(q,p) + 59 (¢.p)7 (¢, Q)
ot/

+ fH(q p)a 7(0,Q) - %fﬁ(@,P)Z—Z(Q&)) 3?%
.\ (a ©. P)+%%‘Z(Q,P)Tj(Q7Q)> agi
(8@ ) an Q)
@ Qo+ e P @ ‘”) 7
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4.3. Mechanics and geometry of Galley’s duplication

Now using lemma we have that along the identities e(7T*Q)

 OH 9 OH H 9

OH 0 OH o 0
+ a—pi(q,p)y@- - (8—qi(q,p) — f; (q,p)> 9P
and thus Xp, L(T*Q) = €.(Xg + Y}) as we wanted to prove. ]

Define the mapping FH ? T xT*Q — TQ xTQ given in adapted local coordinates

as
. . . OH - OH
IFHX 1 i 7 P'L — 1 f ) f .
f(q7p7Q7 ) <Q7 apz 7@7 8]31)

Proposition 4.3.3. If H s reqular, then the transformation ]FH? TR x THQ —
TQ x TQ is a local diffeomorphism in a neighborhood of e(T*Q).

Proof. Locally, if we take coordinates (q¢*, p;, Q%, P;), then from the definition of K; we

observe that
() ()
«(TQ) OPOP; /) OpidP;

«(T+Q)

( WR})
3pi3pj

Therefore, from the regularity of H it is trivial to derive the regularity of H on a tubular
neighborhood of €(7*Q). O

4.3.3 Forced Lagrangian dynamics as free dynamics by duplica-
tion

Now we will define a new free Lagrangian system whose dynamical equations are related
with the forced system (L, f).

Consider again the cartesian product ) x ). As we have seen, this is a Lie groupoid
together with the structural maps defined in eqs.. The tangent bundle of a Lie
groupoid G = M is itself a Lie groupoid over the tangent of the base manifold, i.e.
TG = T'M, whose structural maps are the tangent of the originals. Therefore T(Q x Q) =
TQ x TQ is a Lie groupoid over T'Q). To keep the notation close to the former section,
let us denote its canonical projections as pry 5 : TQ x TQ — TQ. If (vg, V) € TQ x TQ,
then we have pr,(v,, V) = v, and pry(u,, V) = V. Consider also the maps

i: TQXTQ — TQXxTQ
(vg, Vo) = (Vg,v,)
and
€: TQ — TQXTQ
vy~ (vg,7,) -
Multiplication can also be defined but will not be necessary for our purposes.

Clearly, TQ x TQ is equipped with a vertical endomorphism and a Liouville field,
whose local presentation in adapted coordinates (¢*, v*; Q*, V') are, respectively,

0

, 0

- +dQ'®
. 81}1
A = '8 + Vidy.
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Chapter 4. Variational error analysis for forced mechanical systems

Define a new Lagrangian L : T'Q) x T'() — R as:
L(vg,Vg) = (Lo pry — Lo piy) (vg, Vo) = L(Vg) — L(vg) -

Much like H, this new Lagrangian satisfies that Loi = —L.

As with the Hamiltonian formulation, we may also include potentials in our descrip-
tion. Again, let K : TQ)Q x TQ) — R be a function such that K o = —K, then K is a
generalized potential and Lxg = L — K satisfies L ol = —Lg.

The following general proposition states that in the particular case of Lagrangians
satisfying this property, the identity set €(7'Q)) is an invariant set for the flow of its Euler-
Lagrange equations.

Proposition 4.3.4. Let L : T'Q) — R be a regular Lagrangian and ¢ : Q — @ a diffeo-
morphism verifying that Lo ¢, = £L. Denote by M, = {vy € Q| ¢.(vy) = vq}. Then M,
1s an tnvariant set for any solution of the Euler-Lagrange equations.

Proof. Consider the action

d
X(t) = elt)) € TCdar @b [tar to]) -
€ e=0
We then have
d
d71e)(X) = - Tle] »

A7) =% [ gk (st Getet)) |
=+ 3| (leoal)

=+dJ[pocl(p.0X).

Observe that ¢, 0 X € Ti,0cC%(p(qa), ©(q); [tas tp]). Since ¢ is a diffeomorphism then c is
a critical point of J iff v o ¢ is a critical point of J.

Now, if ¢ : [tq, 1] — @ is a solution of the Euler-Lagrange equations (dJ[c] = 0) with
¢(t,) € M, then ¢ o c is also a solution of the Euler-Lagrange equations. Observe that

d(fi; C) (ta) = @*(C(ta» - é<ta) ’

Consequently, ¢ o ¢ and ¢ are solutions of the Euler-Lagrange equations with the same
initial conditions. Since L is regular, it implies that ¢ = poc and é(t) € M, for all t. [
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4.3. Mechanics and geometry of Galley’s duplication

With this result we can now state Hamilton’s principle with initial values proposed by
Galley in a more rigorous form.

Consider curves c : [tq,t3] C R — Q x Q of class C? departing from a point ¢(t,) =
4, = (o, Qa) With velocity v, = (va, Vi) € Teq,)(@ x Q) and such that &(ty) € é(TQ),
where ¢ is the tangent lift of ¢ (see[2.1.2). Let us denote the collection of all these curves
as

C*((@ar o), [ta tel) = {€: [tas te] = Q| € C¥([ta, 1]), &(ta) = (g4, va), E(ts) € E(TQ)}

and its tangent space as

TcC2<<Qa7va)a [tas ts]) =
{X : [ta, ) = T(Q x Q)| X € C([ta,t)), Toxg o X = ¢, X (ta) = 0, X () € &(TQ) } .

Let us also define an analogous space for curves c: [t,,t] CR — Q, as

C2((Qayva)7 [ta;tb]) = {C : [taatb] —Q | ce CQ([taathvé(ta) = (Qa,Ua)} :

Clearly if ¢ € C*((q,,v.), [ta; b)), then ag(c) = co € C*((qa; V), [ta, ts]) and Bo(c) =

Cp € OQ((QM )[taatb])
Given a Lagrangian L : T@)Q — R and a generalized potential K : T(Q x Q) =

T x TQ — R such that Lig ot = — Lk, we define its action functional as

T C*((qwva)s[taste]) — R
¢ — [ Lr(e(t))dt.

By proposition if ¢ is a critical point of J|[c] such that ¢(t,) € é(T'Q), then
c(t) € e(Q) for all ¢ € [t,, ty]. Therefore, ag(c) = fg(c) = ¢

Definition 4.3.2. (Hamilton’s principle with initial values). A curve ¢ € C?((¢q,va),
[ta, tp]) is the physical trajectory of a forced Lagrangian system defined by L : TQ — R
and a force f:TQ — T*(Q) defined by

B d (OK\ 0K\ )\ d (0K\ 0K\ .
f—pr2<(&(a—@)‘%>‘°€)”fl((‘@(a?%%)“)

if and only if €g(c) is a critical point of the functional 7, i.e. dJ[eg(c)](X) = 0, for all
X e T C)C ((Qayva)a [taytb])-

It is not difficult to show that a critical point of 7 is a curve ¢ with local coordinates

c(t) = (¢'(1), Q'(t), ¢'(t), Q'(¢))

—(GL) oL =0, fori=1,...,n
861

( 8@1 ) an )

which in terms of L and K, is
-4 (

i (3 #) o

_( ) aL _d ( aK
6QZ an dt 6@1 an :
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Chapter 4. Variational error analysis for forced mechanical systems

When ¢ € €(Q), then ¢ satisfies Hamilton’s principle with initial values, and the
equations of motion are precisely

d oL\ oL [ d (0K +8K ot
dt \ 0¢* oq dt \ ¢’ 0q’

_(d (0K\ 0K\ .
‘(daﬁ)‘a@f)“‘

The Hamilton’s principle with initial values is clearly equivalent to the standard Hamil-
ton’s principle once the variables have been duplicated, so we may continue using the
latter.

Fibre derivatives and Poincaré-Cartan forms

From a generalized Lagrangian L we can define corresponding Poincaré-Cartan forms on
TQ x TQ, 0, = S*(dL) and wy, = —dfr, as in section . We can also define a new
fibre derivative FL* (v,, V) = (=FL(v,), FL(Vy)). This leads us to state an analogue of
lemma [4.3.2

Lemma 4.3.5. The transformation FL* : TQ x TQ — T*Q x T*Q is a local diffeomor-
phism if and only if FL : TQ — T*Q is a local diffeomorphism.

It is easy to check that with this definition of fibre derivative the following diagram
commutes:

TQ x TQ L% T*Q x T*Q
TQ ———1"Q
This allows us to state the following

Proposition 4.3.5. The reqular Lagrangian L induces a symplectic structure on the Lie
groupoid TQ xTQ = TQ, (IFLX)* Qoxg = wr,, which makes (T'Q xTQ,wr) a symplectic
groupoid.

We can also define the energy of the system as in the usual case, with Ff, = A (L)—L,
but in order to relate this with the Hamiltonian formulation, it will be useful to rewrite
it as:

Er(vg, Vo) = (FL*(vg, Vi), (v, Vo)), — L(vy, V)

where (-,-), : (T*Q x T*Q) x (T'Q x TQ) — R is the inner product defined as:
<Oé, U>>< = <pI‘2(Cl/), IS\I'2<U)> - <pr1(a)7 }5}'1(27» :
The following results will help us prove the analogue of lemma [4.3.1]

Proposition 4.3.6. Let L : T'Q) x T'() — R be such that L oi = —L, then the following
diagram commutes:

TQ x TQ X% T+Q x T*Q

I L

TQ x TQ L5 T+Q x T*Q
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4.3. Mechanics and geometry of Galley’s duplication

Proof. We need to show that:
FL*oi=10FL"*.

On the left-hand side we have
(FL* 0i) (¢,v,Q,V) = IFLX(Q V,q,v)
- (@-Gr@vana @),

while on the right-hand side we have

(Lo FL*) (4,0, 0,V) :L(q, i) e V))

(9L
(Qa <Q7U @, V) _a_<Q7U @, V))
Now, using that L oi = —L we find:
OL L
_(Q7 ‘/7 q, U) - _W(Qa v, Qa V)a
3L L
V, — V).
5, @V 0) = —5-(¢,0,Q,V)
Applying this we immediately arrive at the desired result. O

Lemma 4.3.6. The inner product (-,-), satisfies that

<L(a>7 Z(U)>>< == <O‘J U>><

Proof. First note that pr; ot = pr, and pry o i = pr,, and that the same holds under the
exchange 1 < 2.
Clearly:

(t(@),i(v)), = ((pry 0 )(a), (Pry 0 0)(v)) — ((pry © ¢) (@), (Pry 0 £)(v))
= (pry (), by (v)) — (pra(a), Piy(v))
= — (o, v), O

Proposition 4.3.7. Let L be a Lagrangian such that Lot = —L, then also Epot = —FE,.

Proof. Applying the inversion to the definition of the energy given in terms of FL* we
have:

(Epoi) ()= ((FL* 0)(-),i()), — (Loi)()
= ((LoFL¥)(-),i(-)), — (Lo i)(:)
Applying lemma [4.3.6| and the inversion property of L we get:

(Bpoi)(-) =—(FL*(-),), + L(-)
:_EL(.)
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Chapter 4. Variational error analysis for forced mechanical systems

Corollary 4.3.6.1. Let L be a reqular Lagrangian satisfying the hypothesis of proposition
/.3.0, and define its associated Hamiltonian by the expression H o FL™ = Er. Then
Ho,=—-H.

Proof. Using proposition we have that HoioFL* = HoFL*oi = Eroi. Applying
proposition the result follows immediately. O

Finally we can state the following result:

Proposition 4.3.8. Assume L is a reqular Lagrangian, then the Hamiltonian vector field
Xg, associated to L given by

L
ZXELWL = dEL

satisfies:
i) Xg, is tangent to €(TQ);
it) XELlé(TQ) = &(Xp).

Proof. We know that (IF‘LXYk Qoxg = wr. Defining H = Ep o (FL)™" we then get that

H = E; o (IF‘LX)_l. Thus the results of lemma [4.3.1] also apply to Xp, and these
results can be brought back to T'Q) x T'Q), proving our claim. Variationally this is a direct

consequence of proposition [4.3.4] O

Given a forced Lagrangian system (L, f) we may define the generalized potential Ky :
T x TQ — R explicitly written as:

K (00, Va) = 5{7(Va). 7(Q. ) — 5 (7). (0, Q).

Note that if Ly = L — K is regular, we may obtain a Hamiltonian from its energy as

'f = Er, 0 (]F‘L?)_1 but in general it will not be the same Hamiltonian as we defined
in the previous section, i.e.

— 1 1
H;# Hopry— Hopry + o (f" opry, momgugot) — 5 {f" opri, 7o moxg)

This will only be equal if f does not depend on velocities, which means FL} = FL*. This
means we cannot directly invoke the result from theorem to prove that the resulting
Euler-Lagrange field coincides with the forced dynamics at the identities and instead we
must work a bit more to get the same result. Still at the end of the section we will show
that we can actually relate both dynamics obtained from H ; and H .

Let us begin with this regularity result:

Proposition 4.3.9. If L is reqular, then Ly is reqular in a neighborhood of é(T'Q)).
Proof. The proof is essentially the same as that of proposition O

Given Lxg = L — K, with L = Lo pr, — L o pry, let us reserve Xp, for the free
Euler-Lagrange field, i.e. the vector field that satisfies

ixp, WL =dEg,
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4.3. Mechanics and geometry of Galley’s duplication

and define the vector field Y as the one resulting from the decomposition Xpg, — =
Xg, — Yk. Similarly, let us define 0 by 01, = 0L — 0k and Ex by Er,, = EL, — Ek.
Clearly, if wg = —dfk, then wy, = wr, — wk, and it is not difficult to show that:

WygWL i = dEK — ZXELCUK
= L, Ok — dK .

We can now prove the following theorem:

Theorem 4.3.7. Given L = L — K regular in a neighborhood of ¢(TQ), with L =
L opry — Lopr,, whose Hamiltonian vector field X, = Xp, — Yk salisfies:

IXp,, WLk = dEL, (4.4)
then:
i) Xpy, is tangent to é(TQ);
it) Yy is vertical and such that i.Yi = Yi.

Furthermore, if K = Ky and Ly = L — K¢, then we have that:

1) 1y, W =0;
) e L(TQ)
i) 1y, w = (pryf — prof) lecroys
) Wi, Wr|, o = 0T = D2 far)
v) X = é.(Xg, +29).
) ELf €(TQ) ( EL f)
Proof. i) Geometrically, given the regularity in a neighborhood of the identities, wy, . is
non-degenerate there. As £y, ol = —Ep,,, we are in a position to apply proposition

4.3.2 rendering this equivalent to theorem . Variationally, the proof is a
consequence of [£.3.4]

ii) We know that Xp, —and Xp, are second order vector fields, as they solve their
respective Euler-Lagrange equations. Thus, S(Xp, ) = S(Xpg,) = A. Then nec-
essarily S(Ygx) = 0, which means it is vertical. As by proposition both fields
satisfy the symmetry property with respect to 7, Yx must necessarily satisfy it too.

iii) For a general K, using|Cartan’s magic formulal we get that 1y, wx = d (1y, 0K) —
Ly, 0k, but as we have just shown in , Yk is vertical, and so iy, 0k vanishes
identically. Thus, 1y,wx = —Ly0k. Now, if Y = Y0, + Y{:0y: and O =
09dq’ + 62dQ’, then:

Ly O = (Y0, + Yi0ys) 03dq’ + (Y0, + Yi0ys) 02dQ" .

In the special case of K we have that 0,6 = 0, GZ-Q = 0, which reduces the former
expression to: ' ' ‘ '
Ly, Oxc, = Y] 0,01dq" + Y{0y; 09dQ" .

Furthermore, 0,607 = —% <83-25;i ,7(q, Q)>, and similarly with 8Vj9iQ. AsTo0é=0,

all these terms vanish at the identities.
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Chapter 4. Variational error analysis for forced mechanical systems

iv)

We know that g, WL = [,XELf HKf —dKy + Uy WK - We have just proven in

that at the identities the last term on the right-hand side vanishes. Thus, we
only need to worry about the first and second terms. Proceeding as before, we can
expand the Lie derivative with Xp, = v'0, +V'0qi + X0y + X{,0yi:

Lxp, Ok = (v/0p + VI0q + X]0, + X{,0v5) 07dq’
+ (V10 + VIdgs + X210, + Xidys) 02dQ!°
+ 00,0 dv’ + 070 VAV

Again, for K = K we have that 0y;60f = 0, 9? = 0, so simplifying this expression
we get:

EXELf er = (Ujaqj + Vjan + X{)&UJ) Hqul
+ (010, + Vg + X{:0y) 02dQ
+ 0%dv’ + 62V

Under the same argument as in , the terms with derivatives in the v and V
variables vanish at the identities. We can also see that v70,;0f + V70,07 and its 69
counterpart must also vanish at the identities because:

0q7(q,q9) = —0,7(q, q)

St + Getave)

vt oVt

Thus, £ Xp, O ; = 0. These also coincide with

f &(TQ) - < &TQ)
the v and V' components of dK, so we only need to check what happens with the ¢

and () components:

a5 ((r@v1.5n@0) - (Fanrew)

- <f(q,v), g—;(q,Q)» dg’

4 ((Zevisen) (e o)

or

- (Ja0) 50 @) ) 4+

At the identities all terms with a bare 7 vanish, and using the properties of its
derivatives, the remaining terms add up together forming fi(q,v)dq" — f;(q,v)dQ".

Let us develop the left-hand side of :
PL ... O*L
- _ idgt
Wi = " guige 0 Y pigv
Restricting to €(T'Q)) and using [iv)| we get that:

Yics ooy = —(90)7 (fi0u + fi0vs) = (= Z5)

where (g7)” are the entries of the inverse of the Hessian matrix of L, as defined in

eq.(3.2).

YdQ'

]
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4.3. Mechanics and geometry of Galley’s duplication

Finding the integral curves of Xp, + Z} is equivalent to solving the forced Euler-

Lagrange equations
d (0L oL filg, d)
at\ag)  oag —TP1)-
Then from theorem we have that this is also equivalent to solving the unforced

Lagrangian system derived by duplication given by L; : T'Q) x T'() — R and restricting
the dynamics to é(7'Q); in other words, it is equivalent to solving this system’s Euler-

Lagrange equations
d (aLf) 0Ly,

at \ 9¢ oqt
d (0L;\ OL;
dt \ 90 oQ

when restricted to é(TQ).

After theorem [£.3.7 the following result does not add much more, but gives us a
better picture of the difference between the Hamiltonian and Lagrangian side and why
the dynamics at the identities coincide:

Theorem 4.3.8. Let (L, f) and (H, f) be a reqular forced Lagrangian system and its

associated forced Hamiltonian system, and denote by Hy = Er,, o (IE"L?Y1 and H the
corresponding generalized Hamiltonians. Then their respective Hamiltonian vector fields

X'ﬁf and Xg, satisfy that Xﬁf . = XHfL(T*Q).

Proof. Working on the Lagrangian side we know that H; o FL* = Ep, + K, where
FL* is the fibre derivative induced by the free Lagrangian. This means that we have the
following two concurrent dynamics:

ZXEwaLf = dELf

Z)?waL = d(EL + Kf) .

The respective transformed versions of the vector fields X By, and X L, are Xﬁf and

XH,- Clearly both XELf and )?Lf can be decomposed into Xg, — Yk, and Xp, — }A/Kf

respectively. We are left with:
Znywa == ‘CXELHKf - dKf

Z}’}waL = —dKf .

As we saw in proposition {4.3.7]fiii)| Znywa‘ o) = 0, so we are left with:
{(TQ

ZnywL = ‘CXELQKf - dKf

and we saw in 4.3.7. ﬁXELer)é(TQ) = 0, thus YKflé(TQ) = Yk, 10
and FL™ coincide at the identities, then so will Xﬁf and Xg,, proving our claim. O]

. As both FL;
)

The two terms that must vanish at the identities for both dynamics to coincide,
Wi, WK and EXEL O ;» amount to the condition that EXELf Ox ; vanishes at the iden-

tities. This is still true for any K such that KoFL* = K.
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Chapter 4. Variational error analysis for forced mechanical systems

4.4 Variational order for forced discrete Lagrangian
systems

4.4.1 Discrete Lagrangian dynamics obtained by duplication

We have a regular system defined by L : TQxT() — R. Now we consider a discretization
of this Lagrangian

LL :QxQxQxQ—R
such that L% = —L% o iy where iy: Q x @ x Q@ x Q — Q x Q x @ x @ is the inversion
defined by
La(Qk, Gerts Qks Qryr) = (Qr, Qrrts Gk, Gr1) -
Additionally, define the identity map é4: Q X Q@ — Q X Q x Q X @ by

€@, Gor1) = (Qs Q15 Qs it1) -

As we are studying discrete variational systems with a discrete symmetry, the following
proposition will be useful later on.

Proposition 4.4.1. Let Ly : Q x Q — R be a regular discrete Lagrangian and pq :
Q — Q a diffeomorphism wverifying that Lq o (¢q X @4) = £L4. Denote by M,, =
{(¢.4) € Q| walq) = ¢, pa(d) = ¢'}. Then F,, is an invariant set for any solution of the
discrete Fuler-Lagrange equations.

Proof. The proof is similar to that of proposition [4.3.4]
Consider the discrete action

P

Jalca) = La(qx, qr+1)
0

B
Il

where ¢4 € Cy(qa, @v, Ty), with ¢, = qo and ¢, = qn.
The extremals are characterized as the solutions of the discrete Euler-Lagrange equa-
tions:
D2Ld(q1€717 qk) + DlLd(qk, QkJrl) = O, fOI‘ k = 1, ceey N — 1 .

Then, it is clear that if {qk},]::l is a solution of the discrete Euler-Lagrange equations,

then from the invariance of Ly we easily derive that {pa(q)},, is also a solution with
boundary conditions ¢4(qo) and ¢q(gn).
Therefore, if Ly is regular we have defined its discrete flow or discrete Lagrangian map:

Fr,: Q@xQ — QxQ
(@r-1.ar) = (Gks Qrt1) -

Observe that also Fr,(va(qr-1), va(qx)) = (pa(qk), a(qr+1). Now starting from initial
conditions (g, ¢1) € M,,,, that is, v4(q0) = qo, ¥a(¢1) = ¢1 from the uniqueness of solutions

of the discrete Euler-Lagrange equations we obtain that (qx_1,qx) € M,,, k =1,..., N and,
as a consequence, M, is an invariant set of the discrete Euler-Lagrange equations. [

Theorem 4.4.1. The flow FLdK QXXX = QXQXQXQ defined by a discrete
Lagrangian L : Q x Q x Q x Q — R werifying that LY = —L% oig restricts to é4(Q x Q),
that s,

FL‘}( O€d(Q X Q) € éd(Q X Q) .
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4.4. Variational order for forced discrete Lagrangian systems

Proof. The proof is a consequence of proposition [£.4.1] O
Now, we are in a position to state our main result.

Theorem 4.4.2. Let (L, f) be a forced Lagrangian system. Derive from it the extended
reqular Lagrangian Ly : TQ) x TQ) — R and consider the exact discrete extended La-
grangian

h
L (q0, Qo, 1, Q1) :/0 Ly (go(t), o1 (t), Qoa(t), Qoa(t)) dt

where t — (qo1(t), do1(t), Qo.1(t)) is the unique solution of the Euler-Lagrange equations

for Ly satisfying qo1(0) = qo,Q01(0) = Qo,q01(h) = q1,Q0,1(h) = Q1 and satisfying
additionally that Ljf 0lg = —L;f.

If lec 1 TQ x TQ — R is a discretization of order r of L} (see def. , then
the discrete Euler-Lagrange equations of L;lc restricted to €;(Q x Q) give us a numerical
integrator of order r for the flow of the forced Lagrangian system (L, f).

Example 4.4.1. As an example consider a Lagrangian L : R** — R:

1 1
L@w)ziﬁﬂﬂ%—?me

and a dissipation force f(¢*,v") = (¢', —Di;v?).
The forced Euler-Lagrange equations are:

Mi(t) + Dq(t) + Kq(t) = 0.
We will derive the extended Lagrangian L; : R* — R. For that, we consider the

function:

Kj0.0.Q.V) = 3DV (g~ Q)+ 3Do- Q=0 =[5V +0)| @0,

Then
Lf(QaU7Q7V) = L(Q,V) _L( U) —Kf((],v Q V)

T
— %VTMV QTKQ TMU+ 2qTKq— [g (V—l—v)} (@—1q).

By construction Ls(q,v,Q,V) = —L;(Q,V,q,v).
Let us discretize by applying the midpoint rule:

Tt aq q.NCh_QO
2 h
which leads to:

Ll — h (Qk+1 —Qk>TM (QkJrl _Qk) B (Qk+Qk+l)TK (Qk+Qk+1>
72 h h 2 2

B ﬁ Qk+1 — Gk r M Qk:+1 — Gk qr + C]k+1 Gk + Qr+1
2 h 2

h

t3
_E[D(QkH—Qk CIk+1—C]k)]( +Qk+1 qk+qk+1>
2 .

h 2
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Chapter 4. Variational error analysis for forced mechanical systems

Observe that
L?(Qk, Qrs Gor1, Qrtr) = —L?(Qk,%, Qrt15 Gry1) -

Therefore, from theorem this leads to a second order method restricting the discrete
Euler-Lagrange equations to é;(Q x @). The resulting equations are not very surprising:

Qrr2 — 2Qk+1 + Qs Qri2 — Qk Qrro +2Qp1 + Qr)
M( o )+D(—2h )+K< : )o.

