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Dedicado a quien estd por llegar.
Por siempre, el mayor de mis logros.
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Leibniz wrote,
“His paucis consideratis, tota haec materia redacta sit ad puram
Geometriam, quod in physicis & mechanicis unice desideratum.”

“These few things having been considered, the whole matter is reduced to
pure geometry, which is the one aim of physics and mechanics.”
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A note to the reader

We would like to remember that this memory has been written with the
hope of being as easy as possible to read. The treatment is essentially
self-contained and proofs are complete. The prerequisites essentially consist
in a working knowledge of basic notions of differetial geometry.

So, the necessary fundamental and non-elementary concepts has being
presented inside the chapter [2| in such a way that it could serve as an
independent introduction to the notions. However, the reader who
is already familiarized with these notions does not need to read
them to understand the development made in the thesis.
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Abstract

In continuum physics the physical properties of a elastic body are
characterized for all the constitutive relations. This measures the
mechanical response produced at each particle by a deformation in a local
neighbourhood of the particle. Differential geometry provides a rigorous
mathematical framework not only to present the constitutive properties
but to discover and prove results. For applications, it is usual that the
bodies are assumed uniform and homogeneous in the sense of that the
body is made of a unique material and there is a configuration in such a
way that the mechanical response is the same at all the points.

The main purpose of this thesis is to follow the Noll’s approach to present a
mathematical framework based on groupoids, algebroids and distributions
to deal with non-uniform and inhomogeneous simple bodies.

For any simple body a unique groupoid, called material groupoid, may
be naturally associated. The unifomity of the body coincides with the
transitivity of the groupoid. If the material groupoid turns out to be
a Lie groupoid the associated Lie algebroid, called material algebroid, is
available. Then, the homogoneneity is characterized by the integrability of
both (material groupoid and material algebroid).

However, the property of being Lie groupoid is not guaranteed. In fact,
smooth uniformity corresponds to that imposition of differentiability on the
material groupoid. Smooth distributions are now introduced to deal with
this case. In fact, two smooth distributions, called material distributions,
may be canonically defined generalizing the notion of Lie algebroid. Thus,
it is proved that we can cover the simple body by a material foliation whose
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X1V Abstract

leaves are (smoothly) uniform. These new tools are also used to present a
“measure” of uniformity and an homogeneity for non-uniform bodies.

The construction of the material distribution is generalized to a much more
abstract framework in which the case of an arbitrary subgroupoid of a Lie
groupoid is treated. We also study Cosserat media by imposing that the
corresponding material groupoid is a Lie groupoid.



Resumen

En Fisica de medios continuos las propiedades de un cuerpo elédstico
estdn caracterizadas por todas las relaciones constitutivas. Esto mide la
respuesta mecénica producida en cada particula por una deformacién en un
entorno local de la misma. La geometria diferencial proporciona un marco
matematico riguroso no sélo para presentar las propiedades constitutivas,
sino para descubrir y probar nuevos resultados. En cuanto a aplicaciones,
es usual imponer que los cuerpos sean uniformes y homogéneos en el sentido
de que un cuerpo estd hecho de un tinico material y hay una configuracién
de tal manera que la respuesta mecénica es la misma en todos los puntos.
El objetivo principal de esta tesis es seguir el enfoque de Noll para presentar
a marco matemaético basado en grupoides, algebroides y distribuciones con
el objetivo de tratar con cuerpos simples inhomogeneos no uniformes.
Cualquier cuerpo simple tiene asociado de manera natural un tnico
grupoide, llamado grupoide material. La uniformidad del cuerpo
coincide con la transitividad del grupoide. Si el material resulta ser
un grupoide de Lie, el algebroide asociado, llamado algebroide material,
estd disponible.  Entonces, la homogeneidad es caracterizada por la
integrabilidad de ambos (el grupoide material y el algebroide material).
Sin embargo, la propiedad de ser un grupoide de Lie no estd
garantizada. De hecho, la uniformidad diferenciable