The following results provide a purely variational base for the exact discrete forc-
ing offered by Marsden and West, and show that usual Runge-Kutta type discretization
schemes provide the same results as in their article.

Proposition 4.4.2. The exact discrete Lagrangian defined by Ljp(uq, vy) at the identities
is equivalent to two copies of the one defined in (MWO01], eq.(3.2.7)].

Proof. The corresponding parts for L need not be checked as they correspond trivially to
those of eq.(3.2.7a) with the adequate change of notation. It remains to show that K
generates the exact discrete forces f5*, f5.

The contribution of some K to the exact discrete Lagrangian is:

h
K(d0, Q0. a1, Q1) — / K (q(t). v(t), Q(t), V(1)) (45)

where t — (q(t), Q(t)) € Q x Q is the unique solution for Lg , with boundary conditions

q(0) = g0, Q(0) = Qo,q(h) = q1,Q(h) = Q1.
In the case where K = K, differentiating K; with respect to gy we get:

D1 K 4(q0, Qo; g1, Q1) (4.6)

_ [  dq(t) ou(t) Q) V()

_/0 {Dle dqo K 94qo DK 9q0 D 9qo a
where:

DKy = % [(f(Q,V),D27(Q, q)) — (D1f(q,v),7(q,Q)) — (f(g,v), D17(q, Q))]

DK = 3 {Daf(4,0),7(.Q)

[(D1f(Q, V), 7(Q,q)) + {(f(Q. V), D17(Q,q)) — {f(q,v), Do7(q, Q))]
<D2f(Q> V)> T(Qv Q)> :

DyK; =

DK =

| = Do -

Similar expressions are found after differentiation with respect to ¢, ¢; and ¢;. Now,
when restricted to the identities, we find that:

g*Dle = <f(q7 U)? iquQ>

DK ;=0
é*D3Kf - = <f(Q7 'U), lquQ>
EDyK; =0
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4.4. Variational order for forced discrete Lagrangian systems

where we used the fact that 7(q,q) = 0, and € Dy7 = —€*D 7 = —idg,. This leads to:

Ak e A~k e " dq(t —
DK =~ DK = [ flalt)u(o)- aqéo)dtzfd (4.7)
A~k e A~k e h a t
DKy = ~iDiKGa = [ fla(t).u(t)- Ot g5 (45)

Putting everything together we find two copies of the forced discrete equations with
opposite sign, which is what we set out to prove. O

Proposition 4.4.3. Let (b;,¢;) be some quadrature coefficients and let v be a Galerkin-
type interpolation polynomial associated to the coefficients ¢;. Let us also use for con-
venience the notation ’Y(taCImCh) = (X(ta QOaQ1)>¢(taQO>Q1)); with X<t7q07ql) € Q and

V(t,q0,01)) € Ti(tqo,0)@ for each t = [0,1]. If we approximate the conservative discrete
Lagrangian L as

La(go, 1) =1 Y _biLov(ci,qo.q1)
=1

then the contribution of K¢, as defined in proposition to the discrete Lagrangian
L‘]ic at the identities becomes:

éJaaIf _ _hiilbi <foy(C¢,QO,ql)v%;m%)>
éjaan{lfe _ _hiilbi<foy(ci,qo,m)7%qqlm%)>
g;aagf :hgbi (oo man HG).

Proof. For the contribution of K¢ to the discrete Lagrangian we have:

K (g0, Qo, 1, Q1) = h Y biK (y(ci, qo, 01), 7(ci, Qo, Q1)) -

=1

Differentiating with respect to qo, ¢, ¢: and ¢} we have:

8;;‘} _ hgbz :DlK- aX(ngfioach) + DyK - 31/)(0561(20;(11)}
N R
‘9;;(11‘ _ hzzjl:bi :DlK- 3X(ngqlo,ql) + DoK - 31/)(0550;(11)}
o = [puae DGR e L]
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where D,;K are the same as those of proposition with ¢(t) = x(t,qo0,q1), v(t) =

Y(t, q0,q1), Q(t) = x(t,Qo, Q1), V(t) = ¥(t,Qo,Q1). Restriction to the identities proves
our claim. 0

Example 4.4.2. Let us choose our discretisation to be:

Lg(qo,q1) = hL ((1 —a)qo + aqi, ! ; qo>

as in [MWO1} example 3.2.2]. This results in:

é;{agzd =h(l—a)f ((1 —oé)qo_i_aql,Ql;qo)
daafg; = —h(1—a)f ((1 Vg + agr, 8 ;qo)
dagi: — haf ((1_a)q0+oéqhq1;qo>
da‘a[z; — _haf <(1 — o)+ aqy, & - qo)

which coincides with their result.

In section [3.2.5] we also saw how to construct VPRK methods, which will play a very
important role in chapter [} We can easily do the same here, but we need to change our
notation slightly, given that ¢ and () have different meanings there.

Consider then coordinates (qi,v1,q2,v2) € TQ x TQ) and denote q = (q1,¢2), v =
(v1,v2). Choose an s-stage RK scheme with T = {tk}szo such that t;,1 — t = h and
consider the space of s-stage variationally partitioned RK (s-stage VPRK) sequences:

Ci(a.: a)
- {<‘Lf?» {Qiavi’jf};) 1Ty = T"Q xT7Q x (TQ x TQ)” |
q(t.=t) = q,,q(ty = tn) = Qb} :

If ¢4, then let us denote by pr;cq = cq;, with i = 1,2 a pair of curves in C5(¢iq, Gip)
. . ~ . S
with components (qi, Dis { 7V, PZJ} ) Let us also denote by ic; the unique discrete
j=1

curve such that pr,icy = prycy and pryicy = pricy.
Then we can define the following discrete Hamilton-Pontryagin functional / extended
cost functional (Jp), : Cj(4q,,q;) — R, by:

i s
i i i i i QZ,k — G2k j
1,k7vl,k7Q2,k7V2,k) + < 20 § :aijvz,k

=1

; Qik—ql,k > i - (]2k+1_QQk
oo T — Zaz‘jvﬂk T\ Poyt, ————— Zb VQk

J=1

N—1 s
(Tup)y Z hb;

e
3

T
1
- Q1k+1 — 1k
Pri+1, — 5 + Zb V1Jk>
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4.4. Variational order for forced discrete Lagrangian systems

Theorem 4.4.3. Let (L, f) be a reqular Lagrangian forced system with L : TQ — R, C*
with € > 2, and forcing f : TQ — T*Q. Let Ly : TQ x T'Q) — R denote its associated
generalized Lagrangian function satisfying that Ly oi = —Ly. Let also cq € C5(qy, qy)
be an s-stage VPRK sequence satisfying that q,,qy € €(TQ). Then ¢4 is a critical point
of the discrete Hamilton-Pontryagin functional, (Jyp),, if and only if pricq = procy = cq
such that for allk =0,...N —1 and =1, ..., s, cq satisfies

Grir = g+ h D5, bV, i =i+ R bW,
k=aeHhy i aViy,  Pe=pr+hy i aWi, (4.9)
where the RK coefficients satisfy b;a;; + l;jaji = bil;j and I;Z =b;.

Proof. That the curve ¢; must restrict to the identities is clear from the fact that the
discrete action, which is our discrete Lagrangian, satisfies

(Tup)qlica] = = (Tup)qlcal ;

therefore, the result from proposition applies. A computation similar to that of
theorem leads to the equations (4.9) after restricting them to the identities with

a1k = 492,k = 4k; P1,k = P2,k = Pk, le,k = Jzk = i> Vljk = ngk = Vk] and Plj,k = ng,k = P,f
forall k=0,....,N—1land j=1,...s. O]

Again, as with equations (4.10)), if we define {vk}szo by the relation pr = Do L(qy, vy),
we can rewrite the system in (4.9)) as

Qi1 = qe+ 0> bV,
j=1
Q) = ax + hzaiﬂ/}f,

j=1

) (4.10)
Do L(qrs1,ves1) = DaL(qr, vi) + b > by [DiL(QL, Vi) + f(QF V)],
=1

Dy L(Q}, Vi) = DaL(qe, ve) +h Y as; [DiL(Q4, Vi) + F(Q4 V)] -

j=1

4.4.2 Numerical tests

For our numerical tests we have chosen a well-known system composed of two coupled
van der Pol oscillators [cf. [Sch04} eq.(6.38)]. Remember that a single dimensionless van
der Pol oscillator is described by the differential equation:

i—(—4")d+q=0

where ¢ is a parameter related to the damping of the system.

The dimensionless system we are going to study can be thought to be composed of two
coupled harmonic oscillators with slightly differing natural frequencies under the action
of non-linear forcing. Its configuration manifold is T x T = T?, with velocity phase space
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Chapter 4. Variational error analysis for forced mechanical systems

T'T?, where we will use local coordinates (g1, g2, v1, v2), and the Lagrangian describing the
non-forced part L : TT? — R is:

1 1
L=g@i+0) -5 [d+0+p 6] - Mo — )
where p accounts for the deviation of ¢y from the natural frequency of ¢;, and A measures
the intensity of the coupling between both oscillators. The van der Pol force acting on
this system is f = (¢ —¢f) vidg1 + (¢ — ¢3) vodgae. As our configuration space is flat,
7(q,Q) = Q — ¢, and the generalized potential K is:

Kp= 33 (=t (- @] (0~ Q)

=1

Note that for such an L and K, at the identities we have that v; = p;, i = 1,2, so they
are interchangeable.

Component-wise error Energy error

100 100

Error

10-10 L

h (step)

Error

10710 L

h (step)

107!

10°

Figure 4.2: Numerical error on each separate component (left) and on the energy (right)

for the Lobatto 3 method in a single simulation.

Error

10°

Error of || and ||p]

107 +

10-0 L

10

1072
h (step)

107!

10°

Error

10"

Energy error

107 +

107101

1074

1072
h (step)

107!

10°

Figure 4.3: Numerical error of an ensemble for the Lobatto 3 method. Error in the norm
of g and p (left) and on the energy (right). Dotted lines represent maximum and minimum
of ensemble.

We chose to discretize the corresponding generalized Lagrangian, Ly, using Lobatto
schemes of 2, 3, 4 and 5 stages. The order of an s-stage Lobatto method is p = 2s—2 so the
resulting numerical methods are of order 2, 4, 6 and 8 respectively. The parameters used
for the numerical simulations shown here are (g, p, A) = (0.5,0.02,0.8), for no particular
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4.5. Mechanics and geometry of Galley’s doubling in the reduced setting

Energy error
10" g?

—a— Lobatto 2
—a— Lobatto 3

Lobatto 4
—&— Lobatto 5

Error

10710 |

h (step)

Figure 4.4: Errors in the energy for the different Lobatto methods.

reason. The other choices of parameters that were tested showed essentially the same
behaviour. We ran each simulation for a total of 1 unit of simulation time with several
different choices of step-size h ranging between 5 - 107° and 1 and measured numerical
error as the difference between the final value of the magnitude being studied found for
a reference simulation and the corresponding one for the value we want to study. In this
case our reference is taken as the simulation with the finest step-size. The initial values
chosen for the results on diagrams [4.2|and [4.4] are (q1, ¢2, v1,v2) = (=1/2,—1/4,0,4). The
results shown on diagram were found as the average from an ensemble of 25 random
initial values in the square [—4, 4] x [—4, 4] and the pointed lines represent the maximum
and minimum values found in said ensemble.

For the resolution of the resulting non-linear system of equations derived for each
method, we used MATLAB’s fsolve with TolX=1e-12 and TolX=1e-14, which explains
the flat tails.

Diagram is a composite plot showing the error in the energy for the different
Lobatto methods tested. The results are in agreement with the result of theorem [4.4.2]
We have chosen to show only the energy to avoid clutter, but the same holds for each of
the components of the system.

4.5 Mechanics and geometry of Galley’s doubling in
the reduced setting

In this section, we will study a purely variational description of the Euler-Poincaré and
Lie-Poisson equations with forcing. We will see that the appropriate phase spaces for such
Lagrangian and Hamiltonian mechanics are, respectively, g x G x g and g* x G x g*.

In order to motivate the introduction of these spaces, it will be better to begin from
the Lagrangian side, instead of diving directly into the geometric description.

4.5.1 Variational description of the forced Euler-Poincaré equa-
tions

First, consider a Lagrangian L : TG X TG — R and the left-action ® : G x G — G,
®,(9) = ¢'g = Lyg, and its tangent lift & : G x TG — TG given by

Py (Ug) = Tg@g’(“y) = glvg € TyyG
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Chapter 4. Variational error analysis for forced mechanical systems

and the corresponding diagonal action @;, TG xTG — TG x TG defined by:

D7 (vg, U5) = (g'vg, 9'05) -

Assuming that L is ®*-invariant we deduce that

L(v,, ;) = L(g_lvgag_lﬁ§)7
which lets us define the reduced Lagrangian £: g x G x g — R by
£(n,U,¥) = L(n,Uv)

where n = g v, =g '0; €gand U =g ' € G.
We have the following

Theorem 4.5.1. The Fuler-Lagrange equations for L are equivalent to the reduced Fuler-
Lagrange equations for £: g x G x g — R:

d (o Lo . or
it (30) =55, =7

Vou
d (0oL . 0f , O0f
dt (%) =2y gy (4.11)
% = Uy —nU
= Uy — Ady-11) .
Proof. Define the functional:

T, U, )] = / £0(t), U (), b(t)) dt

for some T" € R > 0. Its critical points are the solutions of the corresponding Euler-
Lagrange equations. Taking variations

TToe oe oe
dT[(n, U, ¥)|((dn,0U,0¢)) = /0 [8—7757] + %6U + %&ﬁ dt =0.

We know that n = ¢7'¢g and ¢ = §'§ and U = ¢g~'§. Therefore
on =g '6g—3n
§U =US — XU
S =gleg — Sy
where ¥ = g~1§g and © = §~16§. Also,
Y=g 0§ —n2
S =05 — u%

and, in consequence,

o =[nY+32
U =UY — XU
8 = [, 5] + X.

Since ¥ and X are arbitrary, using integration by parts, we deduce the equations. [
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4.5. Mechanics and geometry of Galley’s doubling in the reduced setting

A trivial example of such Lagrangians is given as follows. Consider a d-invariant
Lagrangian L : TG — R with reduced Lagrangian ¢ : g — R and define a new Lagrangian
L:TGxTG — R as

L(vy,05) = L(05) — L(v,).

Then, by (left-)trivialization we find that its associated reduced Lagrangian £ : gx G x g —
R takes the form

According to the results of theorem {4.5.1) the equations of motion for this class of

Lagrangians are simply two uncoupled and independent Euler-Poincaré equations.
A more general class of Lagrangians are those of the form

(1, U, ) = () — t(n) — k(n, U, ),

where k : g x G X g — R acts as a generalized potential. As it will become clear in the
next section, if we still want to recuperate unique and clear dynamics on g, it will be
crucial that these Lagrangians and potentials satisfy the discrete symmetry

k(w’ U_17 77) = _k(/r/’ U7 ¢)’

which will result in two copies of the same dynamics when we restrict to initial conditions
on the subset (1, e,n), that is, the restricted vector field they define projects onto g.

Our aim now is to obtain a generalized potential whose contribution to the dynamics on
the aforementioned subset coincides with that of a given force, f. To do so, first consider
the exponential map exp : g — G (we choose exp but it is possible to take any other
retraction map). Obviously, exp0 = I and Tyexp = Id with the usual identifications. If
we restrict ourselves to a neighborhood of the identity of the group, U, then its inverse
is well-defined.

With this we may then construct the function k; : g x G x g — R by

1
)

where U is assumed to be in U,.

ki(n,Uv) =5 ((f(¢),exp ' U") = (f(n),exp™' U))

Proposition 4.5.1. Let (¢, f) be a reqular Lagrangian system with forcing given by ¢ :
g— R and f:g— g*, and define the Lagrangian system €5 : g x G x g — R by

Then we have that the following are equivalent:

e 0:1 CR — g is a solution of the Fuler-Poincaré equations with forcing
d [fol ol
— | = | =ad — :
% (877) ady 5, +f(n)
e : I CR— gxGxg, that is, 6(t) = (o(t),e,o(t)) is a solution of the Euler-
Lagrange equations for £5:

d (o 00, oe
dt(an) ady 5, gy =0

d [oe Ty
Bl (et A RN Lo AU St Y
at (aw) gy ~tugr =0
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Chapter 4. Variational error analysis for forced mechanical systems

Proof. Applying theorem to €5 we get

d(%—%)—l—ad*(%—%) R*akf_o

Cdt \on  ony "\on  on ) “UYoUu
d (o0 ok (o0 okp\ . Ok
R T Y (- i) LT
& <a¢ aw) ady (82/1 a¢)+ U9U

Taking into account that exp~'(e) = 0 and T,exp~' = Id, it is not difficult to see that on
(n,e,n) the only surviving term from ky is

Ok

W(nv 677]) - _f(n)

Thus, on (7, e,n) the Euler-Lagrange equations for £; reduce to two copies of the Euler-
Poincaré equations with forcing, which proves our claim. O

4.5.2 Poisson groupoids

Throughout the rest of this chapter we will be working both with Lie groups and Lie
groupoids. We will denote the latter by I' and reserve G for the former to avoid confusion.

Definition 4.5.1. A Poisson groupoid is a Lie groupoid I' = @, such that
1. (I,{, }) is a Poisson manifold,

2. the graph of p: I'y — G is a coisotropic submanifold of (I', = { , }) x (I', = {, }) x

4 D

If I' is a Poisson groupoid, then one may prove that [Wei8§]
1. the identity section €(Q) is coisotropic in T',
2. the inversion ¢ is an anti-Poisson morphism,

3. there is a unique Poisson structure on €(Q) for which « is a Poisson mapping (and
3 is an anti-Poisson morphism).

We will be interested in a particular case of Poisson groupoids. Let G be a Lie group
and g its Lie algebra. The manifold ' = g* x G x g* has a natural structure of a Lie
groupoid where the structural maps are

a()\laUa >\2) = )\17 L<)\17U7 )\2) = (/\27Ua )\1);
5()\1, U, )\2) = /\27 6(/\) = (/\7 €, )\), (412)
:u(()\lu U7 )\2)7 ()\27 ‘/7 )\3)): <)\17 U‘/u )\3)7
and the Poisson bracket is given by
- — —
{:17:2} ()\17U7)\2):07 {‘:‘laF}:_fF?
—
EhE,l ()\laUv )\2) = <)\17[€’§/]>7 {EQaF} = _é-F (413)

{527 EIQ ()\17 U7 )‘2) = - <)‘27 [57 5/]> ’
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4.5. Mechanics and geometry of Galley’s doubling in the reduced setting

where &, &' € g induce the functions given by

El()\la lj7 )\2) — <)\1,€>, Ell(>\1,U, /\2) - <)\1,£/>,
EQ()\la U, )\2) = <>\2a€>7 5/2()\17(]7 )\2) = <)\2>§/>7

and F': g* x G x g* — R is the pull-back of a function on the Lie group G. The Lie
groupoid g* X G x g* equipped with this bracket is a Poisson groupoid. In some ocassions
we will identify the function Z; = A;, ¢ = 1,2 when there is no possible confusion.

This linear Poisson bracket is completely determined by these functions. Still, for the
sake of ease of computation, it may be helpful to have a more concrete expression. Let
A, B:g* x G x g"— R, then their Poisson bracket can be written as

0A 0B OA OB
(.81 0t == (50 50 )+ (e [5550)

0A 0B 0B
—|—< r + Ady—1 >

UOU 9 O\

9B 0A DA
O W N
<U8U’8)\2+ dy 8)\1>

The following proposition is the Poisson analogue of proposition 4.3.2;

Proposition 4.5.2. Let I' = Q be a Poisson groupoid with Poisson bracket { , } and

E :T'— R a function such that Eo.= —F. Then, the corresponding Hamiltonian vector
field X defined

XE(F) = {F7E}>
verifies that Xg(e(q)) € Teqge(Q) for allg € Q, and F : ' = R.

Proof. We use that in a Poisson groupoid ¢ is a anti-Poisson morphism, that is,

L {F,F} = —{L*F,L*F},

for every F, F :T — R. This in particular implies that
T//(XE) = _XEOL

but since E = —FE ot then Tt (Xg) = Xg. Now applying proposition we deduce that
XE(E((])) € Tg(q)é(Q). ]

4.5.3 Free Hamiltonian description of the forced Lie-Poisson
equations

Consider the Poisson groupoid g* x G x g* = g* with the groupoid structure given by
4.12)) and the linear Poisson structure (and associated Poisson bivector II) defined by
4.13]), and consider a Hamiltonian 4 : g* x G x g* — R.

If we denote an element of g* x G x g* by (A, U, ), then the equations of motion
defined by 4 are the bracket equations

X4(A) = A ={) 4},
Xa(p) = o= "{p. A},
X4(U) = \={U,4} .
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Chapter 4. Variational error analysis for forced mechanical systems

Expanding these we get the Hamilton equations

. 0k
A= —adi; A\ — R, ——
adagg/on RUaU
) . . OA
fr=adagoutt — Ly 55 (4.14)
: 0k 0k
= —_ A —1— .
U=U (au + Ady 8)\>

Let us consider first a particular case of Hamiltonians on this groupoid.

Lemma 4.5.2. Let h : g* — R be a Hamiltonian function. Consider the Hamiltonian
A g x G xg"— R defined by

AN U, i) = A(p) — A(A)
then
1. #(dA) = Xy is tangent to €(g*);
2. Xl gy = 6(Xp).-
Proof. For the proof of the first part, observe that
(Ao )N U,p) = Alp, U™, X) = AQA) — A(u) = —A(\, U, 1)

and apply proposition 4.5.2
For the second part, it is easy to check using expressions (4.13)) that

G0 = (0|6 5] = - s o))

(22,8} (N U, ) = — <u, {5, g—ZD = —(u [& A (W)])

_OF Ok 0k
{F,ﬁ} ()\,U,/L) = < U%’ @ +AdU—15>

L, O0F ,
= (i g 0 - Adu RO )

where F': g* X G X g* — R is the pull-back of a function on the Lie group G.
Therefore, if F': g* x G x g* — R is the pull-back of a function on the Lie group G
we have that

(Xa) e (B1) = = (. [& 4/ (W)])

(Xa) (e (Z2) = = (s [, 4/ (1)])
(Xﬂ>(#,€#)<F> 0,

which is exactly the same as €,(Xy) since

ex(Xp) (ps €, 1) = (ad;}(mu, 0, adzf(u)u) €9 xgxXg =Tpen(@ xGxgr).
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4.5. Mechanics and geometry of Galley’s doubling in the reduced setting

Our aim is to generalize lemma for the case of Lie-Poisson systems with forcing,
that is, we have Hamiltonian function 4 : g* — R and the force expressed by f : g* — g*,
both determining the Lie-Poisson equations with forcing

fr=adg p+ f(n),

which define the vector field

Yy j(1) = Xa(u) + £"(F) (1) € Too" = 0" (4.15)

Similar to the Lagrangian case let us define a function kf: g* x G x g* = R by

k00 = 5 ((Fn), e U) = (FO), e U))

where U is assumed to be in a neighborhood U, of the identity element e € G. With this
we can state the following theorem.

Theorem 4.5.3. Let 4 : g* — R be a Hamiltonian function and f 1 gF — g representing
an external force. Consider the Hamiltonian A; : g* X G x g* — R defined by

then

1. t"(d4y) = X4, is tangent to e(g");

2. Xg,

e(g*) = & (}/;ivf) :

Proof. The proof follows the same steps as those of lemma For the first part observe
that

(kjou) A\ U p) =k, U1, N)
1

=5 ((FO) exp™U) = (Fn),exp U71))
= —k;(\.U, p).

For the second part, if one takes into account that exp~*(e) = 0 and T.exp~! = Id then
it is not difficult to see that

which coincides with e.(Y} 7). O

Proposition 4.5.3. Let (4, f) be a regqular Hamiltonian system with forcing. Then its
assoctated Hamiltonian ﬂf is reqular in a neighborhood of €(g*).
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Chapter 4. Variational error analysis for forced mechanical systems

Proof. Observe that the transformation

IM;: g xGxgt — gxGxg

\Up) (—%,U, %)

reduces to ]Fﬂ; (1.e, ) = (A (p), e, A (1)) at the identity set. Then it must be a local
diffeomorphism in a neighborhood of this set since its Hessian matrix

( ﬁﬂéu) /%”(()u) )

is regular on €(g*) and therefore regular on a neighborhood of it. O

Relation with the Lagrangian formulation

Given a Lagrangian € : g X G X g — R, one may immediately define the usual fibre
derivative F€(n, g,v) = (0€/0n, U, 0€/0) to obtain a Hamiltonian description. However,
in order to maintain the Poisson groupoid structure we have chosen, we can proceed as
we did in the non-reduced case and define a modified fibre derivative:

Fe*: gxGxg — g"xGxg

U 9) = (AZ—%},U,M=%> :

together with a modified interior product (A, U, ), (n, U, v¥)), = (i, ¥) — (A, n). One may
quickly check that these definitions ensure that

(FL*(n, U, %), (n,U,0)), = (F&(n, U, ), (n, U, 1)) .

If the modified fibre derivative is a local diffeomorphism, then we may implicitly define
the associated Hamiltonian by

(AoFe*) (n,U, ) = Ey(n, U, )
= (F€(n.U,), (. U,)), — £(n,U,%).

It is then a matter of simple computation to see that egs.(4.11)) and egs.(4.14]) are indeed

equivalent.

Theorem 4.5.4. Let (¢, f) and (4, f) be a reqular forced Lagrangian system and its as-

sociated forced Hamiltonian system, and denote by ﬂf = FEy, o (]FE?)_I and ﬂf the corre-
sponding generalized Hamiltonians. Then their respective Hamiltonian vector fields ka_

and ng satisfy that X;{f‘ = ng

(a%) e(*)

Proof. As in theorem we construct the extended Hamiltonian 47, and we note that
it coincides with the one implicitly defined as

(A7 0 FL) (0, U.) = B, U, ) + (ko F£*) (1, U, )
(), ) = ) = (), m) + )
((f@),exp™ U™H) = (f(=m),exp™ U)),

+

N =~
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4.6. Exact discrete Lagrangian in the forced reduced setting

where £(n, U, ) = £(¢) — £(n).
Applying the results of theorem we have that

(Fe*)" dhs| = (=n.—f(n),n) €gxg" xg.

From the definition of the second Hamiltonian, Zf and taking into account the results
of proposition 4.5.3] it follows that

= (=n,—f(),n),

(o)

(Fej)" dk;

and thus dA& = d2f~

7l (o) = (—ﬁ'(p), —f(,u),ﬁ'(p)), which together with the applica-
€ € g*

tion of #! finishes our proof. O

4.6 Exact discrete Lagrangian in the forced reduced
setting

4.6.1 Discrete variational description of the forced Euler-Poincaré
equations

Consider a discrete Lagrangian Ly : G* = G x G x G x G — R invariant under the action

o~

Dy : GxGtf — G*
(9, (91, 92,91, 92)) — (9'91,9'92:9'91,9'G2)

and define the reduced Lagrangian £; : G X G x G — R by
Ly(V,U W) = Ly(e, V,U UW)

where V = gflgg, U= gf1§1 and W = §f1§2~

Then, if V}, = gk_lgkﬂ, Up = g,;lgk and Wy = g,;lng, we have that

Vi = (Lv;)«Pry1 — (Rv, )« P,
Wi = (Lw, )« Zkt1 — (R )« 2k,
00U, = Uy — PUy,

where P, = gk_l(Sgk and X = g;ldgk.

Proposition 4.6.1. Given a discrete Lagrangian £, : G x G x G — R, the following are
equivalent:

1. The discrete variational principle

N
5jd[cd] = Z 6£d(Vk, Uk, Wk) =0 (416)

=0

holds using variations of the form 6V, = (L, )« Prr1—(Rv;, )« Pr, OWr = (L, )u g1 —
(Rw, )«Xk and 6Uy = UpXy — PrUy where Py, Xy are arbitrary with Py, ¥, Py, Xy
1dentically zero.
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Chapter 4. Variational error analysis for forced mechanical systems

2. The discrete Euler-Lagrange equations hold:

(L, )" D1€g(Vi—1, Up—1, Wi—1) =(Rv;, )" D1£q(Vi., U, Wi)
+ (Ru,,) D2l ag(Vi, U, W)
(Lw,_,)"D34(Vi—1, Ug—1, Wi—1) =(Rw, )" D3£4(Vi,, Ug, W) (4.17)
— (Lu, ) D2y ( Vi, Uy, W)
Uk :Vk7_11Uk71Wk71 .

Proof. The last equation is a consequence of the definitions. The remaining two equations
follow from a straightforward computation of the variations and rearrangement of the
terms of the sum. [See also [MMMO6, for the general case of Lie groupoids.] n

These equations are the discrete equivalent of the equations given in theorem 4.5.1},
and under certain regularity conditions they define a discrete flow [see MMMO06],

Fo,(Viee1, Ug—1, Wi—1) = (Viy, Uy, Wy).

Much like in the standard setting, in this reduced setting we can define two discrete
Legendre transformations

F; :Gx G x G —g"x G xg*
with coordinate presentation
F Ly (Vi, Ur, Wi) = (—=(Lv;, )" D1a(Vi, Uy, Wi),
V. HUW,
(LWk)*D:ied(‘/;m Uk7 Wk‘))
F~2; (Vi, Ug, W) = (—(Rv,, )" D1£a(Vi,, U, W) — (Ru,.)* Dola(Vie, U, W),
Ukv
(Rw, )" D3ly(Vi, Up, Wi) — (Lu,, )" Dala( Vi, Uy, Wy)) .
4.6.2 The exact discrete Lagrangian

Given a regular Lagrangian function £ : g x G x g — R, we will consider discrete
Lagrangians £, as an approximation to the action of the continuous Lagrangian which
can be considered as the exact discrete Lagrangian:

h
€5V, U, Wi h) = / £00(1), U (1), (1)),

where t — (n(t),U(t),%(t)) is the unique solution of the Euler-Lagrange equations for £

d (o o0 ot
S s S
a(%) g, ~ oo
d [or o0 ot
Bl (i RO L ST Sl
dt(aw) “yay T lugn

U=U(y— Adyn)
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4.6. Exact discrete Lagrangian in the forced reduced setting

together with the reconstruction equations:

satisfying ¢(0) = e, g(h) = Vo, §(0) = Uy and g(h) = UyWy with small enough h [see
MMM16].

As usual, we say £4(Vo, Uy, Wy, h) is an approzimation of order r (to the exact discrete
Lagrangian) if there exists an open subset Uy C G x g X G x g with compact closure and
constants Cy and h, such that

1€a(V (R), Uo, W (h), h) — £5(V (h), U, W (h), h)|| < Csh™,

with V(R) = g1 (0)g(h), W(h) = g '(0)g(h) and Uy = ¢g~'(0)g(0), for all solutions
(g(t),n(t),g(t),(t)) of the Euler-Lagrange equations with 1n1t1al condition in U, and for
all h < hs.

As is common practice, we will fix some h and drop its explicit dependence unless it
is strictly necessary.

In previous sections we considered Lagrangians L : TG x TG — R and their reduced
counterparts £ : gxGxg — R, which displayed discrete symmetries of the form L(7;,v,) =
—L(vy, 05) and £(n,U,v) = —€(¢, U1, n) and we saw the groupoidal interpretation of
this operation (on the Hamiltonian side).

In the discrete realm we may define an equivalent transformation ¢y : G* — G* and
its induced transformation iy : G X G X G — G x G x G,

ta(91, 92, 61, G2) = (G1, G2, 91, G2)
LV, UW)=W,U"V).

We can state the following trivial proposition.

Proposition 4.6.2. Let £: g x G x g — R be a Lagrangian satisfying that £(y, U~ n) =
—L(n, U, ) for all (n,U,v) € g x G xg. Then its exact discrete Lagrangian, £5: G X G X
G — R satisfies €0 ig = —£j.

It is always possible to work with approximations of £ that respect this symmetry,
that is, €; ~ £ satisfying €, o iy = —£€4. Such discrete Lagrangians will be of crucial
importance to derive variationally forced integrators.

If we define the maps €, : G x G — G*and ¢;: G — G x G x G by

€a(91, 92) = (91,92, 91, 92)
&a(V)=V,e, V),

respectively, then we can prove the following

Theorem 4.6.1. The discrete flow Fy, : G X G X G = G x G x G defined by a discrete
Lagrangian £, : G x G x G — R wverifying that £, 0 iqg = —£4 restricts to é4(G), that is,

Fy, 0 &4(G) € ().
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Chapter 4. Variational error analysis for forced mechanical systems

Proof. 1f we apply the identity €50 iqg = —£4 to

3 (Laoia) (Vie,Up, Wy) (4.18)

i=0
and apply the discrete Hamilton principle we obtain eq.(4.16)), and it follows immediately
that solutions of the system
(Lw, ) Dilg(Wi_1, Ut Viy) = (R, ) *D1£a(Wy, U, Vi)
(RUI;1>*D2£d(Wk7 Uk_17 Vk>’
(Lv,_, ) Dsa(Wi—1, U Vier) = (Ry,)* Dsla(Wi, U, Vi)
— (Ly—1)"Dola(Wy, U, Vi),
U =W AU Vi,
obtained from varying eq.(4.18) must also be solutions of eqs.(4.17)). If we restrict either
these or egs.(4.17) to €;(G), the last equation turns into an identity and the remaining
equations become
(Lv;,_ )" D18a(Vi—1, €, Vi) = (Ry, )" Dia(Vi, €, Vi) + Dala(Vi, €, Vi),
(Lv,,_,)"D3ly(Vi—1, €, Vi_1) = (Rv,)"D3ly(Vi, e, Vi) — Daly(Vi, e, V).

+

The vanishing of the dynamics in Uy proves that F,[., @ €a(G) — €a(G). O

€q
Theorem 4.6.2. Let (L, F') be a d* _invariant forced reqular Lagrangian system in G such
that it defines an (I, f) forced reqular Lagrangian system in g. Denote by Ly : TGXTG —

R the extended Lagrangian, and let Ly g : G* — R be a ®4-invariant approzimation to the
exact discrete Lagrangian of order r satisfying Lrg0tq = —Lp4. Then,

o The discrete Lagrangian €s4: G x G x G — R defined by
Lig(V,UW) = Lpgle,V,UUW),
is an approximation of order r for £} ; satisfying the identity €40 lq = —£y 4.

o When restricted to e,(G x G), the discrete flow Fy,, : G* — G* induced by its
discrete Fuler-Lagrange equations is an approrimation of order r to the flow of
(L, F).

o When restricted to é4(G), the discrete flow Fy, ,: G X G x G — G x G x G induced
by its discrete Euler-Lagrange equations is an approzimation of order r to the flow

of (1, f)-
Proof. We have that for h sufficiently small

Lra(90, 91, 90, 91) = L% 4(90, 91, Go, 1) + O (h*1)
h
= [ Leo(0). 30,3050 + 0 (177).
0

where (g(t), g(t), h(t), h(t)) is a solution of the Euler-Lagrange equations for Lz such that
9(0) =go =¢, g(h) = g1, §(0) = go, g(h) = 1. This means that, by ®*-invariance,

Lialgo. 91,0, 51) / £r(n(t), U(), (D)t + O (1),
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4.6. Exact discrete Lagrangian in the forced reduced setting

with n(t) = g~ ()g(t), U(t) = g~ (t)h(t) and ¥ (t) = h~(t)h(t) and by Py-invariance we
get

Lra(90. 9190, 91) = Lrale, g5 ' 91,90 ' 90> 90 1) = £.a(Vo, Uy, Wo),
with Vo = g5 g1, Uo = g5 G0, Wo = o '§1- Thus £y q is indeed of order r with respect to

e
f’d.
That £; 4 satisfies £ 40 iq = —£; 4 follows immediately from its definition from Lpg4,
i.e.

(€40 i4)(Vo,Us, Wo) = (L © ta)(90, 91, G0, 1)
= —Lpq(go, 51, 90, 91),
= —Lpa(e, 3o 91,90 90,90 91),
= —L;a(Wo,Us ", Vo).

In the second point it suffices to apply the variational error theorem from [PCO09],
which proves that Fp,, is an approximation of order r to the exact Hamiltonian flow
induced by the Euler-Lagrange equations. Afterwards, we only need to apply theorem
to see that the discrete flow projects onto GG, thus approximating the continuous
flow for the forced Lagrangian system (L, F').

The third point can then be seen as a direct consequence of the second point. If
7g: G* - GY/G = G x G x G, then it is clear that 74 o Fpy = e, © T, and 7, does
not affect the order, so the result follows immediately. ’ ’ n

Remark. This theorem can be proven without mentioning the forced system (L, F') or the
discrete Lagrangian Ly 4 at all, by directly applying the results of [MMM16, theorem 5.7
in particular] and then applying theorem [4.6.1] A

4.6.3 Variationally partitioned Runge-Kutta-Munthe-Kaas meth-
ods with forcing

For an introduction to these methods, please check section [3.4] ‘

If we consider the pair groupoid T'G x T'G with local coordinates (g, ¢, g, g), a regular
Lagrangian L : TG x TG — R, and a quadrature rule associated to the RK method we
want to apply, an approximation to the exact discrete Lagrangian can be written as

=2

N-1 s

Ld(g[ngagOagN) = Ld(gkagk+17§ka§k+1) = Z Zbth( 27 ‘2;7 ?ka)
k=0 k=0 =1
where
k= orT (Zh
k= o7 (24
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Chapter 4. Variational error analysis for forced mechanical systems

and (2, Hi, X! Wi) € Tg x Tg are chosen so as to extremize the discrete action subject
to the constraints

=L.=h Z a1,
Tﬁl((Qk)flng) =&pt1 =N Z iji
i=1

XZ =h i aij\I/i,

j=1
7 (k) ) = Xk k+1 = hz bj‘lfi.
j=1
If Lis @X—invariant, then the discrete Lagrangian can be rewritten as

La(9e: Grs1s e Grvn) = b Y bil(d 7= Hy, 7(=E4) g, G (X4), A7 T)

=1
=L(Vi. = ;" 0hr1, Ux = 93 "G, Wi = G5, Okr)-

The equations resulting from the extremization process are

Mt = Ady,, [N+ h 3 bR R

j=1
e = Ady (et hz b; Ly, Kj,
j=1
i Qi (L L1 - j
A Adfk k+1 Ak + hzb (RU K N b_l (d TEid T—fk,kﬂ) RT(Ei)UkT(Xi)Kk>
J
* : x 177 aj’i L L_—1 * * j
M Aka k+1 Hk + hzbj (LU’CK?“ N b_ (d Txid Tﬂ(k,kﬂ) LT(E?C)UM(X{;)K?“)
j=1 !
where

Me = =D €M, Uy, )
i = Dsl(ny,, Uy, )

M, = — (ab7z; ) Dyb(dbre Hy, 7(—Z})Upr (X)), dirg }))

P = (dbry, ) Dsl(dbra i, 7(—Z)Usr(X}), dbrg 0] )

bja;
L ) i L_—-1
p = (abrgt ) Hk+hz d (d i) H;,HJ

My = (dirgl ) P;+hz

J=1
Ki = DQK(dLTm- H., 7(—Z )UkT(Xk) dr X i)
K;:L* _ R*X, Ki .

( dd“r —1) %PJ
k)
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4.6. Exact discrete Lagrangian in the forced reduced setting

Note that Vi, = 7(& k+1) and Wy, = 7(Xkk+1), SO we can write

U1 = T(=&rot 1) UnT (Xt ot1)-

Restriction to the identities in this setting means = = X4, & xv1 = Xkxt1, Hy = U,
Mo = pig, AL = M and Uy = e. For a Lagrangian £;, when we restrict these equations to
the identities we find that

Ae = ()

1} = (dbrey ) ¢(dbrag 1))
K}, = f(d"7=; Hy)

Ki = (Ad;(lgz )>* f(abre HL).

It is convenient to define
Np = (dhr) flabea ),
which, taking into account that Ad;é) = dLngLT:él, allows us to write
Rj = (b)) N

This lets us rewrite the equations at the identities as

Mt =AdL (MY 0 <dLT:éi )N
L =1

?

T - L_—1 @ji 1n_—1 "\
A =Ady AR b (d L~ T_&“M) N,
L j=1 ‘

which is precisely the form the variationally partitioned RKMK equations were expected
to take for a reduced Lagrangian with forcing.

4.6.4 Numerical tests
Simplified Landau-Lifschitz-Gilbert model

For our first set of numerical tests we have chosen a simplified version of the Landau-
Lifschitz-Gilbert (LLG) model for ferromagnetic materials [Lan67, art. 18].

The configuration manifold of the system is the Lie group SO(3), whose Lie algebra is
50(3) = R3. Its velocity phase space is therefore TSO(3) = SO(3) x R3. Its Lagrangian
L : TSO(3) — R is just the standard rigid body Lagrangian, which is invariant under
the action of the group; therefore, we may work with the following reduced Lagrangian
(:RP =R 1

Q) = §QT]IQ

where I denotes here the inertia tensor of the particle and Q € R3, with coordinates
(2, 8,,Q,).
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Chapter 4. Variational error analysis for forced mechanical systems

The Euler-Poincaré equations for this simple Lagrangian are the well-known Euler

equations for the rigid body, _
M=M x

where 2 =M =1 and adh 25 = M x Q.
The simplified LLG force is of the form

f=aM x (M x Q)
with o € R a constant. Therefore, the equations of motion are
M=MxQ+aMx (Mx Q).

This is a simple model for so-called double bracket dissipation [see Blo+96|, which is
known to preserve Casimir functions such as

C=M?= (L,2,)*+ (1,92,)* + (1.0.)*.

The integrator does not preserve this function exactly, being a general quadratic invariant,
although it seems to be preserved in the free case.

x10° %107

1 - - - - 4 - -
—a—RK4 | 588
05 _o0© 7 35 [ |—s— Lobatto3
00~ 3t A
4 /
/\ /
-0.5F 1 251 |
1 iy i
VY 2 /
af g a2f
. N 5
: MO g |
7 -15r I Y 1 e 15|
~ |
2F ] 1
—o— Lobatto2 |
|
25+ ODE45 1 05
RK2 ‘
a3l —a—RK4 ] 0
—— Lobatto3
35 | . . . | 05 . . . .
0 0.5 1 1.5 2 2! 0 0.5 1 1.5 2 25
Time Time

Figure 4.5: Casimir evolution. The difference between the initial value and its value at any other
moment is displayed. On the left we have a battery of different integrators of different orders. On the
right we have two constant-step order 4 integrators, the classic Runge-Kutta 4 and a 3-stage partitioned
Lobatto method. All constant-step methods use h = 0.01. Note that ODE45 is a variable-step method
of order 4 with an order 5 estimator, and in this case it behaves rather poorly.

We chose to discretize the corresponding generalized Lagrangian, £, using Lobatto
schemes of 2 (trapezoidal rule) and 3 stages only, as Lie group integrators are computa-
tionally more demanding. The order of an s-stage Lobatto method is p = 2s — 2, so the
resulting numerical methods are of order 2, 4 respectively. As retraction we have used
the standard Cayley map, cay. The parameters used for the numerical simulations shown
here are I = diag(/,, I, I,) = (1/2,2,1) and a = 1, for no particular reason. The other
choices of parameters that were tested showed essentially the same behaviour. We run
each simulation for a total of 1 unit of simulation time with several different choices of
step-size h ranging between 1-107* and 1 and measure numerical error as the difference
between the final value of the magnitude being studied found for a reference simulation
and the corresponding one for the value we want to study. In this case our reference is
taken as the simulation with the finest step-size. The initial values chosen for the results
in figures [4.5{ and [4.6 are (£2,,Q,, %) = (1/v/2,0,1/V/2).

For the resolution of the resulting non-linear system of equations derived for each
method, we used MATLAB’s fsolve with TolX=1e-12 and TolX=1e-14 respectively.
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Figure 4.6: Numerical error for separate magnitudes of the model for 2-stage (left) and 3-stage (right)
partitioned Lobatto methods.

Relaxed rigid body

For our second set of numerical tests we have chosen the so-called relaxed rigid body
[Mor86], which shares the same Lagrangian as our former example, but with different
forcing. This time the force is of the form

=08 xM)xQ
with 8 € R a constant. Therefore, the equations of motion are
M=MxQ+5(QxM)xQ.

This is a simple model for so-called metriplectic system [see BMR13; Mor86; GO97;
OGQ?], which, in contrast with the former example, is known to preserve energy but not
the Casimir function C. Both properties are a geometric expression of the First and
Second Laws of Thermodynamics for a given system. In fact, it can be shown that

dC

dt 20
where now C' is playing the role of the entropy function. As usual, variational integrators
with forcing do not exactly preserve energy or the Casimir exactly, and therefore, the
results we show here are not surprising.

This time we chose to discretize the corresponding generalized Lagrangian, £€;, using
Gauss schemes of 1 (midpoint), 2 and 3 stages. The order of an s-stage Gauss method is
p = 2s, so the resulting numerical methods are of order 2, 4 and 6 respectively. We used
B = 0.1 and we kept the rest of the parameters and conditions the same as in the LLG
example.
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Figure 4.7: Energy. The difference between the initial value and its value at any other moment is
displayed. On the left we have a battery of different integrators of different orders. On the right we
have two constant-step order 4 integrators, the classic Runge-Kutta 4 and a 2-stage partitioned Gauss
method. All constant-step methods use h = 0.1. As it is well known, the energy behaviour of ODE45 is

rather poor.
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Chapter 5

High-order methods for constrained
systems

In this chapter we will propose and analyze a new integration scheme for systems of index
2 (see section [2.3.5]). After that we will check how this scheme and these results can
be applied to the geometric integration of nonholonomic mechanical systems (see section
on vector spaces, Lie groups and even for optimal control problems involving these
systems.

Chronologically, the development was in fact inverted. First, we tackled the problem of
numerical integration of nonholonomic mechanical systems, for which no systematic error
analysis exists as of yet as it falls outside the scope of the variational error theorem (thm.
B:2.2). In fact, even the existence of an exact discrete Lagrangian in the nonholonomic
setting is still an active research topic in the community. This was the initial motivation
to study forced systems, fueling the developments of chapter [d In the end we were not
able to advance any further along that route in regard to the nonholonomic problem.

Meanwhile, we proposed a scheme for high order methods for nonholonomic systems
inspired by the geometric interpretation of these systems and of variational integrators.
As we were not capable of applying our results on forced systems to analyze this new
scheme, it was clear that a deeper numerical analysis had to be done. This allowed us to
prove the order of the scheme. Once the foundations were laid, we were free to work on
extending the scheme to nonholonomic systems on Lie groups and even to the optimal
control setting. The corresponding sections are part of a pair of papers, currently under
consideration and available as preprints [Sat18; MS18a].

We will first look into the geometric description of constrained mechanical systems in
the continuous setting, both in the holonomic and nonholonomic case, and later we will
move on to the discrete case.

Before the section on discrete nonholonomic mechanics we offer a brief exposition
about the discrete holonomic case, which will hopefully provide an even clearer picture of
how and why this method was created.

5.1 Constrained mechanical systems

In this section we will provide a brief overview of the continuous mechanics for con-
strained systems. We will consider both the holonomic and the nonholonomic case in the
augmented setting, as it will be key for our developments for numerical methods in the
next sections.
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5.1. Constrained mechanical systems

5.1.1 Lagrangian description
Holonomically constrained systems

As we saw in section [2.2.3] every time we consider a variational problem on a manifold it
can be considered a constrained problem on its own. Thus, it should come as no surprise
that a holonomically constrained Lagrangian system (i.e. one where the constraints are
imposed directly on the configuration manifold) is not a big departure from what we have
studied up until now.

Assume we have a Lagrangian system (Q, L) and a constraint submanifold N em-
bedded in our space @, with iy : N < . Then (Q, L, N) is a constrained Lagrangian
system. Observe that by differentiation this inclusion provides us with a canonical way
to embed T'N in T'Q), that is Tiy : TN — TQ. Then, if we define the constrained
Lagrangian L = L o Ty, the constrained system can be simply recast as a new free
Lagrangian system (N, LY).

The real departure comes when we insist on viewing the system as living in ) (which
will be important for us in the next section when considering nonholonomic mechanics). In
this case the submanifold N will be locally defined by the null-set of a function ® : ) — V
(i.e. ®71(0) = N), where V is an inner product space with dimV = m = codim N. We
will commonly consider V' = R™. As in section we can tackle the problem by
using Lagrange multipliers. The idea is to extend our configuration space ) into a trivial
product space @ x V. If A € V, using local coordinates A = (\%), i = 1,...,m, then we
may write the augmented Lagrangian L : TQ x V — R as

L(g,v,\) = L(q,v) + (X, (q)) (5.1)

where here (-, -) denotes the inner product in V.
Direct application of Hamilton’s principle on ) x V yields the system of equations:

d oL —8L— )\8_(1) fori=1,....,n
dt aqz aqz - 78qz ) AR )

P(q) =0.

The form of these equations is interesting as it shows that the extra terms due to the
constraining of the system appear as forcing terms (cf. section {4.1.1). Therefore, these
receive the name of constraint forces [Arn89; Whi88; GPS02].

Nonholonomic mechanics

Nonholonomic mechanics is the study of mechanical systems whose evolution is con-
strained depending on both its current position and velocity. More rigorously, the nonholo-
nomic constraints are specified by a submanifold N C T'Q (cf. holonomic case N C Q).
In most applications N is a vector subbundle which is completely described by a non-
integrable distribution D and so one identifies N = D, although that need not be the case
for us. Thus, let us state the following:

Definition 5.1.1. A nonholonomic mechanical system is a triple (L, Q, N) where
L:TQ — R is a C* regular Lagrangian, with & > 2, and N C TQ such that N # TX
for some X C Q.
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In what follows we will assume for simplicity that 7¢(N) = @), where 7 : TQ — Q.
See more details in [Blo15} (Cor02; NEF72].

One is commonly given a function ® : Q) — V = R™, with m = codimyg (V) such
that its null-set is N. If iy : N — T'Q), then we could define a restricted Lagrangian,
LN = Loiy, and a priori this latter description would be the most natural for the system
but that is not necessarily true [see |Gra409]. In fact, for a nonholonomic Lagrangian
system the equations of motion still rely on the complete Lagrangian L. Only a subset,
albeit an important one, of these systems admits a complete description in terms of LY,
the constrained variational system or vakonomic systems [see (Cor02].

An important space that will appear later is the Chetaev bundle, S*(T'M?), where
(TM )0 C T*@ denotes the annihilator of T'M. This is locally spanned by S*(d®), which
can be understood as a set of separated semibasic 1-forms

0P
o’
It will always be assumed that ® is such that rank S*(d®) = m (admissibility condition).
Additionally, we will assume that L and ® satisfy that the matrix whose elements are:
1 0P OP°
9r vt Ovi’

dg', VYa=1,...m

Cab

where g% are the elements of the inverse of (91);;- is regular (compatibility condition) [see
LM96].

Once we are given a nonholonomic mechanical system, the next thing to do is to
obtain its corresponding equations of motion. Mathematically it is easier to formulate the
equations of motion for the (L, ®) system in an augmented setting through the method of
Lagrange multipliers. There exists an intrinsic derivation of the equations in IV (restricted
setting) which sidesteps the use of these multipliers, but we will use the former. It is well
known that the equations of motion of a nonholonomic system are not described using
standard constrained variational calculus for LV [see [LM95].

The main departure point of nonholonomic mechanics from its holonomic counterpart
is that its evolution equations are non-variational, i.e. they cannot be derived from a
purely variational principle like Hamilton’s principle. As we will see in a moment, we
will need to use Chetaev’s principle instead, which can be understood as an instance of
the Lagrange-D’Alembert principle for a particular kind of constraints (linear or affine)
[LM96; (Cor02).

Consider the submanifold C2(qq, g, [ta, ts]) of C*(qa, @b, [ta; ts]), consisting of the curves
which are compatible with the constraint:

52<qa7 qb, [ttmtb]) = {6 € C2(qa7 qv, [t(utb]) ‘ (E(t)7 é(t)) € N} .
For each ¢ € 6’2(%, @, [ta, ty]) We can consider the vector subspace of T:C?(qq, Gb, [ta, t3)),

Ve (ay @, [tar to]) = {X € T:C*(qa, @b, [ta, te]) | VX (t) € T(~( 0 L(t))TQ
s.b. T (X) = X, 5% (d®) (X) =0} .

Given a vector field along a solution ¢, X = X* a(?;iv then X € V2(qu, @, [ta, ) if and
only if:

X' aq?.
oq' e

=0, Va=1,...m. (variational constraint)
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Definition 5.1.2. (Chetaev’s principle). A curve ¢ € C~’2(qa, @b, [ta, tp]) is a solution of
the nonholonomic Lagrangian system defined by L : TQ) — R and ® : T'Q) — R™ if and
only if ¢ satisfies d7(¢)(X) = 0, for all X € VZ(qa, g, [ta, ts))-

This means that ¢ is a solution of the nonholonomic problem if and only if:

. d (OoL\ OL\ ,
DL (éP)(X)=(=(+=)—- 7| X'=
ml (20) () (dt (aq'l) aqz) "

for all X* satisfying the |variational constraint|, i.e. DgpL(¢) is in the Chetaev bundle.
This implies that the equations of motion can be written as:

d (8L 0L L
(=)= =(NZ=), fori=1,..n .
dt <aqz) Oq’ <A’acP>’ T e >

where Ay, ..., Ay, are Lagrange multipliers. These multipliers are determined by ensuring
that the curve belongs to C?(qu, @y, [ta, s)), i-e. imposing the constraint equations:

®(q,q) = 0. (5.3)

To ensure that the resulting system of equations for the multipliers has a unique solution,
it is necessary to invoke the compatibility condition ((C) is a regular matrix or see next
section).

Note that, as in the standard case, due to the regularity of the Lagrangian we can
write the Euler-Lagrange equations as a second order equation

q'(t) = F'(q,4,\) -

Then, the equation for the multipliers can be obtained by differentiating the constraint
and inserting this last equation, that is,

0% ., 0D

- + —
8q1q ¢’

Fi(q,4,\) = 0.

Under the conditions stated it is possible to solve for A = A(q, ¢).
When the constraints are linear, which is by far the most common case, it is possible
to write them as ®*(q,v) = ¢%(q)v’, with p* € Q1(Q) for « = 1,...,m. In this case the

system simplifies to
d (/0L oL
— - ) — — = X5 (q) ,
P ( aq'%> 97 5 (q)

©Mq)d' =0.

Note that the resulting equations from the application of the Chetaev principle,
eq. @, do not coincide with those obtained in the variational nonholonomic case (cf.
eq. ED) Numerous physical experiments have been carried out that show that the
latter have nothing to do with the behavior of a true nonholonomic system [LM95]. Nev-
ertheless, those equations are interesting in their own right, as they are closely related to
optimal control problems [Blo15| and subriemannian geometry [Mon02].
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Geometric description

Geometrically the equations of motion derived from Chetaev’s principle can be reformu-
lated as:
ixwr, —dEr € Fr?h?

where X € TN and FY = S*((T'N)?) is the Chetaev bundle. Define also the space F: by
by (Fi) = F2, where by, : T(TQ) — T*(TQ) and {1, : T*(TQ) — T(T'Q) are the musical
endomorphisms defined by wy, that is, by (X) = ixwy and #; = (by)~!. The regularity

assumption about a nonholonomic system stated above can be recast as:
e codim N = rank FY (admissibility condition),
e TN N FEL =0 (compatibility condition).

A solution X will be of the form X = &, + A, where &7, is the Hamiltonian vector
field of the unconstrained problem and (* = f,(S*(d®*)). To determine the Lagrange
multipliers we need to use the tangency condition X (®) = 0, where we get:

X(0) = £4() + MCH(@") = 0 (5.4)

where ¢°(®%) = C*. In [CR93; LM96; LMM97] it is shown that the regularity of this
matrix implies the geometric compatibility condition just stated.

5.1.2 Hamiltonian description
Holonomically constrained system

We will not be discussing the intrinsic setting for the holonomic case, where we would
work in 7*N. We will instead comment only on the augmented setting.

Consider a Hamiltonian H : T*() — R and a constraint submanifold N C () defined by
the null-set of @ : Q — R™. Let T*(Q x R™) = T*Q x R®*™ be the augmented phase space
with projection u : T*(Q x R™) — T*(Q). We can then define an augmented Hamiltonian
H:T5(Q xR™) - R

H(q, A\, p,m) = H(q,p) — (A, (q))
where 7 denotes the conjugate variable of A which does not appear. (The sign was chosen
so that the multipliers appear with the same sign as in the Lagrangian side.)

Let @q denote the pull-back to T*(Q) x R™) of the canonical symplectic form on 7@,
ie. Wg = p'wg. Note that this form is degenerate. With it, the Hamilton equations of
motion can be written as

Ix Wq = df],
which in coordinates take the form
5 OH
q = ap;
=G+ (M @)
0=®(q)
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Nonholonomic Hamiltonian system

The nonholonomic problem from the Hamiltonian point of view can be described by a
function H : T*(Q) — R and a constraint submanifold M C 7*Q with codimp«qM = m
[Mar98]. This manifold can be locally described by a function ¥ : T*Q — R™.

In order to derive the Hamiltonian description we will rely on the Lagrangian descrip-
tion of the Chetaev bundle and pull it back using the Legendre transform FH induced by
our Hamiltonian. This forces us to assume that H must be regular. The matrix in eq.(3.5)
allows us to define a definite quadratic form gy : T*Q x T*(Q) — R with corresponding iso-
morphisms 5 : T*Q — TQ and by : TQ) — T*Q. Thus, the Hamiltonian Chetaev bundle
(FS,)" can be locally described by by (T'rg (#,d¥)), where £, : T*(T*Q) — T(T*Q) is the
musical isomorphism induced by the canonical structure and T'rg : T(7T*Q) — T'Q.

Similar to the Lagrangian case, the resulting equations of motion are:

1xwo —dH € (Fl?h)* .

92H

Bpop 0 e can write
3 J

Using the notation (gH)ij for the elements of the inverse of gg =
these equations in local coordinates as:

. OH
q' = . Vi=1,...n

. o0H ov
pi = — o + <)\7 (9m) 5 (9_pJ> ;

together with the constraint equations

¥(q,p) = 0.

In the linear case, this system can be simply written as

_OH

§' = o Vi=1,..,n
0OH
.i = - : >\a ; )
OH
0=¢i(q , Ya=1,...,m.
o7 ( )3pi

5.2 Numerical analysis of partitioned systems of in-
dex 2

Let N, M be smooth manifolds such that M C N. Assume that dimN = n and

codimM = m and let M be defined as the null-set of ¢ : N — R™. A generic ex-

plicit differential equation on M can be recast into a semi-explicit index 2 differential
algebraic equation (DAE) on N taking the form:

{ 0 =oly) (5:5)

where y € N and z € V, with V' a vector space such that dimV = m. Studies on
the numerical solution of initial value problems (IVP) for such general systems on vector
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spaces can be found in the bibliography that serves as foundation for this chapter, such
as |[HLR89| or [Jay93].

We are interested in a subset of such problems, which will be referred to as partitioned,
where y = (¢, p), dim @Q = dim P = n (thus, in this case dim N = 2n), and A € R™.

q¢ = f(q,p)
p =g(gp,N) (5.6)
0 =o¢lg,p).

Such is the case of the equations of motion of nonholonomic mechanical systems, which
motivates our study. Remember that nonholonomic equations are in Hamiltonian form

(see section [5.1.2))

(
, H
G = gpi, Vi=1,...n
. OH ove (5.7)
= =2 A () s :
\ 0="%gq,p), Va=1,..,m

for a Hamiltonian function H (g, p) and nonholonomic constraints W*(q,p) = 0. An IVP
for this partitioned DAE is defined by an initial condition (go, po, Ao) € N|,; x R™.
For the remainder of the chapter we will assume that f, ¢ and ¢ are sufficiently
differentiable and that the matrix
do* 99,

(D2¢ - D3g) (q,p, \) = (a—m(q,p)a—M(q,p, A))

remains invertible in a neighborhood of the exact solution. Here D; means derivative with
respect to the i-th argument, and ¢ acts as a multi-index.

5.2.1 Lobatto-type methods

Assuming N is a vector space, a numerical solution of an IVP for (5.5)) can be found using
an s-stage Runge-Kutta method with coefficients (a;;,b;) (see section [2.3.1)). Writing the
corresponding equations is a relatively trivial matter, taking the form:

Y1 ="Yo + hz bj]%'j, znn=z0+h Z bjlj (58&)
=1 =1

Yo =wo+hY aik, Zi=zx+hY al; (5.8b)
J=1 j=1

ki = f(Yy, Z)), 0= g(Yy). (5.8¢)

Note that these [; are not given explicitly and must instead be solved for with the help from
the constraint equations. In fact, provided the RK coefficients satisfy certain conditions,
we may eliminate the equations for the z and Z variables completely.

Now, a numerical solution of an IVP for eqs. can also be found using an s-stage
partitioned Runge-Kutta method but already the correct application of such a scheme is
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non-trivial. One could naively write:

Q1ZQO+thijj, p1:p0+hZEjWg, )\1:)\0+hZBjUg> (5.9a)
j=1 j=1 j=1
j=1 j=1 j=1

Vs = f(Qu: Fo), Wo = 9(Q0, Py, ). 0=9(Qp, Fy). (5.9¢)

Again, Ug are not given explicitly and, as above, in some cases, it may also be possible to
eliminate the equations for A and A. Unfortunately, such a system of equations may have
certain issues, both from a solvability point of view and from a numerical convergence
point of view. This is especially true for the particular case of partitioned Runge-Kutta
methods that we will consider.

In |Jay93| the author considers Runge-Kutta methods satisfying the hypotheses:

Hl a1, =0for j =1,...,s;
H2 the submatrix A := (a;;); ;>2 is invertible;
H3 as; = b; for j =1,...,s (the method is stiffly accurate).

implies that ¢, = >°°_ a;; = 0 and for eqs.(p-8) Y1 = vo, A1 = Ao implies
that y; = Y, A\ = As. Furthermore, if the method is consistent, i.e. Zj bj = 1, then
implies ¢; = 1. For eqs., if (Ezij,lv)j) also satisfies the hypotheses, then Q)1 = qo,
A = N, Qs = q1 and Ay, = A\;. The most salient example of these methods is the Lobatto
IITA, which is a continuous collocation method.

The Lobatto ITIB is a family of discontinuous collocation methods which are symplec-
tically conjugated to the ITTA methods. Two Runge-Kutta methods, (a;;,b;) and (aj;, b;),
satisfying the compatibility condition Zj‘:1 Qij = € = ¢; = ijl a;j, are symplectically
conjugated if they satisfy:

bZCALU + E)jaji = bzl;] for 2,] = 1, ey S, (510)

bj=0b; forj=1,..5. (5.11)

Together they form the Lobatto ITTA-IIIB family of symplectic partitioned Runge-
Kutta methods, which is precisely the one we want to study [see also NW8&1; [HLW10].

Note that Lobatto IIIB methods do not satisfy any of the hypotheses aforementioned.

In fact, any symplectic conjugate method to a method satisfying those hypotheses must
necessarily be such that:

H1” a;s=0fore=1,...,s;

H2 dz’l = 61 for 1 = 1, .., S.

Obviously, the submatrix A := ()i j>2 is never invertible because of [H1'} and this is the

culprit of the solvability issues of (5.9)).
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For such methods, we propose the following equations for the numerical solution of
the partitioned IVP:

1 ZQO+thj‘/()j, D1 :po+th;jWg, (5.12a)
=1 =1

Qv=aq+hY ayVi, Pi=pot+h) ;Wi (5.12b)
J=1 j=1

Py =10+ hz ai,; Wy, 0= o(Q}, pp), (5.12¢)
j=1

Vo = £(Qb, Fy), W = g(Qb, By, A, (5.12d)

together with A} = Ag and A§ = ). It should be noted that, although similar, these
methods do not generally coincide with the SPARK methods proposed by L. O. Jay in
[Jay09]. [See Mur97, for a similar approach initially unknown by the author.|

5.2.2 Existence, uniqueness and influence of perturbations

Theorem 5.2.1. Let U C N x R™ be a fized neighborhood of (qo, po, No) = (qo(h), po(h),
Xo(h)), a set of h-dependent starting values, and assume:

¢(q0,po) =0
(D19 - £)(q0,p0) + (D26 - g)(q0, Po; Mo) = O(h)
(D¢ - D3g)(q,p, A) invertible in U.

Assume also that the Runge-Kutta coefficients A verify the hypotheses and
and that A is compatible with the first and satisfies . Then, for h < hg, there exists a
locally unique solution to:

QéZQO+hZaijf( %’Pg)a (5'133)
j=1
ph=po+hYy  aig(Qh B, A;), (5.13b)
j=1
Py=po+h)_ a;9(Q) P, Ay, (5.13¢)
j=1
0= ¢(Qp: 1) (5.13d)
with Ay = Ao, satisfying: .
Py —po = O(h),
Ay —Xo =0O(h)

155



5.2. Numerical analysis of partitioned systems of index 2

Proof. The proof of existence differs little from what is already offered in [HLR89| (for
invertible A matrices) or [Jay93] (for A satisfying the hypotheses and [H2). The
idea is to consider a homotopic deformation of the equations which leads to a system of
differential equations where the existence of a solution for the corresponding IVP implies
the existence of a solution to the original system.

The proposed homotopy is:

Q= QO+hZaij [£(Qb, BY) + (7 = 1) f (a0, p0)]

j=1

p% = po+ hZaij [g( %7 Pg,A{)) + (7— - 1)9(Q07p07 AO)]
j=1

Pi=po+h> s [g(@h Pl AD) + (r — 1)g(d0, po. Mo)]
j=1

0= o(Qb po) + (T — 1)¢(q0, po)

where now QY, p, P¢ and Aj, with i =1, ..., s, are assumed to implicitly depend on 7.

The main differences in the proof lie in the complementary relation between the equa-
tions for p) and Pj. One needs to consider the differential system obtained by derivation
with respect to the homotopy parameter 7. The resulting system takes the form:

Qv=h>ay [le( 1, PDQ} + Dof (Q)), PP + f(qo,po)] (5.14a)

j=1
j=1

+Ds3g( %,Pg,A%)A%-l-g(CIo,po,)\o)] (5.14b)
j=1

+D3g( 6: Pg» Aj)A% + 9(q0, Po, /\o)} (5.14c)
0= D1(Q}, pb) Qb + Dag(Q, pb)ph + d(qo, po) - (5.14d)

Note that p! depends on @}, P/, AJ. but not on p). In fact, p} only appears in
eq.(b.14d)), where it prevents the entrance of a terms. Thus, the differential system that
must be solved can be reduced to the Pg, Vi=1,..,sand Qé, Ag, V) = 2,...,s variables.
The rest of the proof follows closely what the other authors do.

A remark worth mentioning is that the key of the remainder of the proof is the use
of the invertibility of quﬁ(fl ® I)D3g, which is a term arising from eq.(5.14d)). As stated
in the former section, if the system were described by eq. we would instead have

Dggzﬁ(fl ® I)Dsg, which is not invertible by [H1’, rendering the system unsolvable.
The proof of uniqueness remains essentially the same. O

Theorem 5.2.2. Under the assumptions of theorem let Qb, pb, Py, Ay be the
solution of the system in said theorem. Now consider the perturbed values Qf, phy, P, A
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satisfying:

Qh = o+ hi ai; (@b, B) + héq, (5.15a)

j=1
Po = Po + hi ai9(Q, B3, Ay) + hdy,; (5.15b)

j=1
Pi=po+h Z ai;9(Q%, Pl A + hip, (5.15¢)

j=1
0 = $(Qp, 9y) + b (5.15d)

with Ay = Ao, and where 00.i, Opi, Op; and 0; are perturbation terms. Additionally, assume
that: R
Go—q = O(h)
]50 —DPo = O<h') )
6Q,i7 6p,i7 5P,i - O(h/) (516)
0; = O(h?
Then, using the notation AX := X — X and || X|| := max; | X;||, for small h we have:

1AQ)|| < C (| Agoll + h || Apo|l + A2 [|AXo|| + R (|8 + k2 [|6,] + k2 [|6p] + A |16]))
|ApE]| < C (1Al + |Apoll + 1 [|[AXo|| + A2 (|6l + A ||6,]| + B2 [|5p] + [16])

AP < C (|1 Agoll + 1 Apoll + A [[AXo|l + 12 ||l + I8l + R l[5p| + [161]])

i C
[AAG| < = (Bl Agoll + Rl Apoll + A ANl + P (|3 + P 1311 + [161]) -

Proof. To tackle this problem we first subtract eq.(5.13) from eq.(5.15) and linearize,
obtaining:

AQy = Ago +h Y ai; [Dif(QF, P)AQ) + Daf (Q, PJ)AR]] + hdg,
Jj=1

+ O (B AQo|1? + h||AP|1% + B AQo ||| AR

=1
+D39(Q%, P, A AN + héyi + O (M| AQol1* + hl| AP
+h||AQ|[[AF|| + hl|AQo||[|AAol] + R||AF ||| Aol|)
=1
+Dsg(Q), Py, M)AN]] + hop; + O (A AQo|* + h|| AR
+h|[AQo ||| AR + R||AQo ]| AAo|| + R||AF ||| AAo]|)
0 = D16(Qp, po) AQG + D2p(Qq, py) App + b;
+ O ([JAQol]* + | Apol” + [|AQo]| | Apol]) -
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We will write this system of equations as separate matrix subsystems:

AQq Ago 9,1 an®l, A'®Il, 0 0
AQ - Is—1®Aqo 5Q A1, ARI, 0 0
AP T [ Apo +h op1 th

0 an®l, Al®l,

o

AP fa-1®Ap0 Sp 0 0 Ai®L, A®I,
D1f1 0 - D2f1 0 - AQ(l) 0 0 1
0 Dif 0 Dof AQo 0 0 [AAO }
X .
Digi 0 D2g1 O APy T D%gl DO ~ | LAAo
0 Dig 0 Daj APy 39

[e=]

0 an®ly A'QI,
0 Ai®l, A®l,

AQp Aqo
AQO _ Is—q ®Aq0
Ap(l) o [ Apo

617

Ao Is—1®Apo

69a1 a11®1In A1®I'n 0 0
5 < ~
P,

[e=]

Difi 0 Dafi O AQ(I) 0 0 1
0 Dif 0 Dof AQo 0 0 Alg
X Digr 0 Da2g1 0O AP + D%g1 D(:)” Alo
0 Dig 0 Dag AP, 5
AQ%
[D1¢1 0 D2¢n ON} AQo + [9}] =0
0 Di¢ 0 D2d] | Ap} 0
Apo

where A; = (aj1), with i = 2, ..., s, and Al = (a1;), with j = 2,..., s, and similarly with
the a coeflicients.

Let us rewrite this in shorthand notation as:

AY = An+ héy +h (* ;) (DyFAY + DyFAA,) (5.17a)
Ay = An+hd, +h (* 4) (D,FAY + DyFAA) (5.17b)
0= D,pAy +06. (5.17c)

Using hypothesis [H1] we find that:

AQ(l) = Aqo + h5Q71
Ap(l) = Ap() —I— h5p71
D1¢(q0, o) Ago + D2¢(q0, po) Apo = O (h|[0g,1|| + hl|dp.1 + [|64]]
+HIAgoll* + [|Apo|I* + | Agol | Apoll) -
Most of the proof will follow the lines of the one of [Jay93]. We will first insert

eq.(5.17b)) in the constraint eq.(|5.17c|)
Dy [An+ hé, + h (! 4) (DyFAY + DyFAN)] +6=0.
Our mission will be to solve for AAy, but due to the singularity of A it will not be

possible to solve for the entire vector. Instead, abusing our notation a bit, we will separate
the term as D\FAA = DyFyAA} + DyFAA,, which leads to:

—~hDyé (* 4) DA\FANy =Dy¢ [An+ hd, + h (* 1) (D,FAY + DyFiAA})]
+9.

Using and taking into account all the zeros that appear in the rest of the elements,
the left-hand side can be reduced to —hDggE <f~1 ® In> D3§A/~\0. Solving for hA[\o we get
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In matrix notation:

hAA
Aqo 0g.1
- -~ _ D 0 D 0 Is_1QA 4
== [0 aition)pua) 11 [5]+ [ oia " o] [ A [+ 5
I,—1®Apo 5p

an®I, A'®L, 0 0 Difi 0 Dafi 0 AQq 0
A®L, A®I, 0 0 0 Dif 0 Dof AQo 0 | AAL
+h 0 0 an®ln A~1®In [Dlgh 0 D2g1 O AP} + D3g1 0

0 0 A, A®I, 0 Dig 0 Dag APy

Let us also introduce the notation
(DQQSAD?’g)i - [61 (D2¢~>(A®In)D3§)71]

with 0' = (0,)” = (0, ..., 0).
-1

We can now insert this back into AY and obtain:
AY =An+ héy +h (" 3) (D,FAY + Dy\F1AA})

- (A A) D)‘F (0 (D2¢>AD39)_>
x {Dy¢ [An+ hd, + h (* 4) (DyFAY + Dy\F1AN)] + 6}

Introducing the projectors:

Hfi =1 - (A i) DyF (0 (ng)ADgg)’) Dy¢
Py:=1— DyF (O (D2¢AD39)*> Dy (" 4) -
this expression can be further simplified as:
AY =14 (An + héy) + h (* 1) Pa (DyFAY + DyFIAAG)
— (Y ) DA (* (paoapngy ) 0+ 1 0y — )
As for Ay, we have:
Ay =An+hé, +h (* 1) (D,FAY + D\F1AA})

- (A A) D)‘F <0 (D2¢AD39)_)
x {Dy¢ [An+ hd, + h (* 4) (D,FAY + Dy\FLAN)] + 6}

which, using IT4 := IT4, can be simplified as:
Ay =IT4 [An+ hdy + h (! 4) (DyFAY + DyFLANG) ]
— (" a) DaF (O (D2¢AD39)*> 0.

(5.18)

(5.19)

(5.20)

(5.21)

From eqs.(5.19)) and (5.21]) we can derive the result of the theorem almost directly. The
trickiest term, k% [[AXo]| in |[Ap;]|, is the one already derived by Jay in [Jay93]. Reading
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off the terms directly seems to point towards h [|AXo||, but this estimation can be refined
as follows. Realise that:

(8L 0 0 0
0 Lol 0 0
Ha=] o o e 0 (5.22)
L 0 —(AeL)X:1 0 L@~ (ARL)X:
1®hL, 0 0 0
| 0 L@l 0 0
= o 0  1®L, 0
| O 1S 0 T A]
with:
~ -~/ ~ -1 ~
X, =Dy (D2¢ <A ® In> Dgg) Did (5.23)

=D3g <f~1 ® Im> o (D2Q~5 (A & ]n> Dsg (A ® Im>1) h Dié

where in the second line we have inserted the identity matrix as I,_; = A1 A.
. - s —1
One can easily check that Il 4 (A ® In> Dsg <A ® Im) = 0. Now, the non-zero

components of hIl, (A A) DyF1AA] are hﬁQ’ADggl (1211 ® AA%). Thus, we can finally

write:
e (A1) D (Ao 1) " - Digy) (Ao ang) (520
= Wil AO(h) (211 ® AAg))
=0 (K2 AXo]) -

This cannot be done for ||AF;||, which makes it O (h||A)g||). Inserting this back into
either AY or Ay confirms that ||AQ}] is O (h? ||AXo|]). O

Lemma 5.2.3. In addition to the hypotheses of theorem suppose that C(q), é(cj)
and CC(Q) and that (D19 - f)(qo, po) + (D29 - 9)(qo, o, M) = O(hF), with k > 1. Then
the solution of eq.(5.13)), Q, ph, Ps and A}y satisfies:

QO_QO+Z
po pO"‘Z

Py = po+z DP 7 (g0, po, M) + O(R**1)

! (q0,p0) + O(W)

P ]) q07p07 )‘0) =+ O(h)\Jrl)

AL = Xo(qo, DA&”(qo,po, Xo) + O(h*h)

where \o(qo, po) is implicitly defined by the condition (D1¢ - f)(qo, o) + (D29 - 9)(qo, Po,
Mo(qo,p0)) =0, A =min(k+1,¢,max(¢+1,Q+1)), p = min(x, q), v = min(k — 1,¢ — 1),
and DQ[()i), DPéi) and DAéi) are functions composed by the derivatives of f, g and ¢
evaluated at (qo, Po, Mo(qo, Po))-
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Proof. Following |Jay93| Lemma 4.3] we can use the implicit function theorem to obtain
Mo(qo, o) — Ao = O(RF). Assume (q(t), p(t),A(t)) is the exact solution of eq.(5.6]) with
q(to) = qo, p(to) = po and A(to) = Ao, and leﬁ = q(to + cih)A,lpg = fg = p(to + cih)
and Ay = A(to + ¢;h) in the result of theorem |5.16] Finally, let Q, py, Py and A be the
solution of eq.(5.15) with go = qo, Po = Ppo, Ao = Xo(qo, po) and € = 0. As we satisfy the

conditions of theorem [5.2.2] we are left with:
[AQ|| < € (™ + hlldgl + h* [|6,]| + 1* [|op]])
[Apo|| < C ("2 + 12 [1og]| + R (|6, ]| + 1* [|op]])
[AF]| < € (R + b2 [|0g] + R [I6, ]| + R [|op]])
[AAG[] < C (" + [log ]l + 16, )
where we have made use of the fact that ||[AX|| = O(h*). What remains is to compute

dq, 0p, Op to obtain the result we are after.
Inserting the exact solution into eq.(5.15)) we obtain:

g(to+ cih) = qo+ Y aij f(qlto + ¢;h), plto + ¢;h)) + hig,

j=1

=qo+ h Z aijq‘(to + Clh) + h(SQ,l

J=1

plto + cih) = po + h Y agg(q(te + c;h), plta + c;h), Mto + ¢;h)) + hdy,
j=1

=po+h Z a;p(to + cih) + hdy,;

j=1

p(to —I— Clh) = Do —I— hz dzjg(q<t0 + th),])(lfo + th), /\(Zfo + th)) + h(;p’i

J=1

=po+h Z a;;p(to + c;h) + hop,

j=1

q(to + Clh) = q(t0> + hz aijf(y(to + th), )\(to + th)) + h(gZ .
j=1
Now, expanding in Taylor series about ¢, and taking into account that:

mo1 . o
y(@o + k) = ylao) + 3 Sy @o)eih + O™

j=1
we get:

q,(q+1) g+l 5
5Q7i _ h q (IITO) ( ¢ i Z aijcg') + O(hq+1)
j=

q! q+1 -
hqp(q“)(xo) c?“ s . -
(5},71' = q' 7 i 1 — Z CLijCj -+ O(hq )
7j=1
(5p7l' = (j' Q—i— 1 — Z CLz‘jCj -+ O(hq ) .
j=1
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Finally, we should be careful to note that according to eq.(5.21), dp; enters in AQ;
and Ap; multiplied by A so we may invoke CC(Q)). Thus, we have:

HAQéH <C (hmin(ﬁ+2,q+1,max(t§+2,Q+2)))
”ApéH <C (hmln (K+2,q+1,max(4+2, Q+2)))
AR < @ (amme-rtastasn)
|AN ]| < € (hmntmn)
which proves our lemma. O

Remark. For the Lobatto ITIA-B methods we have that ¢+ 2 = ) = ¢ = s and this result
implies that:

”AQBH :O(hmin(n+2,s+1))’ HAP7’|| — (hmin(;»;-i-l,s—1))7
APl = Omints2030), A = Ominte).

A

For the development of the main theorem, on which the results of error and convergence
rest, we will need the following definitions.

R-strings

Definition 5.2.1. (R-string). An R-string v of dimension dim~ = s is an ordered list
of s numbers (), ..., s)), Where ;) € No. n = max+y is said to be the order of the
string.

Definition 5.2.2. (Irreducible R-string). An irreducible R-string v of dim~y = s, is
such that for 1 < ¢ < s even, 7y and 41) are not simultaneously zero.

For our purposes an R-string v can be used as multi-index provided it is irreducible.
They will appear in the terms:

dim y—2
R,y = CN"Y(I)Afl H CN"Y(i) Aé”}’(uq)j*l é'y(dimv)

ieven>0

of a certain Taylor expansion which play an important role in the next theorem that we
prove.
Let us define the following operations on these objects:

1. Left appending. Given an irreducible R-string v of dim~ = s such that ;) # 0,
left appending gives a new R-string 7' = (0,0,7q), ...,7s)) of dimy' = s + 2.

2. Right appending. Given an irreducible R-string v of dim~ = s such that v, # 0,
right appending gives a new R-string 7' = (1), .-, V(s), 0,0) of dim~y" = s + 2.

3. Insertion. For 1 <1i < s even, given an irreducible R-string v such that ;) # 0 #
Y(i+1), insertion gives a new R-string

T= (7(1)7 e V(@) 07 077@4—1)7 77(8))
of dimvy = s+ 2.

162



Chapter 5. High-order methods for constrained systems

4. Left splitting. For 1 < ¢ < s, given an irreducible R-string v such that ;) > 1,
left splitting gives a new R-string v' = (v, .-, Yi-1), L, 0, Yy — 1, ..., Y(s)) of dim ' =
5+ 2.

5. Right splitting. For 1 < i < s, given an irreducible s-string « such that g >
1, right splitting gives a new R-string 7' = (vay, .., Y@ — 1,0, 1,%G+41), - Ws)) Of
dim~' = s+ 2.

6. Capping. Given an irreducible s-string v such that () # 0 # 7(,), capping gives
a new R-string 7' = (0,7x1), ..., V(s), 0) of dim~ = s + 2.

7. Left Diffusion. For 1 <1 < s, given an irreducible s-string v such that ;) > 1,
diffusion gives a new R-string 7' = (y1), .-, Y—1) + 1,76 — 1, .-, Y(s)) of dimy' = s.

8. Right Diffusion. For 1 <i < s, given an irreducible s-string v such that ;) > 1,
diffusion gives a new R-string 7' = (y1), -, V@) — L Y41y + 1, ., Y(s)) of dimy' = s.

All of these operations preserve irreducibility. Note that insertion can be absorbed
into the splitting operations if we let ;) > 1, but then we would need to add provisions
so that the extended splitting operations preserve irreducibility.

Definition 5.2.3. (R-string class). We say that given two irreducible R-strings v and
d, with |y| = || but dim~ and dimd not necessarily equal, are in the same class iff
R, = R;.

If two strings belong to the same class, then one can be derived from the other following
certain rules. For a given order there are as many unique R coefficients as elementary
R-strings.

Definition 5.2.4. (Elementary R-string). An elementary string of order n is the
shortest irreducible R-string of even dimension such that it cannot be derived from another
elementary R-string via splitting, appending or insertion.

The n-th order has 2" elementary strings. The simplest elementary R-strings of a
given order are of dimension 2, i.e. R-strings v = (1), V2)) such that yq) + vy = n, of
which there are n + 1. The rest of the elementary strings can be obtained from these via
diffusion and capping.

For n = 3, we know there are 2% = 8 elementary R-strings. We have the following
elementary R-strings of dimension 2: (0,3), (1,2), (2,1), (3,0). We may obtain the
remaining four by capping and diffusion. First, we may cap (1,2) and (2,1) to obtain
(0,1,2,0) and (0,2, 1,0) respectively. From these new elementary R-strings of dimension
4 we obtain (0,1,1,1) and (1,1,1,0).

For n = 4, we know there are 2* = 16 elementary strings. We have the following
elementary R-strings of dimension 2: (0,4), (1,3), (2,2), (3,1), (4,0). First, we may cap
(1,3), (2,2) and (3,1) to obtain (0,1,3,0), (0,2,2,0) and (0,3, 1,0) respectively. From
these new elementary R-strings we obtain (0,1,3,0), (0,1,2,1), (0,1,1,2), (0,2,2,0),
(1,1,1,1), (1,2,1,0), (2,1,1,0). Finally, we may cap again the only R-string of dimension
4 that admits capping, (1,1, 1,1), obtaining (0,1,1,1, 1,0).

Example 5.2.1. As an example of derivation of strings of a class, let us take (3,0). Apply-
ing the left appending operation we can obtain (0,0, 3,0). Applying the splitting operation
to (3,0) we obtain (2,0,1,0) and (1,0,2,0). The rest of the derived strings of the class
can be obtained via further appending and/or splitting: (0,0,2,0,1,0), (0,0,1,0,2,0),
(1,0,1,0,1,0) and (0,0,1,0,1,0,1,0).
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(3,0) — (1,0,2,0) — (1,0,1,0,1,0)

NN

(0,0,3,0) — (0,0,1,0,2,0) — (0,0,1,0,1,0,1,0)

/

(2,0,1,0) — (0,0,2,0,1,0)

Example 5.2.2. Another example where we may use insertion is (0, 1,1, 1), which yields
(0,1,0,0,1,1). The rest of the elements of the class are obtained via appending (0,1, 1, 1,0, 0)
and (0,1,0,0,1,1,0,0).

(0,1,1,1) —— (0,1,0,0,1,1) —— (0,1,0,0,1,1,0,0)

(0,1,1,1,0,0)

Theorem 5.2.4. In addition to the hypotheses of theorem suppose_that A and A
are symplectically conjugated and, C(q), C(r), D(r), D(q), DD( r), DD(p — q) and
hold. Furthermore, (D1¢ - f)(qo,po) + (D29 - 9)(qo, Po, No) = O(R"), with k > 1. Then
we have:

1AQG] = Aqgo (5.25)
+ O (h[|Apo]l + B2 [ Aol + R [|dg|l + h* |6,]| + h* (o]l + A [16]])

| Apgll = 10(qo, Po, Mo) Ago + H2,0(qo, Po, Ao) Apo (5.26)
+O (A2 Aol + 22 (||| + R ll6p|| + h* [|ap] + [16]])

JAAG]] = Ra(00)ANg (5.27)

+ O ([Agll + [[Apoll + 2 [[AXoll + [10g]] + Iopl + (161} /7)

where m = min(k — 1, — 1,7, p — q,p — 1), Ra is the stability function of the method A,
0 = —D3g(D2¢D3g) D1¢ and Iy o = I, — D3g(DagD3g) Do.

Proof. This proof follows closely that of |[Jay93| theorem 4.4]. The idea is to take the
results from theorem and perform a Taylor expansion of each term, focusing on the
s-th component. Just as in [Jay93|, the important result here is the h™*2 factor in front
of ||AXg||, which means that we need to pay special attention to AAJ.

In our case AA§ coincides with AZ; in [Jay93|] of the same theorem without changes.
The differences appear in the rest of the components, where having two sets of Runge-
Kutta coefficients makes the Taylor expansion of the terms and the tracking of each
component much more difficult. We want AQj and Ap§, as AFJ is not an external stage
/ nodal value. Thus, we will need to expand eq.. This depends on eq., making
it more challenging. Let us first solve this latter equation for AY":

-1

AY = (I —h(* ;) PAD,F)
X [Hg (An+h6,) + 1 (* 1) PADAFLAAL
= (" 2) DAF (" (asapagy ) 0+ Oy = 8,)] -

We then need to insert this in eq.(5.21)). From here on we will forget about all terms
except for the ones with AA}, as the rest vary little from what was found in Theorem
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and they can be easily obtained, thus barring the need to carry them around any
longer.
Ay = hIl4 (! 4) DAFIAA,
+ B2, (Y 4) DyF (I —h (" ;) PaDyF) ™" (* i) PADAFYAA}
+ ...
The first term can be expanded just as in [Jay93|, as there is no A involved, giving us

O(h™*2 ||AXg]|) as expected. The second term is where the real changes appear. Let us
begin with the right-most part of the term, (A A) PoD\FiAA}. We have that:

1R1I, s 0 s 8 8
Ss— ® n
Py = 0 0 101, 0
_X1<A1®In) _X1<A®In) _XQ(A1®IW,) Is—1®[n_X2(A®In)

where X; was already defined in eq.(5.23) and where we have used the fact that a;, is
zero and A' is a zero vector.
For the product P4DyF;AA} we only need to worry about the components 1 ® I,, and

-X, </~11 ® ]n>, as the rest do not connect with AAJ:

an®Iy, A}@In 0 0
(" ) PADA\FIAA, = 0 0 anel, Alel, (5.28)
0 0 Ai®l, A®I,
101, 0 0 0 0
0 Is—1®ln 0 0 0
X 0 0 1Rl 0o D3goAAY | -
*Xl(A1®In) *X1<A®In) *Xz(x‘h@[n) Isfl®1n*X2(A®In> 0

. _ _ -1
Inside X5, we find the product D¢ (A ® ]n> Dsg (A ® ]m> composed of:

Do =Y " W'C' @ Dadhs + O(h“*)

=0
b1 ~(x 71_ : T Va e ~ w
<A®In> D39<A®Im> _Z;hACA ' ® Dsg; + O(h“H)

which results in:

0<i+j<w

Inversion of this product can be carried out as a Taylor expansion resulting in a so-
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called von Neumann series (I — 7)™t =" T". Let us rewrite the former expression:
- _ -1
Do (A ® In> Dsj (A ® Im>
- o - - -1

1<itj<w

X (15—1 ® D2</30D3§0> + O(h*T)

= (Is—l ® I, + Z WHCTACT AT ® Dy Dsg; A)
1<itj<w

x (I,_1 ® V) + O(h“ )

=L@, — ) —hINy@ M, | x (I,.y® V) + O(h*H)

1<

with o multi-index of dima = 2. For instance, for |a| = 3 we have ay = (3,0),ay =
(2,1), a3 = (1,2), ¢y = (0,3), and the corresponding terms N, ® M, are:

N3 o) @ Mz o) = C® ® Dyg3 D30 A

N1y @ M1y = C?ACA™' ® Dy D3y A

N2y ® M9y = CAC?A™ @ Doty D3ga &

Nz ® Mz = AC3A™' @ DayyD3gs A .

- - -1
We have also made use of the short-hand notation V. = Dy¢gD3gg and A= <D2¢0D3 §0> .
Paying attention to the non-commutativity of the series we obtain:

- ~ -1\ !
(D2¢ (o) Dy (Ao1,) )
= (L@ a) x | Y (-1 PNy @ My | + Ot
18|=0

with 8 multi-index of dim 3 < 2w, even, and such that for ¢ odd B and Bji1) are
never both 0. For instance, for |3| = 2 and dim 8 = 2, we have f1; = (2,0), /12 =
(1,1), 13 = (0,2), and for dim 8 = 4, we have B2 = (1,0,1,0), 822 = (1,0,0,1), o5 =
(0,1,1,0), f24 = (0,1,0,1). (0,0,1,1) and (1,1,0,0) are not allowed as they contain two
contiguous zeros in odd and even position. Some examples of the corresponding terms
Nz ® Mg are:

Najgy @ M1y = CACA™ @ Doy D3y 1
No,,1,00 @ Ma,1,0 = ACA™'C ® DadoDsgy & Doy Dsgo O

We need to include the restriction on elements such as (0,0, 1, 1) as a double-counting
prevention of sorts. We can understand this by checking what its associated M 1)
would look like:

Dy¢oD3do & Do Dagi 5=V A& Dydy D31 A= Dagy Dsjy A= My -
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—1
Moving on to the next computation, we sandwich the expression between D3g (A ® I m>
and DQQB to obtain:
- e -1 ~ e S A
X = Dyj (A1) (qub (Aen) Dy (A1) ) D2

= [ Y 0™ iR, @ 8, | + o)

|v[=0
where:

dim~y—2

R’\/ — C”Y(l) A_l H C”Y(i)AC”Y(i+1)A_1 C”Y(dim'y)
ieven>0
dim y—2

Sy = Dsg'ym A H D2¢7(i)D3g’Y(i+1) A D2¢’Y(dimv)
i even>0

with v multi-index of dimy < 2w, even, and such that for ¢ even ~(; and 7(;41) are never
both 0, i.e. v is an irreducible R-string.

This structure looks quite complicated as it is, and it does not seem to lend itself to
easy groupings of symbol combinations R,. Nevertheless, it can be done with the help of
the R-string classes we introduced before.

Once we have derived X, and essentially Py, we can finally tackle the full product
(A A) PoD\F;AA}. If we perform the matrix multiplications in eq. we get:

0
0

(4 1) PADAFYAAS = | au@Dsgoary—(All,) Ka(Ai@Dago M)
/:11®D3§0AA(1)—(Z®I7L>X2(A1®D3§OAA(1))

What is important here is that we are multiplying by Dsgy on the right. In terms of
strings this means appending one zero to the right, which makes a big part of the expansion
vanish, as we will see in proposition [5.2.1} This result gives us valuable information about
the series expansion:

(Iag + O) (* ) (D, Fy + O(W) (I~ O(h) ™ (* ;) PAD\FIAA}.

At order 0, for the last component we get that the combination

T |: a1l 1211 :| &11 13114_1141
€ < - 2 — A =0
A A Ay AALA,

where the vector el = (0,...,0,1), with dime, = s. For a method satisfying we have
that e A = b. Using the notation:

_ 0 0 a .
A :[61 121—1}7 Alz{;ﬁ}, A=

we may write this expression in shorter form as e? A(A; — AA™Ay).
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At order h we still do not have all the terms that arise from the expansion but we
already have an interesting combination that must also vanish

T | @11 1211 ~~0 ~ .
es{Al A} {CA*Al}_O'

We can write this combination as e? AAC A~ A;.

In fact, the two vanishing combinations hint at the template for the rest of the van-
ishing combinations: e7... A...(A; — AA=A;) and ... A...A...CA™A,.

As we will see later, for all combinations there will always be at least one A (which
the first template already includes) and one A, as can be readily seen below:

A, A

A (% A)DyF (I —h (" 3) PAD,F) " (* 3) PADAFLAAY.

As we grow in order, up to order n, combinations of A, A, C and A~CA show up such
that their number adds up to n 4+ 1. These originate from P, itself, as well as 114, D, F’
and (I —h (A A) PADyF)fl, as we will soon see.

With all the knowledge we obtained from our string analysis, it can be shown that the
expansion of (A A) P4DyF; A} takes the form:

(Al — AA_Al) ® DggoAA(l]

+ i h‘PH‘l

|p|=0

+ O(h“ ™)

dim p—1
A(IICW%YWM%>O®QAM

i0dd>1

where O, is a term composed by multiplication of A and derivatives of g and ¢ evaluated
at the initial condition.

For the remaining expansions we do not need to be as precise as with this last one as
there will not be cancellations due to signs. Thus, we will only care about the different
symbol combinations that arise.

The object ([ —h (A A) PyD,F )71 is the most involved of all of them as it is a matrix
term that couples the AQq and AF, equations. The matrix multiplied by A is:

A _ AD:f ADyf
( A) PaDyF = [—A[leXlA—i-Dlg(XgA—IL)} —A[Dy fX1A+D2g(X2A-1)] |

If we write I — h (A A) PyDF as:
1-K —L
-M 1-N

where the matrices K, L, M, N are O(h), then its inverse must be:

v 7]

Y Z

with:
W=(1-K-L(1-N)"M)™
X=01-K)'L(1-N-M1-K)'L)™,
Y =(1—N)""M(1—K-—L(1—-N)""M)",
Z=(01-N-M1-K)'L)™
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The only terms we are interested in are X and Z, as those are the only ones that
connect with AA;. The Taylor expansion of any of these terms is a daunting task given
the amount of nested expansions of non-commutative terms involved. Instead, we deem
it sufficient to analyze the symbolic expansion found via CAS up to order 4 and draw
our conclusions from there. In our case we will use the SymPy library for Python for the
actual computations.

Before we begin analyzing terms, it is interesting to check the form of X and Z. We
can see that X = (1 — K)"'LZ. This means that once we know the behavior of Z, the
behavior of X will be easy to derive. Also from this, we can easily see that all the resulting
symbol combinations of X must necessarily start with the coefficient matrix A, while for
Z they must start with the coefficient matrix A with the exception of the zero-th order
term. In fact, this is also true for W and Y respectively, being W the one with non-zero

zero-th order term.
The expansion of Z (and Y') shows the following symbol combinations up to order 3:

Order | Term | 1 Substitution | 2 Substitutions

1 A
2 AA
AC AA—CA
Az
3 AA2
AAC
AAA
ACA AA~-C A2
Ac? AA-CAC AA-C?A
ACA-CA
ACA | AA-CAA
A2A
A2C A2A-CA
A?,

As for the expansion of X (and W), we get:

Order | Term | 1 Substitution | 2 Substitutions
1 A
2 A?

AC

AA

3 A3
A2C
A%A

ACA
AC?
ACA
AAA
AAC | AAA-CA

AA?
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Focusing on Z, we can see that for order 2 we append either an A, C or A to the right
of the order 1 terms. Also note that C' can be substituted by the combination A~CA
once, so long as the preceding symbol in the term without substitutions is not an A. We
find the same relation between order 3 and order 2, and (although not shown here) for
order 4 and order 3. Thus, the pattern of construction of terms to arbitrary order seems
clear for Z.

Focusing now on X, and taking into account the discussion at the beginning of the
section, we can see that all the terms in Z will show up multiplied by (1 — K)~'L. The
symbols this factor adds at order n are A X [(n — 1)-element variations of { A, C'}].
practice, what we observe with the symbolic expansion is that every single term without
substitution at order n in Z appears in X with the first A exchanged by A. As for
substituted terms, at order n we find all substitution terms from Z up to order n — 1 with
a corresponding pre-factor {4, C'}. For instance, if we take AA-CA, which is of order
2 for Z, we will find it as AAA~CA at order 3, and as ACAA~CA and A2AA~CA at
order 4 and so on. An easier way to put this is that the construction of terms for X is the
same as for Z with the restriction that substitutions C' — A~CA can only appear after
the first A that show up.

Let us finally expand the term II4 (* 4) DyF. For the projector I14, (see eq.(5.22)),

its ﬁa A are very similar to the terms X; that we have already studied:

w dimy—1
I, = Z Bl [ H OV ACTG+) AL

y|=0 jodd>1

& ﬁi,A,fy + O(thrl) .

It is important to note that as we have the product 14 (A A), we will always have one
A~ less than the number of As, which prevents AC* A~ terms from appearing at the very
end of a symbol combination.

For the Jacobian D,F' we have:

0 Dif 0 Dof
Digi 0 Da2gi O
0 Dig 0 Dyj

DyF: Dy f sz} ]

D1g Dag

Dift 0 D2fi O ]

The expansion of each term follows the same pattern. For instance, for Dyg we have:

Dayg =Y W'C* @ Dagi + O(h=H).

=0

Considering all this, the product 14 (A A) Dy F has two differentiated symbol group-
ings: top row (corresponding to AQ) and bottom row (corresponding to Ap) groups.

Top row groups are the easiest ones as they are the ones that remain unaffected by
IT14. These are of the form:

Y W ACT @ Ui| + O(heth)
=0

where Uj; are linear combinations of derivatives of g and f evaluated at the initial condition.
Bottom row groups show more variety. These are of the form:

dim -1
Z plelPicea T (CPoA~CPem A) @ Vi | + O
lal+|B|=0 iodd>1
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where V,, 3 are terms involving A and derivatives of f, g and ¢ evaluated at the initial
condition. The main difference here is that bottom row terms can have C's to the left of
the first A, as well as the possibility of having C' — A~C'A substitutions to its right.

Putting everything together, and keeping in mind that w = min (A, i, v), the expansion
can be brought to the form:

m—1
AQ=h> "I (Z Ko, ® LQ,%) ANy + O(R™ T2 || AAG])
=0 «

m—1

Ap=h>> I (Z Ko, ® L,,,al) ANy + O(R™ 2 || AAS])
1=0 «

where each L;,, is again a combination of products of the derivatives of f, g, ¢ with
A evaluated at the initial condition, and K ,, is a Runge-Kutta symbol combination of
order |«;| as in theorem . The difference between Kg o, and K, ,, lies in the fact that
Kq o, cannot begin with C* and there cannot be C' +— A~C'A substitutions between the
initial A and the first fl, while on K, ,, there can be. Applying the result of said theorem,
all these terms vanish, which is what we set out to prove. O

Proposition 5.2.1. In the Taylor expansion of PaDx\F| only the terms belonging to the
classes with elementary R-strings with a trailing zero, i.e. v R-strings of dim~y = s such
that s = 0, survive.

Proof. Given a class with an elementary representative v such that v, # 0 implies that
it admits right appending, which gives us v'. R, = R, by definition of class. On the
other hand, S, # S, and dim~’ = dim~ + 2, which means both terms will have opposite
SigHS. Now S,y/ = Snggo A D2Q~50, but S,leggo = Snggo AV = S,yDggg, which is exactly
what we needed to show that they cancel each other out. This is also true for other
elements derived from the same elementary R-string via splitting and insertion, as they
still necessarily admit right appending. O]
Theorem 5.2.5. Assume an s-sta Hlectzc partitioned Runge-Kutta method with
H 2

coefficients A satisfying hypotheses H . (and consequently A satisfying and
, together with conditions D(r DD(p —r) and DD(p — q). With o > 0, we
have.

k
ef'CA (H MZ> (1211 — AA*Al) =0, 0<k<min(r,q,p—r,p—q)—1 (5.29)
i=1

and:

k
elC*A (H NZ»> CA™A;, 0<k<min(r,¢,p—r,p—q)—1 (5.30)
i=1

where M; and N; can be C, A, A, A=~CA, ACA~ for any i except k where My, = AC A~

cannot occur.
Proof. Multiplying D(r) by A~ we may obtain that:
bVOFA™ = el —kbCF ', 1<k <r. (5.31)

As A satisfies , we also have that eZ A = b, and consequently bA~ = el

The vanishing of the different symbol terms rests in both the vanishing of the following
reduced combinations and the fact that any symbol combination that appears in the
expansion can be brought to one of these.
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e Combination 1:
bCF (A — AA"A) =0, 1<k <min(r,7).
This is said to be of order £ — 1, as that is the number of times C appears. It
vanishes because:
bCH 1A = k7
bC*TAAT Ay = k(1 — CF)A™ 4,
=k'bA"A; — KT'BCTAT Ay
=k~ — k7' (by — kOC* T Ay)
=k, .

The application of the simplifying assumption D(7) in the second line and D(r) in
the fourth line are the limiting factors.

e Combination 2:

bCFA=A; =0, 1<k<r
This is said to be of order k, as that is the number of times C appears
bCFA™ Ay = by — kbCF 1A,
=b—h
=0.

Again, the application of the simplifying assumption D(r) in the first line is the
limiting factor.

Combination 1 and combination 2 can be generalized to the form ) and -
respectively.

As ¢, = 1, we have that e/ C® = eI’ thus the C* is there only for generality. After
recursive apphcatlon of D, D DD DD and eq.-, each of these expressions can be
brought to a linear combination of one of the reduced combinations with different values
of k, which proves the theorem. O

Remark. For an s-stage Lobatto III A-B method we have that s —2 =r=p—q¢=¢q¢—2 =
p—r — 2, thus:

k
el'ceA (H M,;) (Aj—AA=A) =0, 0<k<s—3 (5.32)
i=1
k
el'CvA (H Ni> CA 4, 0<k<s—3. (5.33)
i=1
JAN
Theorem 5.2.6. Assume an s-stage lectzc partitioned Runge-Kutta method with
coefficients A satisfying hypotheseg h E (and consequently A satisfying and
, together with conditions B(p D(r) (and consequently B(p), C(r), D(q)).
Then we have:
Sqn(z) = O(pmin@atreh+ly (5.34a)
pn(x) = O(Rmnp2eatnth) (5.34b)
dAn(x) = O(hY). (5.34c¢)
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Chapter 5. High-order methods for constrained systems

Proof. The proof of this theorem is similar to that of |[Jay93, theorem 5.1], which follows
that of [HLR89, theorem 5.9], and [HW96, theorem 8.10].

g
Figure 5.1: This order 6 tree represents the term

. f Ipq (9A(‘¢p9A)7l¢qp(f7 9), qu(ga f)) Note that the order is
(—¢pgx) Dap derived from the number of round nodes minus the number of trian-

gle nodes. The tree itself can be written as [[[r, Tr]A]p, [P, Tqla],
gx frq and corresponds to the Runge-Kutta term: bi&ijaj_kciailc?, where

a;; are the components of the A~ matrix.

qu

The arguments are essentially the same as those used in [HLR89] for A invertible, but
using a bi-colored tree extension (see figis.1). The inverses that appear only need to be
swapped by A~. In these results two trees are used, ¢t and u trees, referring to y and z
equations respectively. In our case we will have both tg and tp for () and P equations,
plus u for \ equations.

The key difference with respect to both this and Jay is that instead of only needing
to set the limit such that for [t, u], either ¢ or u are above the maximum reduction order
by C(q) (¢ + 1 and ¢ — 1), which leads to 2¢, we need to be careful because we have two
types of trees with C(g) and C(r). First of all, it is impossible to have [tq,u]q as f does
not depend on A, and we can only have [tg, tp]g, which pushes the limit to ¢+7+2. On
the other hand, [tp,u]p also sets a limit, which as it turns out is ¢ + r. For both there
is also the limit ¢ + r + 1 set by D(r), which is more restrictive than the limit set for @
equations but less so than the limit set for P, so this last one prevails. O

Theorem 5.2.7. Consider the IVP posed by the partitioned differential-algebraic system
of eqs., together with consistent initial values and the Runge-Kutta method .
In addition to the hypotheses of theorem suppose that ||Ra(o0)|| <1 and ¢ > 1 if
Ra(c0). Then, fort, —to =nh < C, where C is a constant, the global error satisfies:

O(hmin(p,q—i-r—i-l)) (535&)
O(hmin@20atr)y (5.35b)

O(h?) if —1< Ry(o0) <1,
An = Altn) :{ O(ht™Y) if Ry(o0) :Al.

Gn — Q<tn)
Pn — p(tn)

(5.35¢)

Proof. Following the steps of [Jay93, theorem 5.2], for ||R(c0)|| < 1 and ||R(c0)|| = 1,
An — A(t,) can be found to be of order O(h?) and O(h?™!) respectively. As stated there,
the result for R(co) = —1 can actually be improved to O(h?) by considering a perturbed

asymptotic expansion.
Now, we proceed as in [HW96|, theorem VI.7.5], applying (5.25)(5.26))(5.27) to two

neighboring Runge-Kutta solutions, {qn,]ﬁn,An} and {én,ﬁn,)\n}, with 9; = 0, 6 = 0.

Using the notation Az, = %, — Z,, we can write:

Agner = Agy + O (h[|Apa|| + h™ 2 | AN]])
Apn-l—l = Hl,nAQn + H2,nApn + @ (hm+2 ||A)\n||)
Adngr = Ra(00)AN + O ([|Aga || + [Apall + A [ AN]])
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5.2. Numerical analysis of partitioned systems of index 2

where I1 ,, and Il ,, are the projectors defined in the statement of theorem , evaluated
at Gn, Prs An, and m = min(q — 1,7,p — q,p — 1) for =1 < R(c0) < 1 or m = min(q —
2,r,p—q,p—r) for R(co) = 1.

We can follow the same philosophy of [HLR89, lemma 4.5], and try to relate {Ag,, Ap,, AN, }
with {Ago, Apo, AXo}. For this, we make use of the fact that II;,,,1 = II;,, + O(h),
(Hg,k)Q = Ilyx and Il ,I0, , = O (these latter facts can be readily derived from their

definition).

Numerical method

Lo T T2 T3 L4 L5 L6
Figure 5.2: Lady Windermere’s Fan

This leads to:

10181 | = [TnAgall + O (R |Apa|| + A7 [AM]))
21 Apa || = T2 Apall + O (7| Aga]| + h™ 2 [ AN])
IR 4(00) Al = [Ra(0)I* 1 AN + O ([ Agull + 1Al + A AN]]) -

Thus, the error estimates become:

1Ag. | < Cq (|1 Agoll + R [[Apo]| + h™ 2 [AX]])
|APa[l < G ([ITL,0Aqo]| + [[TTa,0Apol| + 2™ [AXo]l)
[AM < Cx ([[Ra(00) (" [[AXol| + [[Agol| + [[Apoll + A |AN]]) -

Proceeding as in [HLR89, theorem 4.4] to use the Lady Windermere’s Fan construction
(see fig]5.2) and using the results from theorem for dqp(tx), dpn(ty), and the results
we derived for oA, (tx), with m = min(¢ — 1,7,p —q,p —r) for —1 < R(c0) < 1 as well as
m =min(q —2,r,p—q,p—r) for R(c0) = 1, we find the global error by addition of local
errors, which gives the result we were looking for. O

Corollary 5.2.7.1. The global error for the Lobatto IIIA-B method applied to the IVP
posed by the partitioned differential-algebraic system of eqgs.(5.6|) is:
Gn — q(tn) = O(h™"72)), (5.36a)
o — p(tn) = O(R™Z72)), (5.36b)

B O(h®) if s even,

An = M) = { Oh=Y) if s odd.

(5.36¢)

Proof. To prove this it suffices to substitute p =2s — 2, ¢ = s, r = s — 2 and Ra(c0) =
(—1)*~! in the former theorem. O
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Chapter 5. High-order methods for constrained systems

5.3 Discrete holonomically constrained mechanical sys-
tems

We will not go into much detail here as it would take a great deal of space to delve into the
details and the caveats involved in the study of holonomically constrained mechanical sys-
tems [LRO4]. Conceptually and geometrically it is not a big step from the unconstrained
case save for the particularities of the augmented picture, where we include Lagrange mul-
tipliers which make the augmented Lagrangian and its corresponding discrete counterpart
singular. The reader is referred to [MWO01} BO07; |Jay96] for more information.

As in the continuous case, let iy : N < @ denote the inclusion map of the submanifold
N in Q. We may naturally extend this inclusion to @) x @), where discrete Lagrangians
are defined, as iyxy : N X N — Q X Q, inxn(90,¢1) = (in(qo),in(q1)). Given a discrete
Lagrangian L4, we may define the restricted discrete Lagrangian LY = Lo iyxn-.

Let us now define the augmented space, Q X A, where A = R™ is the space of Lagrange
multipliers and m = codimgN is the number of independent holonomic constraints. With
this we may also define an augmented discrete Lagrangian Ly : Q x A x Q@ x A — R
as an approximation to the exact discrete Lagrangian for L = L + (A, ®). We will
be more interested in the augmented approach, as we will use that for nonholonomic
systems in the next section [see MMS15|, for a more intrinsic approach using Lagrangian
submanifolds]. Moreover, numerical methods are based on discretizations which have a
simpler description when working on vector spaces.

Variation of the augmented discrete action leads to:

N-1 N-1
0=19 Z Qk7 (Jk—H + Z fd qk, )\ka k41, )\k-i-l 5ka> +
k=0 k=0
N—-1 s ' 4
+ (L (@ Moo Gt M) 6gke)] + 00D bi (9A, @ (Q4)) (5.37)
k=0 i=1
where:
_ QZ
fd (Qka )\ka qk+1, )\k-‘rl =h Z b Dq) Qk) qk (5383)
+ _ i N
fd (q]ﬁa )\Im qr+1, Ak—‘,—l) =h Z b’L ko Do (Qk) aqu s (538b)

i=1

are the forcing terms arising from the constraints. Let us assume that we discretize our
Lagrangian applying the trapezoidal rule, which simplifies these to:

h
L7 (@, Moy Qg1 Ai1) = B (Ak, D® (qi)) ,

h
T3 (@ My Qo1 Mer1) = 5 (Akg1, D (Grgr)) -

Then the constrained discrete Euler-Lagrange equations take the form:

DyLa(qk—1,ax) + D1La(qk, git1) = —h (Mg, DP(qr))
O(gr) =0, Vk=0,., N
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5.3. Discrete holonomically constrained mechanical systems

which means the solution must satisfy:

(T*in),, [D2La o inxn(Gr-1,Gx) + D1La 0 inxn(Gk, Grr1)] = 0

where g, € N.
Using the restricted discrete Lagrangian the equations simplify to the expected:

Dy LY (Ge1,Gr) + D1 LY (Gr, Gor1) = 0.
The equivalent symplectic integrator written in Hamiltonian form becomes:
h
po = —D1Ly(qo0, 1) — 5 (Ao, D®(qo0))

h
p1 = DaLa(qo, q1) + 5 (M, DP(qv))

0= <D(I)(QI)7 %—;I(CJ17P1>>

where the last equation must be enforced so that p; € T N. This latter method is
known as RATTLE and its augmented Lagrangian version is the SHAKE method |[RCB77
And82; L.S94; LR0O4; MWO1].

Working with the augmented discrete Hamilton-Pontryagin action:

N-1 s s
(ﬁp)d:ZZhb[ (@) + <Pk,Q’“h —V> (53

k=0 i=1
+ <]5k+17 LAt Zb VJ> + (AL, ® >]

we can obtain a constrained version of the symplectic partitioned Runge-Kutta method:

Qrs1 = Qi + hi bV, Di1 =P + Z bW, (5.40a)
j=1 3=1

Q= ar + hiaijv,g', Pl=py+ hia,-ng, (5.40b)
j=1 7=1

Wi, = DiL(Q}, Vi) + (A, DO(Q})) P = DaL(Q4, Vi) (5.40c)

= o(Q)) 0= (D®(qk+1); DoH (qk+1,pr+1))  (5.40d)

where (a;;,b;) and (a;;, b;) are a pair of symplectically conjugated methods. The tan-
gency condition on g1 (eq.(5.40d)), right) must be judiciously added to close the system,
allowing us to obtain a Hamiltonian map (qx, px) — (qk+1, Pk+1)-

Unfortunately, not every choice of RK method will give us the expected variational
order for the Hamiltonian flow on N [see |Jay93; |Jay96; Jay03; MWO01; |JM09|. Indeed, nu-
merical tests already tell us that a 2-stage Gauss method, whose corresponding variational
order should be 4, actually has order 2 when projected to N.

176



Chapter 5. High-order methods for constrained systems

Forcing the order to coincide, the corresponding augmented discrete Hamilton-Pontryagin
action must restrict to N as well. To warrant that the method restricts to N we impose

that (aq;,b;) satisfy the hypotheses [H1] [H2] and [H3]

~

If (ai;,b;) are the coefficients of the symplectically conjugated of the former method,
then they must satisfy hypotheses [H1’] [H2]

Remember that and imply that ¢; = 0 and ¢, = 1, and thus for any given
k = 0,....,N — 1 the first and last internal stages must coincide with the nodal values,
i.e. Qi = g, and Qf = qu41, which ensures that we can impose the constraints on purely
variational grounds and so the associated augmented discrete Hamilton-Pontryagin must
restrict to N.

A particular member of the family is the Lobatto IITA-B pair, whose 2-stage version
is the well-known trapezoidal rule that we applied first.

5.4 Discrete nonholonomic mechanics

Naturally, we could ask ourselves whether we can construct integrators for mechanical
nonholonomic systems in a similar manner as we have done with our variational integrators
[Cor02; MP06; LMS04; FZ05; FIMOg].

As we already discussed in section nonholonomic mechanics is not variational,
yet we know that Chetaev’s principle is not a radical departure from Hamilton’s principle
and the resulting equations of motion are fairly similar to those of a holonomic system
[NF72; Blol5; BM02; |Cor02]. It is also true that nonholonomic mechanics is not sym-
plectic either, so the value of applying the philosophy of symplectic integrators seems at
least questionable, since there is not, in general, preservation of a symplectic or Poisson
structure [SM94; |Can+00]. Still, given that the departure from holonomic mechanics is
not that dramatic and the structure-preserving behavior of variational integrators we still
believe it is worth trying to extend our approach to nonholonomic systems.

The fact that these systems are not variational implies that the important result of
theorem does not apply anymore, which strips us from one of our main tools to
prove the order of the resulting methods. This leaves us with standard numerical analysis
techniques and results to try and prove the order on a per family basis. Again we will
focus on symplectic RK pairs satisfying all the hypotheses stated in the holonomically
constrained case.

Without further ado, we present the following nonholonomic partitioned Runge-Kutta
integrator: Let (L, ®) be a regular nonholonomic Lagrangian system, with ¥ = ®oFL™!,
then the equations for the integrator are:

Q1 = qx + h zs: biVy, Pr+1 =Pk + hi bWy, (5.41a)
=1 =1

Qv = + hiaijv,g’, Pi=p+ hiazng, (5.41b)
j=1 J=1

Wi = DiL(Q}, Vi) + (A}, D2®(Q, Vi) . P = D2L(Q), Vi), (5.41c)

q = Qp P = Dk + hzs: a Wi, (5.41d)
j=1
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5.4. Discrete nonholonomic mechanics

U(gp,py) =0

(5.41e)

where (g, pr, Ax) are the initial data that must be supplied. This generates a flow

Froa:  THQly xA = T*Ql,, x A
(@ Ps e = AL) = (@t Pt A = AG).

Of course, it is possible to apply the continuous fibre derivative FL, and work only
with ® and forget about W. We only need to introduce the variables vy, v € TQ implic-
itly defined using the continuous Lagrangian by p, = DaL(qx, vx) and pl. = DyL(q,v.)
respectively and change the constraint equations to ®(q;,v:), thus generating the flow

Froa: TQlyxA = TQ|y x A
(@ vk A = ML) = (Qht1, Vg1, Apg1 = A3).

A purely Hamiltonian version of this method would be:

Qot1 = Qr + hzbivlj» Pr+1 = Pr — hZBiWIi7

i=1 =1
QZZQk‘I'hZ&Uij, P£=pk—hzdijW£,
j=1 j=1
Vki = DQH( Z?P@? le = DlH(Q?wPIi) - <A§<:abH (DQ\P)( Q,P;i»,
G, = Qi ph=pe—hY_ a Wi,
j=1

(g, p},) = 0.

The method admits a similar interpretation as its holonomic counterpart:

N-1 N-1
0= 0 Z Ld(Qk7 Qk—l-l) + Z |:<fcinh(qk7 )\kv Qk+1, /\k+1)7 5q1c> +
k=0 k=0
N—-1 s . . .
+ (Fon (s My Qs Aes1), 0qrgn )] + R Z Z b; (0N, @ (g, vp))
k=0 i=1
where now eqs. become:
- S o 0Q)
fd,nh(Qk7>\k7q1€+la)\k+1) = thz Ak"DQ@ (Qk’Vk) a_qk
i=1
* — - i i i anfg
fd,nh<Qk7 Moy Q1 A1) = thi AL, Dy ® (Qk, Vk) %
=1
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Chapter 5. High-order methods for constrained systems

with A\, = A} and A1 = Aj. Note that once i, A\, and gy, are set, A\gyq is fixed by the
equations of the integrator. Still, these allow us to define discrete nonholonomic Legendre
transformations over the solutions of the integrator:

FLy 0 (90, 0, @15 M1) = (g0, 0 = —D1La(qo, @1) = fanun(@rs Mrs G, Aes1), Ao)
IFL(-Znh(QOa Ao, M) = (q1,p1 = DaLa(qo, q1) + fc—{nh(%, o> Q15 Mkt1), A1) -

Thus, formally we can write the scheme of our integrator as

QXAXQxA: (90, Ao, q1, A1) ——————— (q1, M1, 92, A2)
FL;nh ]FL;;'th FL;nh IFL:iFnh
FL M FL A
T5Q x A : (g0, 0, Ao) (q1,p1, A1) &z (g2, P2, A2)
lIE‘Ll lIE‘Ll lIE‘Ll
ﬁL A ﬁL A
TQ x A: (90,v0, Ao) 5 > (q1,v1, A1) ¢ s > (q2,v2, X2)

where Fp, 5 is implicitly defined to close the diagram.

Theorems [5.2.6] and [5.2.7 can be used to show that the order of this method coincides
with its holonomic equivalent for Lobatto-type methods. In particular, from corollary
, we get that the global error for the Lobatto IITA-B method applied to egs.([5.41])

is:

gy — q(ty) = O(h™"72) (5.45a)
pn — plty) = O(R™"52)) (5.45b)
B O(h*) if s even,
Av = Altw) = { Oh=1) if s odd. (5-45¢)
Proof. To prove this, it suffices to substitute p = 2s —2, g = s, r = s — 2 and Ra(o0) =
(—1)*~! in the former theorem. O

These prove that the order of our method on the submanifold M corresponds to the
expected order.

5.4.1 Origin and idea behind the algorithm

What would the nonholonomic SHAKE look like? Let us look back at the holonomic case
and in particular at eq.. We see that we need to determine an adequate forcing and
impose the constraints.

The natural way to extend the forcing found in the holonomic case, eqs., would
be as was already shown in eqs.. If we apply the trapezoidal rule, these simplify to:

h _
Ja (@ Qrs Ay Aksr) = 5 <)\k7 Dy® (qk, W) > ’

h _
I (@ Qs Moy M) = 5 <)‘k+1; Dy® (Qk+1, %)> :
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5.4. Discrete nonholonomic mechanics

, ,
N .
\
~_ | u(ty) ~__ 1
W u(t,the,) |
\\_/ \\ S(+h)
t t,the, t,th t t,the, tyth
(a) Continuous collocation (b) Discontinuous collocation

Figure 5.3: On the left we have a continuous collocation method where the collocation polynomial (in
blue) tries to give a good continuous approximation of the solution (in red). On the right we have a
discontinuous collocation method applied to the same problem. The collocation polynomial u(t) is a poor
approximation of the solution, particularly at collocation points, but it allows us to compute y; to the
same order as the continuous method.

As for the constraint, we could enforce ®(Q%, Vi) = 0, which in the trapezoidal case
would lead to:

P (qk, qk+1 — Qk) — % (qu’ Qk+1h— %) 0, Vk.

>

Note that this would not warrant that our integrator would preserve the continuous
constraint, ®(qx, vi) = P(qrr1,vkr1) = 0, where vy = FL7(p;,). Also, this is a direct
discretization of the constraint manifold, which feels both arbitrary and rough. The more
sensible option is indeed to impose the preservation of the continuous constraint, which
we prefer to impose as W(q, px) = Y(qr+1, k1) = 0. Thus, the integrator becomes:

Dy Lg(qk—1,qr) + D1La(qr, qrr1) = —h <)\k, Dy® <qk, w>>
U(gr,pr) =0, Vk=0,...,N.

The discrete Euler-Lagrange equations are still a matching of momenta,

P (@1, > M) = D (Qis Qrt1s M)

and we can chose either p, or p; to impose the constraint without difference [see LMS04].

The question now is, how does this method generalize to higher order? When we
use the Lobatto IIIA method in eqs. and apply the discrete Hamilton-Pontryagin
principle we automatically obtain the Lobatto IIIB method in eqs. for the P} mo-
menta. The first method is a continuous collocation method (fig. and the second is
a discontinuous collocation method (fig. |5.3b)).

Continuous collocation provides a relatively good (cf. eq.) continuous approxi-
mation of the solution whereas discontinuous (cf. eq.) offers a poorer one, forming
something akin to a scaffolding to obtain the actual nodal values p;, instead of trying to
provide a good approximation on the interval (fig. |5.3). For more information on the
matter, please refer to section [2.3.1}
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Chapter 5. High-order methods for constrained systems

hb, hb,

t ty+he, ty+h

Figure 5.4: Continuous collocation polynomial v(¢) (in orange) obtained from discontinuous collocation
data.

From the study of order conditions we know that at inner stages the convergence is
related to the C(q) simplifying assumption that each method satisfies, which are C(s)
and C (s —2), thus coinciding in this case with the former estimates. At nodal points,
the convergence is related to the B(p) simplifying assumption (superconvergence), which
both satisfy for p = 2s — 2.

This means that, in our case, Q% is an approximation of order s to q(t%), whereas P is
an approximation of order s — 2 to p(t%). If we try to enforce a nonholonomic constraint
using these values we will be asking our solution to lie far away from the corresponding
point that the real trajectory would pass through. Thus, the question would be whether
we can generate better approximations of p(ti) and whether we can do this cheaply. As
it turns out, we can. We only need to apply the same Lobatto IITA quadrature rule to
the momenta and, better yet, we can reuse the W} values used for the determination of
P}. As a side effect, this provides us with a better continuous approximation of p (order
s — 1, cf. proposition , although not as good as the continuous approximation of ¢
(see figp.4)).

Surprisingly, the new values we obtain using this method, which we call pi, are an
approximation of order s to our desired p(¢;). This is so because the Lobatto ITIA-B pair
satisfies the mixed simplifying assumption CC(s) [Jay96].

Intuitively speaking, enforcing the constraints with these should give better results.
These better estimates of p(ti) can be obtained for any other symplectic integrator in
holonomic systems, but there they become completely decoupled and can be obtained a
posteriori.

~

Proposition 5.4.1. Let (a;j,b;) and (a;;,b;) be the coefficients of the Lobatto 11IA-B pair.
Let us solve (2.13)), with f Lipschitz, and denote the resulting interpolation polynomial by
u(t). Then for sufficiently small h the polynomial:

U(t) = 1Yo + h Z f(to + th, u(to + C]h))/ gj(T)dT

i=1 fo
is an approximation of order s — 1 of the solution y(t) in the interval t € [to,to + h|, i.e.:
lo(t) —y(t)|| < Ch® VYt € [to,to+ h].

Moreover, the derivatives of u(t) satisfy:

[o9@® =y Ol < Cr* Ve € lto,to + 1]
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5.4. Discrete nonholonomic mechanics

Proof. Following [HLW10, Lemma 1.6], and using the same notation, we may express the
exact solution as:

Glto+7h) =yo+h > _ flto+ cih, y(to + ¢;h))(7) + W E(7, h),
j=1

where the interpolation E(7,h) is bound by a constant M.
By integration of the difference y(tg + 7h) — 0(tg + 7h) we obtain:

y(to + 7h) —v(to + 7h) = hz Sf; /T li(o)do + h*! /T E(o,h)do (5.46)
] 0 0

where (5fj = f(t() + th, y(to + th)) - f(t() + th, u(to + th)).
Now, invoking the result of [HLW10, Lemma 1.10]:

lu(t) =y < Ch*™" Yt € [to,to + I]
we finally get that:
ly() —v(®)ll < hC ly(t) —u(@®)l| + A" M < CLh* + h* "M .

Derivation of (5.46) and further application of the same lemma proves the second
statement. O

5.4.2 Hamilton-Jacobi point of view of the integrator

We are trying to generate a numerical integrator of a known order in N C T'(Q). Contrary
to the holonomically constrained case, the inclusion map ity : N < T'Q) does not naturally
induce a submanifold in @) x @), so we cannot generate a discrete constrained Lagrangian
as we could in that case.

First, consider the nonholonomic Lagrangian system

d (oL oL _ [/ 0@
at\og) ag  \"og/’
®(q,q) = 0.

In principle nonholonomic mechanics is only defined on N, but we may extend the dy-
namical vector field to all of T'Q) by simply removing the constraint equations. In that
case the Lagrange multipliers are completely free and undetermined.

Provided the Lagrangian is regular, we may write this set of equations as

q'(t) = F'(q,q, ),

or, better yet, as the first order system

{ql:(t) =V (5.47)

'(t) = F'(q,v, \).

This defines a vector field Xy : TQ x A — TTQ.
In order for this system to produce the same dynamics as the original nonholonomic
system we must consider the constraint equations. If the compatibility conditions with
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Chapter 5. High-order methods for constrained systems

the constraint are met, then we can find explicit expressions for the Lagrange multipliers
using the condition
] XL(I) = O,

that is, by differentiating the constraint and inserting the resulting expression in the first
order system above. This way we obtain A\, = k,(q,v). Note that with this we may also
construct an augmented inclusion map iy : N — TQ x A.

It should also be noted that the resulting expression for A\, remains the same if we
allow for @ to take any value, not just 0. Once an initial condition (g, vo) € T'Q) is set, if
we insert k4 (g, v) in egs. (5.47)), the evolution of the system will be such that ®(q,v) =
®(qo, v9) = const. This is tantamount to a redefinition of the constraint equations, ¢’ =
® — D(qo, v9), and therefore a new constraint submanifold N’ C T'Q.

Moreover, by differentiating the constraint equations we can construct a new differen-
tial system

' (t) = F'(q,v, \), (5.48)
}‘a(t) = Ka(Qa v, )‘> ’

where 9 p
Ka 4 Ka
Ka(q,v, )\) = a—qu + o
This new system defines a vector field in X 4 € X(TQ x A) with flow F{*, : TQ x A —
TQ x A. This flow should be well defined, at least for a small enough At. Clearly, if
initial values (qo, vo, K(qo, Vo)) are chosen for this system so that ®(q,v) = 0, then the flow
of this vector field projects onto the flow of the original nonholonomic system.

As the Lagrangian is assumed to be regular we can use the fibre derivative to define an
associated Hamiltonian H : T*() — R, constraint function ¥ : T%() — R™ and constraint
submanifold M C T*Q (see section . Similarly, we can define new functions &, =
koo(FL)™' a=1,...,m. The null-set of ¥ together with % induce an augmented inclusion
map iy M —T%Q x A.

We can also generate an equivalent system to that in eq. on the Hamiltonian
side:

(o 0H

i 0OH oV

\)'\oz(t) = Ea(Q;Z?a >‘) )

N Ofa OH  Of, (OH ov
K —_ : _ - —_ .. T .
a(Q7p7 )\) an apz apz (aqz <)\7 (gH)z] 8])] >>

Therefore, we may also build a flow I:;LAR :T*Q x A — T*Q x A.

An exact discrete Lagrangian for the nonholonomic problem should be defined as a
complete solution of the corresponding nonholonomic Hamilton-Jacobi equation [ILMOS;
OB09|. Let us assume that the constraints are linear so that conservation of energy is
guaranteed, and we need not move on to the time-dependent setting.

In contrast with the holonomic case, in general the nonholonomic Hamilton-Jacobi
equation is not an equation for a function S': QQ x @ — R but for a I-form I' : QQ x @ —

where now
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5.4. Discrete nonholonomic mechanics

T*Ql, x T*Ql,,. If by I'y, and I'y, we denote the projections of I' onto its first and
second component, then it must satisfy the system

H (QO7 _qu(QOafh)) =F
H(Q17Fq1(q07q1)) =k

with £ = const. We will disregard all considerations of existence and uniqueness for this
I', and work formally.

In the augmented setting, that is, including the Lagrange multipliers as independent
variables, we might have something of the form I'* : Q x A x Q — A (Q x Q) satisfying:

H (go, ~T\ (d0, Ao, 1)) = E
H (q1,T5 (g0, ho, 01)) = —E
v (qo, _Fz/]\o<q0a Aos C]1)) =0.

Then, according to the framework for forced systems, we could write I'* explicitly as:

oS

FA(q07 )\07 (]1) - (a_qo(q(b Q1) - qu (qo7 )\07 (J1)) dC]o

oS
= _(QO>Q1)_Tq1(QO>)\O>Q1) dg;.
oq

In this expression, S is of the same form as eq.(3.8) with ¢ = (q(t)) € C*(qo, qu, [to, t1]),
satisfying Chetaev’s principle and 7T} are defined in terms of the constraint force as

T, = /t:l <AL(6A<t>), agf]z)>dz,
T, = /t:l <AL(6A(t>), 65;? > dt.

Here c)(t) = (q(t), A(t)) € @ x A is the augmented solution of the problem such that it
projects on ¢ (with ¢x(to) = (qo, Mo)) and ¢éx(¢) = (q(t),4(t), A(t)) € TQ x A is its tangent
lift. We may write Ap, the Chetaev forcing form of the system, as:

00 i
AL(qavv )‘) - <)\7 %(qa /U)> dq .

It is possible to extend these definitions to any curve ¢, (t) satisfying eq. instead of
those satisfying the original nonholonomic system. In that case they will not be solutions
of the nonholonomic Hamilton-Jacobi equation as written above, but a modified one
with W (g, —Ffl\o(qo,)\o,ql)) = const. Therefore, these solutions will be I' : Q x Q —
T*Ql < T*Q|,, with some M’ C T*(Q) generally different from M but diffeomorphic to
it.

-
Given a I'*| let us define the functions (Fg’e> QX AXQ—T*Q x A by:

(03) (a0 Ao 2) = (a0, =T (a0, Jo, ). o)

+
(F9’6> : (g0, Moy q1) > (Q1>F(/1\1(QO7)\07Q1):H(Qlari]\l(q{):AO:%)))
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Chapter 5. High-order methods for constrained systems

which play the role of the exact discrete fibre derivatives in the forced and in the holonomic
case. These are precisely the functions that the integrator is approximating.

Note that graph(FﬁR) CT*QxAXT*QxA. Hdim@Q =n,dim N = dim M = 2n—m,
and dim A = m, then dim graph(ﬁ At) = dim M +dim A = 2n. If we define the projectors

TP T X AXT'Q x A= Qx QTN T QX Ax T'Q x A = T*Q x A,

then it should be possible to show that there exist two local diffeomorphisms, (Xd)
T*Qly x A = Q x @, defined so that the following diagram commutes:

graph(FA})

T‘QXA
T(T*QxA)q

T QXA
T(T*QxA)g

TQ|,y x A AN TQ|,y x A
(X§)+ /
Q X Q

This way, if ['* is a complete solution of the nonholonomic Hamilton-Jacobi equation,
the following diagram commutes:

dompae CQ XA X Q x A

(F;/i\,e)+
TQxXQ

T*Q\MXA

Py IN,A Q X Q PT s

/ ]__‘6 ,+
Frm

where pr,, is just the projection of an element of 7*Q)|,, to M itself and FL M =PIy ©
FL A Oy is the flow on the constraint manifold. Also, F : @ X QQ — M are defined
so that the diagram commutes. In principle, if an exact d1screte constrained Lagrangian
could be found, ideally these should be its associated fibre derivatives. B
Our integrator provides then an approximation of F f A» Which we shall call Fp, A

> M

+
the mnduced discrete fiow), and approximations o ' and (x§ an
he induced di f d imations of (T4} and (x5)%, (I')™ and (x)*

respectively. The restriction of our integrator to M after a choice of Ao has been made (m
this case, it is just K(qo,po)) can be represented by the flow F O\ =PIy o FLd AOTMA-

As it turns out, in general 7p, 5 © FLd’M opry # FLd,M, i.e. the Value of A1 approximated
by our integrator does not coincide with the value one would obtain by applying #(q1, p1).
Therefore, the scheme of our integrator is
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5.5. Lie group integrators

Fr,.a

TQly > T7Q[y x A
(xa) " (xa)) "
Prays IN,A Q X Q Pras
r; N
M E Feq 3 M

This failure to close leads to the necessity of choosing a way to continue the integra-
tion process. Either we feed the integrator the A,y obtained from (g, px, A\x) via our
integration scheme, or compute A\g1 from (g1, prr1). We choose the first method, as it
seems to display the best results in terms of energy (quasi-)conservation.

5.5 Lie group integrators

For an introduction to these methods, please check section (3.4}

5.5.1 Holonomic constraints

In order to consider nonholonomic constraints we will first check the holonomic case.
Assume now that our system is subjected to a set of holonomic constraints locally spanned
by a function ® : G — R™. The inclusion of these constraints amounts to the addition of
a new set of terms to the discrete Hamilton-Pontryagin action, eq.:

N-1 s

(jmn> (Tur)g + Z Zhb (A, @(gr7(Z1))) -

k=0 i=1

Once more, we restrict to methods satisfying hypotheses [HI], [H2] and [H3] Variation of
these new terms produces the following:

b 33 (8 (D00 (=)

) g ; (M (@57 ) (4571) ey D@ (E)) ).
= Zozhb (A (D®(gi7(Z]). 0 D7(Z,)02)

-2 ) ) )
SA -y hb; (SAL, ®(geT(Z}))) -

=1

=]
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Chapter 5. High-order methods for constrained systems

The first two manifest in a modification of egs.(3.26)) and ([3.27) with N% ~ Nt + Tt

where: .
: - .
Tp = (AL (d'7=) L), ep D2(9e7(51)))

Of course, the variations in A are nothing more than the constraint equations them-
selves, which must be added to the rest of the equations.

As in the vector space case, we will still need to add the tangency condition to these
equations to generate a well-defined Hamiltonian map Fr, : (gk, ptx) — (Gr+1, fk+1). This
final equation must read:

<sz+1 D®(gx+1), Dohi (grt1, Mk+1)> =0

where 4 : G x g* — R is the corresponding reduced Hamiltonian function.

5.5.2 Nonholonomic constraints
This time, assume that our system is subjected to a set of nonholonomic constraints
locally spanned by a function ® : TG' — R™ and that ® o FL™! = ¥ : T*G — R™.
Applying the same reasoning as in the vector space case, it is clear that we need to
apply the substitution Ni — Ni + (Tyy);, where:
(Tun)je = (AL (452 ) Loy D2® (n7(B0), v (S0P 7= Hy ) )
Aside from that, we need to introduce the equations

j=1

9

together with the constraint equations

¥ (00r(E0) oy osk) =0

ng(Ek))

If the constraint functions can be (left) trivialized so that we can write ¢ : G xg — R™
and ¥ : G x g* — R™, then

(Tun)y = <AZ7 (dLTaQ D¢ (ng(E?;), dLTz;H2>> :
and the constraint equations that must be imposed become

v (957 (Eh), i) = 0.

For the resulting nonholonomic integrators the results of theorems [5.2.6| and [5.2.7] still
hold thanks to the way in which we have handled the discretisation. Thus, the order of
these integrators matches the expected order one would obtain in the holonomic case.

5.6 Numerical tests

In this section we study several nonholonomic systems using our methods. These will
allow us to compare our theoretical results with actual numerical simulations and show
some of the properties of our integrators.
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5.6. Numerical tests

5.6.1 Nonholonomic particle in a harmonic potential

In this case we have Q = R?® and its corresponding Lagrangian and constraint functions

can be written as

L(mayazavxavyavz) =

2

1
(V2 + vl +0v2) —

2

CD(x,y, Z, Vg, Uy, Uz) =V, — YUyg.

1
(z® + v7),

This is a classic nonholonomic system frequently used as an academic example. As it
can be seen in fig. the numerical order obtained coincides with the expected one.
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Figure 5.5: Relative error w.r.t. reference values obtained for h = 1e-4 for integrators of various orders.
As can be seen, the behavior of the Lagrange multipliers differs from the other variables, as predicted.

5.6.2 Pendulum-driven continuous variable transmission (CVT)

For the sake of simplicity let us consider @ = R? as the configuration manifold for this
system. Its corresponding Lagrangian and constraint functions are

L(x,y, 2,05, vy,0,) =

2

1 1
(V2 + ) +02) —

2

(2® + 2> — 2 cos(y) + esin(2y)) ,

Q(z,y, 2,0z, Vy, V,) = v, + sin(y)v,

with € > 0. This system was featured in a recent preprint, [MV14], where it was used as a
benchmark for the behavior of different numerical integrators. In particular, those authors
wanted to draw attention to the behavior of the energy of the (z, z,v,, v,), passenger, and

188



Chapter 5. High-order methods for constrained systems

(y,vy), driver, subsystems when e = 0, % This is done for two sets of initial conditions,
one corresponding to low energy where the driver subsystem is restricted to its oscillatory
regime, and one corresponding to high energy where the driver subsystem rotates.

The corresponding initial conditions are

3v10
60:(17071)7 ‘_;0: O?T\/_JO

for the low energy case, with total energy Er = £ (Eq = 3, E, = 1), and
(_iO = (17071)7 ‘70 = (07 \/§70>

for the high energy case, with total Ep =4 (E; =3, E, = 1).

It is interesting to note that for the time step chosen in that paper, namely h = 7/10,
our integrator exhibits rather erratic behavior which suggests that the step might be too
big. If a more sensible value, such as h = 1/10 is chosen, our integrator displays excellent
energy behavior, as can be seen in figures[5.6|and 5.7} This is true both for each subsystem
and for the complete system.

5 103 Oscillating driver (H = 1.8): Driver energy 5 103 Oscillating driver (H = 1.8): Driver energy

af 1 | I

g 3

Energy error

“ o -
Energy error
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Figure 5.6: Energy behavior of the different subsystems for the oscillating regime (Er = 9/5) with
e = 1/2 for the Lobatto-2 method.
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Figure 5.7: Energy behavior of the different subsystems for the rotating regime (Ep = 4) with € = 1/2
for the Lobatto-2 method.

5.6.3 A Fully Chaotic nonholonomic System

Our configuration manifold in this case is ) = R", with n = 2m + 1 and m > 2. The
corresponding Lagrangian and constraint functions for this system are [see MPO6]

L(d,v) = = ||V||2 -5 ||Q||2 + qi+2qi+3 + qﬁﬂﬁmﬂ- )
2 2
i=1
O(q, V) = v + E qiv;.

i=m-+2

This is a chaotic system displaying some strange behavior. As & is linear in the
velocities, the continuous system must preserve energy and one would expect the discrete
system to neatly oscillate around that energy. Numerical results show otherwise, where
the energy seems to perform a random walk and its mean squared error for ensembles of
initial conditions on the same energy sheet appears to grow with time.

We performed numerical tests following those of [Jay09], where m = 3 (n = 7) and
ensembles of initial conditions with Fy = 3.06,

Go(J,J) = (a(j,J),0.6,0.4,0.2,1,1, 1), Vo(j,J) = (0, 5(j, ), 0,0,0,0,0),

where a(j, J) = cos(jn/(2J)), B(4,J) = sin(yjn/(2J)) and j =0, ..., J.
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The mean squared error of the energy at the k-th step is defined as:

J
1 2
E k)= —— Eg — E 5.49
) = 77 2 B ) (549
where Ej;, is the energy of the particle corresponding to the j-th initial condition measured
at time step k.

Mean squared error for the Lobatto-2 integrator
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Figure 5.8: u(E,k)/h* and p(E, k)/h'° behavior with time for the Lobatto-2 and Lobatto-3 methods
respectively.

Our integrator matches the behavior of other non-energy preserving integrators such
as SPARK or DLA with no apparent gain over any of these, but no loss either.

5.6.4 Nonholonomic vertical disc (unicycle) and elastic spring

As a first example of our integrators in the Lie group setting we consider the simple
example of a vertical disc subjected to a harmonic potential which can be thought of as
an elastic spring binding it to the origin. In this case () = SF(2) and the Lagrangian and
constraint functions are:

1 1
L(x,y,0,vs,vy,v9) = 3 [m(vi +v2) + Lug| — 5(352 + 97,
O(z,y,0,v,,vy,09) = v, cos 0 — v, sin .
These can be left-trivialized so that our velocity phase space becomes SE(2) x se(2):

1 1
£($,y,6’7’01,2}2,W) = 5 [m(U% + /Ug) + IZO.)Q] - 5(12 + y2)7

¢($7 Y, 9, (%0 U2aw) = V2.

For the discretization, the cay map was used. As can be seen in fig. [5.9) the numerical
order obtained coincides with the expected one.
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Figure 5.9: Relative error w.r.t. reference values obtained for h = 1e-4 for integrators of various orders.
As can be seen, the behavior of the Lagrange multipliers differs from the other variables, as predicted.

5.6.5 Nonholonomic ball on a turntable

As a second and final example in the Lie group setting we consider the classic example of
a ball rolling without slipping on a turntable that rotates with constant angular velocity.
In this case Q = SO(3) x R? and the left-trivialized Lagrangian and constraint functions

are:

g((ba 67 wa T,Y,We, Wn, Wc, Uy, Uy) =

¢1(¢7 97 w, Z,Y, W, wmw@ Vg, Uy)
¢2(¢7 97 ¢7 €, Y, We, Wy, We, Ug, Uy)

2

192
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M
2
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where &, n,( are the principal axes of the ball and a,b and ¢ are rescaled moments of
inertia.

«10°16 we error evolution «10716 I, error evolution
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Figure 5.10: Error evolution of the four first integrals. As noted, for the first three the error is introduced
by the solver and is in fact lower than the tolerance set for the chosen one (fsolve in MATLAB with
TolX = le-12). The behavior of the moving energy is similar to that of the energy of a regular holonomic
system. The simulation corresponds to a Lobatto-3 implementation with 7 = cay.

The homogeneous case, where a = b = ¢, is of special interest as it displays periodic

motion, implying the existence of dim @) — 1 = 4 first integrals [F'S16; FGS18]. The
following three,
Q Q

—, Twy—
1+a 1+a
are preserved by the integrator, but unless carefully implemented the numerical solver
will introduce error (see fig. [5.10)). The fourth, dubbed the moving energy of the ball,

We,  Twe —

Y,

2
(02 +07) + 5 (wF +w) + ) + 79 (awe + ywy) = O (2 +y?)

N | —

displays the sort of behavior one expects from the energy of a holonomic system.

5.7 Numerical optimal control of nonholonomic me-
chanical systems

In this last section we are going to discuss how to apply our method to optimal control
problems.

193



5.7. Numerical optimal control of nonholonomic mechanical systems

First, we will discuss how to set up an optimal control problem for a mechanical system
and solve it both in the continuous and discrete setting by applying variational integrators
for forced systems. Then we will discuss how to tackle nonholonomic case.

5.7.1 Optimal control in the mechanical setting

An optimal control problem for a mechanical system is an optimal control problem where
the dynamical system (plant) stems from a mechanical system [see, for instance, [Blo15;
Cor-+02; [Kob14; |(Col+15; [KM97|. A problem can be either a purely kinematic problem,
where the velocities play the role of controls, or a dynamic problem, where controls appear
as force terms. We will focus only on the latter.

Assume we have a regular forced Lagrangian mechanical system (Q, L, f¥). Let us
introduce a control space U = R", 1 < r < n, with local coordinates (uz) A control force
is a force fU : TQ x U — T*Q. If we wish to transform our forced Lagrangian mechanical
system into a control system, we just need to add the control forces as new forces, so we
end up with a new force f = f¥ + fY, which will itself be a control force. Applying the
Lagrange-D’Alembert principle, we get that the dynamical equations of the system are

i (qu) - qu — £(g().q(8), u(t)).

0 f;
(3%)

is invertible, then the system is said to be fully actuated and by the implicit function
theorem it is possible to solve for the different controls and obtain functions u : T®Q —
U. This case admits a special formulation [CFM16] which we will discuss briefly later on,
but will not be our main focus.

As we know, Lagrangian vector fields associated with regular Lagrangians are semi-
sprays (SODEs). The same happens for forced Lagrangian systems, and if we consider
control forces, the resulting first order differential system in local coordinates (¢, v*, u') €
TQ x U can be written as

If r = n and if the Jacobian matrix

i = o
' = F'(q,v,u).

Such a dynamical system can be used as control system for an optimal control problem
(see [2.2.5). If we introduce a cost functional and boundary conditions, we can pose an

optimal control problem of the same form as [2.12] In particular, assume we have a cost
functional with cost function C' : T'(Q x U — R and no terminal costs:

(5.50)

Tl = /t " Cla(), (), u(t))dt (5.51)

Assume also that we have a simple set of boundary values ¢(t,) = g4, v(to) = va, ¢(ts) = @,
v(ty) = vy, and fixed t, and t;, so we can define the following space of curves,

CC((qav Ua)> (Qb, Ub)> [tm tb]) =
{c:[ta,ts] = TQ x U |preg(c) € C¥([ta, ), pry(c) € C*([ta, ),
(Pr7g(€))(ta) = (das va), (Przo(c))(t) = (a5, vb) }
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with pryg : TQ X U — TQ and pry; : TQ x U — U.
Then, the optimal control problem becomes

Find ¢ € CC((qa, va); (qv, vb), [tas tp]) such that min J|c|

subject to:
q'i — ,Ui
v = F'(q,v,u).

The necessary conditions for a given curve ¢ € CC((qq,va), (qb, Vb), [ta, ts]) to be a
solution of the optimal control problem are that c is such that the total variations of the
following extended cost functional vanish:

Jd = /t b [Clq(t), v(t), ut)) + ((ug(t), po(t)), (4(t) — v(t), 0(t) — F(q(t), v(t), u(t))))] dt
= /t b [Clq(t), v(t), ult)) + (uqg(t), 4(t) = v(£)) + {pu(t), 0() — F(q(t), v(t), u(t)))] dt

where now ¢ = (q(t),v(t), iq(t), o(t), u(t)) is an extended curve on TTQ x U = (TTQ &
T*TQ) x U (similar to what we saw in section [3.1.3). The new variables (f, 11,) act
as Lagrange multipliers, or co-states in the language of optimal control, to enforce the
dynamic constraint imposed by the control system.

As t, and t, are fixed, the total variations coincide with standard variations. Thus,
applying standard calculus of variations we obtain:

) oC < 8F>
0q : fig = —— — { Mo, -

aq 'UJ@q
g 0C [ O\
Vi = = e )~
oC OF

g 1 ¢ ="
Sy = 0= F(q,v,u).

If the system were fully actuated, it would also be possible to insert u(q, ¢, §) in the
cost functional of eq.(5.51)). This approach leads to an unconstrained, albeit second-order,
Lagrangian problem

A

ty ty
71 = / Cla,d,ula, 4, @))dt = / i(q,d, )t
ta ta

where now L : T®Q — R is a new second-order Lagrangian / cost function. This is
the approach taken in [CFM16]. This approach can be exploited to construct variational
integrators using a higher-order Lagrangian formalism. We will not proceed this way and
consider only the standard constrained approach.

5.7.2 Discrete optimal control of mechanical systems

The previous derivations are a perfectly valid way to obtain the optimal control dynamics
of a mechanical system in the continuous setting. The resulting equations can be inte-
grated with a standard integration algorithm and the boundary value problem (BVP)
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posed by the optimal control problem can be solved via a shooting method [see Pre+07,
chapter 18.1, pg. 959].

As this work is based on the concept of geometric integration, and in particular,
variational or pseudo-variational integrators, it makes sense to ask if we can apply a given
variational method to the resolution of an mechanical optimal control problem. There
are two distinct levels to do so.

The first is to directly discretize eqs. and insert them in a discretized version of
the cost functional. Applying the discrete Hamilton-Pontryagin principle to the resulting
cost functional, we can find the discrete necessary conditions for optimality, which together
with the boundary conditions poses a discrete BVP to be solved either in parallel (also
known as relazation [see Pre4+07, chapter 18.3, pg. 964]) or by shooting. The special case
of fully actuated systems is in fact a particular case of this way to proceed.

The second way is to use a forced variational integrator to obtain discrete equations
of motion for the problem and using these as control system. These are then used as
dynamic constraints in a discretized cost functional, preferably using the same quadrature
method as the one used for the forcing problem, and again applying the discrete Hamilton-
Pontryagin principle. This is the case we are going to consider.

One could ask what the advantage is that we get from using a variational integrator
as base dynamics, given that we are in the forced setting. We believe, even if there is no
proof as of yet, that, apart from being geometrically correct, forced variational integrators
generally have a better long-term energy performance. Moreover, it may be possible that
the mechanical control system spends part of the time under no influence of control or
force, and during that time the advantage of symplectic methods should be obvious.

To work in this setting, let us first go back to the continuous setting and restate the
problem in a more suitable manner and then proceed with the discrete setting.

Continuous optimal control revisited

Remember from section that we can see our dynamics as a submanifold imdL =
Y C T*TQ. If L is regular, then there exists an associated Hamiltonian H and the
previous submanifold can be seen as the image by g of the associated submanifold
formed by the image of the Hamiltonian vector field Xy, imXy = Xx,, C TT*(Q, that is

CYQ(EL) = EXH.

aQ|EXH

Tﬂ'Q‘ZX TT*QlX]XH
TrQlsy

Therefore, we can think of our dynamics as a section of the bundle T'mg : TT*Q) — T'Q).
This is precisely how the Hamilton-Pontryagin principle works in mechanics: If we take a
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curve 7 : R — T'Q, pass it through FL and take its tangent lift, the differential equations
that it must satisfy to be a critical point of Jyp (see section [3.1.3)) are

(Q7p = D2L<Q7U>7q = Uap = DlL(Q7v)) .

We will call such curves mechanical curves.
In the controlled setting we are dealing with mechanical curves on an extended bundle
Ty TT*Q x U — TQ x U satisfying

(Q7p(Q7 U),U, F((LU?u)’u) = (Q7 DQL((L U),U, DIL(Q7 U) + f(%vau)’u)'

Thus, let us consider curves ¢ = (q,p, &, &p, fg, fps0) = [0, 7] C R — TT*Q x U, with
fixed boundary values (¢(0),p(0)) = (¢, Pa), (¢(T),p(T)) = (qs, ps), and an extended cost
functional, using local coordinates (q, p, &, &p, g, fip, w) € TT*Q x U

Jd = /0 [Clq(1), &(1), ult)) + ((1q (1), (1)), () = &(1), B(t) — &(2)))] L.

We must impose that these curves project onto an extended mechanical curve (g, p(q, v), v,
F(q,v,u),u) € TT*Q x U. Note that now (i, f1,) € T(Z,p)T*Q, instead of being elements
in 77, , TQ.

The necessary conditions for optimality are then

ftg + {fp, D1p(q,v)) = D1C(q,v,u) — {pp, D1F (g, v, u)),
{f1p, Dap(q,v)) = D2C(q,v,u) = (ptp, D2F(q, v, 1)) — pig
0 = D3C(q,v,u) — (up, D3F(q,v,u)),
g=v,
(D1p(q,v), ) + (D2p(g, v), 1) = F(gq, v, u).

In the continuous setting, so long as the underlying Lagrangian problem is regular
we can always go back to the previous formulation in T7'Q) x U, but this formulation is
specially suitable for the discrete setting where a variationally partitioned method can be
readily applied.

Discrete optimal control using variational integrators

Similar to what we did in section [3.2.5} let us use an s-stage RK scheme and its symplectic
conjugate, defined by the set of RK coefficients ((ai;,b;), (@5, ;). We can consider the
space of s-stage variationally partitioned RK (s-stage VPRK) sequences:

CC;((QCH pa)7 (Qba pb))
(i OV P Y ) o T < (0 T <

s
=

(a(0), P(@)) = (d0>pa), (a(8), PB)) = (ar.0) }
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Then we can define the following functional, J; : CC3((qa, Pa), (@5, pp)) — R

Y

N-1 s

> hb; [ (@i, Vi, Ub)

k=0 =1

<MZQ BT Z aijVj > <:uq,k+17 dhl — Z bj Vj>

. Pl R S
+ <Mpk kTpk _ Z% [F(Q]. V{, U,g)]>

j=1
+ <Iup7k+1’pk+l Zb k,Vk],U,ﬂ)}>

If we define the set {vk}ffzo by the relation py, = DyL(qy,vx), then we can evaluate
this functional over an extended mechanical curve satisfying

(qap(Q>U)>Uv F(Q7U>u)7u) = (C], DQL((LU)ava DlL(Q>/U) + f(Q>Uau>7u)

and obtain
N-1 s
Cd = Zzhbz Qk?vkaUk)
k=0 =1

+ <MZQ kT Z ai; V) > <:uq,k:+1a it — Z b; VJ>

, Vi) — Dy L(q, L o o
—|—<M}’,€, 2 L(Q} k)h 2 L(qx Uk)_zaij [DiL(Q1, Vi) + f( i,V,g,U,g)]>
j=1
DsL , , > S
+ <up,k+1, Pt tee) = Dol v) S 1) vi) + ¢ i,v,i,Uz>]>
7j=1

where we can identify our variationally partitioned integrator as constraints (cf. eq{4.10)).
Taking variations we can readily obtain the discrete necessary conditions for optimality.

5.7.3 An exploration of continuous optimal control of nonholo-
nomic systems

For simplicity, let us work again in T7T'Q) x U formalism. Assume we have a regular and

compatible controlled nonholonomic problem (@, L, N, f,U), with f : TQxU — T*Q. Its

equations of motion can be obtained by applying the Chetaev and Lagrange-D’Alembert
principles (see defs)5.1.2/and [4.1.1 and [Blo15]), leading to

d /0L oL 0P
- A — e I3 9 3 f | = 17"'7 7
dt (aqz) dq' <)‘a B >+f(q q,u) or n

®(q,q) = 0.

As we saw in section [5.4.2] in these conditions it must be possible to obtain an ex-
pression for A\, = K, (q,v,u) from the constraint equations. Substituting such k, turn
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our constrained problem into an equivalent unconstrained forced problem which, if initial
conditions are chosen in N, is equivalent to the original problem. In such a case the
resulting system can be rewritten in the generic first order form

q"i :'UZ'
v = F'(q,v,u).

Given a cost function C': T'Q) x U — R, we define a cost functional of the form
T
Tlel = [ (0.0 + (s se), (6 = 0.0 = Flg o)) e
0

= [ (G0 + i =) + s = Pl ),

The functional is defined on the space of parametrized curves of TT(Q x U with fixed
ends. This is in essence what most authors do, with some modifications such as using
adapted coordinates to the nonholonomic constraint manifold (quasi or pseudovelocities)
[e.g. KM9T} (Col+15; [Kob14].

When the forced and controlled system is derived from a nonholonomic system, the
forcing term F' can be split into two parts,

F'(g,v,u) = Fy(gq, v, u) + Ka(q, v, u) G (g, v).

Variation of the functional then takes the form

(671, 6¢) = /OT K%—S,5q> + <%—f,5v> + <(g—§,5u>

+ (Opgy ¢ — V) + (11g, 0 — 6V) + (Opty, 0 — Fy — K, G)
i () () ()

- <uv, <%—?Ga,5q> + <%Ga,5v> + <%Ga,5u>>
) (12 5N

Collecting terms and applying integration by parts we obtain the following variation
terms:

Jq : [ —@_ %+%Ga+,{@
qu_ aq ﬂ'va 3(] 8(] o 8(]
e OFy Ok, ..  OG°
5U'uv_%_<ﬂv>m+ aUG + Ka av>_ﬂq
oC aFo Gma o
5u.0—%—<ﬂv,%+%G>
g 1 q =0

Oy = 0 = Fy — ko G

These must vanish for the functional to reach a stationary value.
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Example 5.7.1. (Nonholonomic controlled particle). Assume the following non-
holonomic Lagrangian problem. Let ) = R?® be our configuration manifold, U C R? our
control space and N C T'() the constraint submanifold, and let us use local coordinates
(2,9, 2, vz, vy, v,) on TQ and (u',u?) on U.

Let L:TQ — Rand ® : N — R be the following Lagrangian and constraint functions
respectively,

1
Lg,v) = 5(v; + vy +v2),
(I)((L U) = Uz = YUg;

with ®1(0) = N.
Finally, consider the control force f : TQ) x U — T*(@Q defined by

f(‘r7 y? Z? /U-'E7 /Uy7 UZ? ul? u2) = (‘/EJ y? Z? ul? u27 yul) N
Applying the Chetaev and Lagrange-D’Alembert principles and casting the results as

a first order system we get:

= Vg,
Y = Uy,
Z =0y,
1
Ve = U — AY,
.9
Uy = u”,
. 1
U, =yu + A,
=V, — YU .

These are the equations of a nonholonomic controlled particle.
This system defines a vector field (a semispray) €. In order to determine A we can
simply apply the vector field to the constraint

VgV
dd =0, —yi —yi, = 0 = X\ = k(y, v, vy) = ——2= .
7 0, — YL — Yo K(Y, Vg, Uy) Ty

Substituting A by the expression just found we may insert this in the cost functional
corresponding to an optimal control problem with cost function C': TQ x U — R,

Tl = / (Cq, 0,0) + o (= 02) + g (5 — v,) + o= (5 — 2)

+,uvz <Ux - ul =+ oty y) + ,uvy (Uy - u2) + Mo, (UZ - uly - oy >:| dtv
Y

1492
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and take variations to obtain

P oC
T fly = —
/’Ll' am7
oC v 2y v,V
Su [ = - zVy Y, — vu1+ . — " #)
Yy = T e e (0. yum)(HyQ)z
oC
o :‘z:_a
“H 0z
oC v
5$:"U: - m_—y Vy v. )
5 . oC Uy ( )
Vy + Uy, = 7 — ) vy Vz ) )
Y /’Ly avy /J“y 1_'_3/2 /“'Lz yl’l‘z
5 . oC
Vz P o, = — Mz,
Ho, o, H
oC
51:_: ) V)
o = e, Y,
oC
2, _
5U.w—ﬂvy

together with the dynamical equations derived from the rest of the variations.
Assume that we have the cost function

1
C(q,v,u) = §(u? +ul). (5.52)

An optimal control problem could be to minimize the cost functional subject to the
dynamics of the nonholonomic controlled particle such that ¢(0) = qo, v(0) = vg, ¢(T') =
qr, v(T') = vp. In order to solve the problem we would need to solve the BVP defined by
these conditions together with the necessary conditions for optimality

ox : fip, =0,

(I 2yv,v
6:.:$yv_vu1+ v, — YHv $y7
0z : 1, =0,

S0 i = U

Um',uvz - ,ux 1+y2 (/’va yM”.’E)’
. Vg

5vy:ﬂvy:_ﬂy_ry2(Uvz_yuvz)7

(51}2 : ,uvz = Uz
out s ut = f, + Yp.,
ou? u® = P, -

Remark. Note that this system is actually underdetermined due to the fact that we have
2 controls and 3 co-states. In order to have a fully determined system we should have
removed either the equations for v, or for v,, which in turn eliminates one of the associated
co-states, but for clarity’s sake it is better to work like this. In this case, we can fully
determine the system by adding an additional constraint, such as asking for (fi,,, th, , fho, )

to satisfy
, 1
min o (g, (T) + 45, (T) + 115 (T) -

(vi sHoy :Isz) 2

Either way, the resulting control law, which is what we are after, is exactly the same. A
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Now we would like to work with k, as independent variables to be determined together
with the rest of the variables of the system. This is important for the discrete case, as in
general obtaining an explicit expression for the discrete values of A is a daunting task, as
it is not true that Al = x(Q%, V), U{) in general.

The first strategy one can try is to insert a new constraint term in the functional to
account for the nonholonomic constraint on the underlying mechanical system:

{10, P%(q,v)) -

Variation of this new term leads to

0d“ 0P~
P« —_—
<5,u)\,aa > + <,u)\,a7 8(] 6q + 81} 5U> ;

which, combined with the rest of the functional, take the form

Jaq ;[ —%_ %+/\ _8G0‘ + @
Q'Mq_ aq :u”U7 aq e aq :u’/\,OU aq

R R N A
v e =, Ho> 75, * v Hxe ~50 Ha
. oC oF,

6u'0—3u_<uv’ 8u>

oG*
5>\a.0—</JJU,W>

Opg 1 ¢ =0

Opty = 0 = Fy — NG
g = 0= P%4q,v),

which must vanish for the functional to be stationary.

Do these two different sets of variations lead to the same stationary values? The
answer is negative. This latter set of equations is far more restrictive than the former,
mainly due to the variations in \,, which lead to a constraint on p,. This is not present
in the former, which in turn leads to better extremal values.

Example 5.7.1. (Nonholonomic controlled particle, continued). Let us work with
A as free independent variables and add the constraint to the action. The resulting
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equations are:

oC
0x @ [y = —,
ToH Ox
) oC
0y iy = 5 b A = flo u' = iAUs,
oC
0z 1 I, = —,
ZiH 0z
) oC
5”96:#%:8__#&:_,“)\97
(%
o 00
y-,uvy—avy Moy
) z - 'v - — Mz )
Uz * o, . ozt
ON & [y, = YHu,
oC
Sut s — =
Uu 8“1 va—i—y/‘b’l)z)
oC
u? s =— =,
u 8U2 p’y

together with the dynamical equations and the constraint. Clearly, these equations are
not equivalent to the ones previously obtained.

Another strategy we may try is to impose variations on d\,. As it turns out, this
is the way to go and a method that can be applied to the discrete case, but not in a
straightforward manner.

In the continuous case this just means that we would need to make the substitution
0N %(M + %(51} + %5% which leads to the correct variation terms. Finally, one
just needs to add the constraint equations to the resulting equations of motion to close
the system.

The fact that the partial derivatives of k,(q, v, u) show up might make it look like we
did not solve the problem at all, but in fact this is sufficient for us to work in the discrete
case, as we do not need the functions themselves but its derivatives.

Still, this cannot be applied directly to the discrete case for reasons that will be
discussed later. The best way to apply this is to use additional Lagrange multipliers,
which in the continuous realm may look absolutely unnecessary. Let us recast the first
cost functional as

= [ 1Clav) + (i =)
+ <:uv7® - Fo(q,U,U) - )‘OcGa(q’ U)) + <M§f’ )‘Oé - Ha(‘]a ’U,U))] dt.
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Let us take variations of the cost functional

<5j[c],5c> - /OT {<%—j,5q> + <g—f,5v> n <g—i,5u>

+ (O, ¢ — V) + (11g, 04 — 6U) + (Opty, 0 — Fy — Ao G®)
. oFy oFy OF,
+ <MU,5U — <a—q,(sq> — <W75/U> — <%,(5U>>
oG* oG~
- </~Lv7 <>\O‘8—q’6q> + <)\aW75U>>

- <Nv7 5)‘aga> + <5qu\¥7 Ao — ’fa>
a alia aﬁa alia
The corresponding variations are
s a0 OB 0GR\ [ Ok,
q: e = g o, g “"Bq Foxs g
soin _0C [ OFy OGN\ [ Ok
vt =g, Fo 50 “ v By "5y Ha

A A
O - au Ho,y 8u 125% au

ONg ,uiy = <Mvaga>

Opg 1 ¢ =0
Ofly 0 = Fy — A\yG®
IS : Aoy = Kaq

and it is evident that the equations are equivalent to the first set we derived. Thus, as
we stated above, if we restrict to initial and final conditions in N, it is perfectly possible
for us to exchange the equations obtained from du$ to

d%(q,v) =0,

which equally determines the different values of A\,. Thus, x, is not needed anymore, and
only its derivatives suffice to solve the problem.

Example 5.7.1. (Nonholonomic controlled particle, continued). Finally, let us
work with A as independent variables but impose constraints on its variations. To obtain
said constraints it suffices to obtain the dynamical system the variations must satisty, i.e.

0t = dvuy

0y = dv,

0z = v,
80, = dul — Oy — Aoy
0V, = Su?

60, = dyu' + ydu' + 5\
0 = v, — dyv, — You, .
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Differentiating the constraint equation w.r.t. time, we get 00, — dyv, — dyv, — Yov, —
y0v,, which after substitution of the rest of the equations inside it, lead to

dA (vy0v, + V0V, — 2yNdY) .

Ty

Introducing this constraint, the equations for the optimal control problem become:

. oC
(S.TZILL:C:%,
. oC 2y
0y oy = 5+ pnc A = o, U T
. oC
52:;1225,
) oC Uy
5Ux~Mum—a—vx—Mx—M>\rygv
vy, : [ —8—0— —p—2
y'ny_avy Hy 'U’Al_f_yQ’
e

5Uz : /lvz - v — MUz,

ON 2 fx = [ho, = Ylho,

oC
du' % = o, T Yo,
oC
2. _
ou” : w = ,uvy

together with the dynamical equations and either A = k(q,v,u) or the nonholonomic
constraint. This time the equations are indeed equivalent to those of the first system, as
can be readily checked.

5.7.4 Discrete optimal control of nonholonomic systems

In order to apply our nonholonomic integrator it is again necessary to recast the continuous
problem as an optimal control problem on the bundle 7 : TT*Q x T*A XU — TQ x A x U
over an extended mechanical curve satisfying

(Q>p(Q7U)>U>F(Q7U>u7 )‘)7)\nuq7,upmu)\7u) =
(Q7 DQL(Q7U)7U7 DIL(Q7U) + <)‘7 DQCD((L U>> f(Q7U7 U), Aa y Mgy Hpy Xy U) .

This leads us the extended cost functional

Jd = /0 [Cla(t),v(t), u®)) + (kg 1) . (@ = v, (p(g,v)) = F(g,v,u, M)

+ (ua, A — K(q, v, u))] dt.
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Taking variations we obtain the necessary conditions for optimality

ftg + {f1p, D1p(q,v)) = D1C(q,v,u) — {p1p, D1 F (g, v,u, N)) — (px, D1£(q, v, u))
<:u177 DQp(Q: U)) - DQO(Q7 v, u) - <Mp’ DQF(Q7 v, U, )‘)> - <:u)\7 D2’i(q? v, u)) — g,
0= D3C(q,v,u) — {ip, DsF(q,v,u, \)) — (px, D3r(q, v, u))
0= px — (ttp, DaF(q,0,u, 0))

q="v,
<D1P(Q7v)7Q> + <D2p(Q7 0)7/0) = F(q,’u,u, >‘)7
A =k(q,v,u).

As before, the last equation can be substituted by the constraint so long as we restrict to
initial and terminal conditions in V.

This formulation can be used as the basis for the discrete setting. What remains is
to obtain the discrete equivalents of the derivatives of k. We can obtain these in the
following manner.

First, consider the equations of our forced and controlled nonholonomic integrator:

Qr+1 = Qk + hz b Vi,
=1

Qv =a+h)Y ayVi,

j=1
G, = Qi
Dy L(qk+1, vi41) = D2L(gk, vi)
3D b [DULQL V) + (A, DaB(Qh V) + QL VE T
=1
Dy L(Qy, Vi) = D2L(gqw, vr)
Sy [DILIQLVE) + (M Dab(QL VD) + F(QL VL UD)]

J=1

DQL(QIiuvlig) = D2L(Qk7?}k)
+ > ay; [DL(QL V) + (AL Da®(QL VY)) + F(QL V. UL
j=1
0 = ®(q;, v},).

Without any other consideration, the controls, which only appear as inner stage variables
{U, ,i}le for each k-step, are assumed to be input variables, and the discrete nonholonomic
flow these equations generate is of the form

Froa:  TQIyxAxUs — TQ|yxA
(Qkavk,)\m{Ué}:ﬂ) = (Qk+lavk+1»/\k+1)-

As we saw in the previous section, if we are going to use this discrete dynamical
system as the plant of an optimal control problem, we will need to either solve for Agyq
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and {Az}f;zl or impose their variations. This is required in order to derive the correct
discrete necessary conditions for optimality. The first option is generally too difficult and
involved, leaving us with the second option.

The previous system of equations can be recast as the function

F(z,y) =0

where & = (qg, Vi, iy ULy o US), ¥ = (Gt Va1, Air1, A2, oo JASTL ).
As we are assuming that the problem is regular and compatible, from theorem
we know that it is possible to differentiate the system

oOF OF
—0 —oy =0
ox T oy Y
and solve for dy, as 68—]; must be invertible, at least in a neighborhood of the solution.
Thus,
OF\ ' oF
oy=—|— —0x.
’ (8y> or"

This way we get {0A}}_, in terms of dqy, vy, 6k, {0U}};_,, which is exactly what we
needed.

Even if obtaining these variations is easier than solving for the actual variables, invert-
ing %—Z/: symbolically might be problematic. Nevertheless, it is possible to side-step this
problem by deferring this computation to a later stage where only a numerical inversion
is necessary. The details for this will not be provided here.

Let us write these relations as

OAL = RESqr + Ry'ouy + Ry + Y Ry 70U .
j=1

If we take variations of the discrete extended cost function,

- DoL(QE. V) — Do :
Mo, 2 L(Q},, k)h 2 (Qkavk)_Zdij [( fg,V,j,U,g,Ai)}>

j=1

0
Qi@ ; TGl — Gk o :
+<MQ,k7 kh _Z%'Vk] + :uq,k-&-l?%_zijkj
j=1 j=1

9

Dqu , Uk )_Dqu,Uk) . . . . .
+ <,up,k+1, o L(qr11 +1h o L( _ij [( ?C,Vk],U,g’Ai)}
j=1

then we can add the imposed variations

<5jd[éd]; 5Ed>

N—-1 s s
DI < hr ONG — RESq, — RY'Sv — Ryddh, — > RkUj’i(SUg> =0.

k=0 i=2 j=1
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Of course, to close the system we must add the equations
DQL(q;w ’U]Zg) = D2L(q1€7 Uk)

+hYy_ay [DILQL V) + F(QL VUL + M.D:2(Q4, V)]
j=1
g = Qp,
0= ®(g;, v})

to the resulting ones from the variations.

Example 5.7.2. (Discrete Nonholonomic controlled particle). We have applied
the above method with a 3-stage Lobatto method (order 4) to the same model as in
example [5.7.1, with the cost function defined in eq.. Using N = 25 steps with total
time 7" = 5 and initial and final conditions

($07 Yo, 20, Vz,0, Uy,0, Uz,()) = (]-7 17 07 1a _1/27 1) 5
(.TT, yr, 2T, 'Uz7T7 Uy,T; Uz,T) = (4, 37 1, —1/3, 0, —1) .

Also necessary for the method is A\g = —1/4, obtained from (Yo, V.0, Vy0)-

The problem results in a large set of nonlinear equations which must be solved simul-
taneously, although a shooting method approach is probably possible. In order to solve
the problem, we have made use of fsolve in MATLAB. The success of the algorithm did
not seem to be very dependent on the given initial guess trajectory. A simple straight
trajectory not satisfying the nonholonomic constraints from the initial to the final point
can be used without problems.

The resulting optimally controlled nonholonomic trajectory can be seen in figs. [5.11

and B.12
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Figure 5.11: Evolution plots of the different magnitudes of interest of the problem: positions, veloc-
ities, Lagrange multiplier and controls. By construction, every single step of the evolution satisfies the

nonholonomic constraint.
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5.7. Numerical optimal control of nonholonomic mechanical systems

Figure 5.12: Three-dimensional representation of the controlled nonholonomic trajectory. The black
line is the trajectory itself. At each step of the trajectory a green plane has been drawn representing the
nonholonomic distribution where velocities must lie. The red arrows represent the instantaneous velocity
of the particle and the blue arrow represents the control force.
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Chapter 6

Conclusions and Future work

In this thesis we have explored the field of geometric mechanics, in particular discrete

mechanics. We have focused primarily on its applications to geometric integration on

vector spaces and Lie groups. We have studied the cases of systems subject to external

forces and nonholonomic systems, two cases where some open problems still remained.
The main contributions of this thesis are the following:

1. We have shown how to construct high-order Lie group integrators from a variational
point of view and without resorting to any truncation.

2. We have studied the relation of these methods with the geometry of 7®'g and T?G.
3. For forced systems:

e Using the technique of duplication of variables we have rigorously deduced
the error analysis of forced mechanical systems in terms of previously existing
results on variational error.

e We extended these results to the setting of symmetry reduction, deriving the
forced Euler-Poincaré and Lie-Poisson equations variationally.

e We have elucidated the geometry of the procedure of duplication of variables,
which connects with the concept of symplectic and Poisson groupoids.

e Moreover, we have separately studied the Hamiltonian and Lagrangian formal-
ism and established their mutual relation.

4. We proposed a new geometric integration algorithm for partitioned index 2 DAEs
and proved its order.

5. For nonholonomic systems:

e We have applied the new proposed integrator to the case of nonholonomic
mechanics, both on vector spaces and Lie groups, and we have shown how it
relates to the holonomic case.

e We have briefly explored its relation with the nonholonomic Hamilton-Jacobi
equation.

e Using this method we have succesfully posed and shown how to numerically
solve nonholonomic optimal control problems.
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The research outlined here has been the subject of several papers. |[MS18b| was pub-
lished in Nonlinearity, and [Sat1§] and [MS18a] have been submitted to BIT Numerical
Mathematics and Journal of Nonlinear Science respectively. Both are pending some cor-
rections on our part.

We carried out further research on related areas during this period which we have not
included in this dissertation:

Geometric integration of time-dependent mechanical systems: The geometry of
these systems is naturally cosymplectic and these manifolds can be studied as leaves
of a foliation of a higher dimensional symplectic manifold. The leaves themselves
can also be foliated into lower dimensional symplectic manifolds. This Russian doll
structure has consequences for numerical integration.

Generation of geometric methods suited for parallel computing through iterative
approaches.

High-order geometric integrators based on collocation for higher order Lagrangian
theories, such as splines and elastic models (e.g. Euler’s elastica).

General application of geometric methods to the field of optimal control, from kine-
matic problems and optimal time problems to discontinuous (bang-bang) controls
and tracking problems.

Shape analysis and its interplay with geometric integrators.

Spline generation on Lie groups, where dd*r also appears naturally.

A paper on a geometric approach to tracking control [Nay+19] was submitted to the
American Control Conference 2019 and has been accepted.

There are several open research topics left that we hope other researchers and us will
be able to pursue:

1.

Energy behaviour of forced integrators: We know that the overall behaviour of
forced integrators is excellent, and numerical tests seem to show that their energy
behaviour is comparable to the free case. We believe that by using the duplication
of variables approach we should be able to obtain some results in this direction. One
of the main issues is that, due to the way the theory is built, we need to restrict to
the identities €(Q)) C @ x @ in order to obtain forced dynamics on @, and there the
free Hamiltonian H ¢ : T*Q) x T*(@) — R vanishes. Nevertheless, the Hamiltonian
itself is not singular there, so perhaps something can be said about the energy of
the system in Q).

. Double bracket dissipation |[Blo+96]: An important feature of these systems is the

conservation of coisotropic orbits and Casimir functions while displaying energy
dissipation. Can the duplication of variables be exploited to construct high-order
methods for this particular case of reduced systems and preserve its properties? Can
it be used to explain the good behavior of existing methods?

. Is it possible to use our results of forced integrators to prove the order of our non-

holonomic method? We do not know yet how to deal with the Lagrange multipliers
satisfactorily.

212



Chapter 6. Conclusions and Future work

4. Further research into the nonholonomic Hamilton-Jacobi equation both in the aug-
mented and restricted settings need to be carried out, particularly on existence and
correct definition of complete solutions for these systems. This might lead to a
better way of constructing and proving the order of nonholonomic integrators.

5. I'-convergence of the nonholonomic integrator and exploration of pathological cases.
The Chaplygin sleigh in particular seems to behave badly with the proposed al-
gorithm. If a non-conservative version of the algorithm is applied (computing
Metr1 = K(Qre1, vkr1) for the following step), the conservative energy behaviour is
destroyed but the overall correct behavior of the system is regained. Can we explain
why this happens and control it?

6. Study how to apply mixed discretizations to the nonholonomic case. These have
already been succesfully applied in the holonomic case [WOL17].

7. High-order nonholonomic Galerkin methods: Right now we do not know how to
correctly impose the constraints on inner stages.

8. Application of our ideas for the nonholonomic integrator to field theories as in
[Van07], where a Cosserat-type rod was constrained to roll on a flat surface while
under torsion. In that paper a method similar to |[CMO1] was used. It would be a
good example of application of both our high-order schemes for nonholonmic systems
and our collocation methods for higher order Lagrangian theories in conjunction.
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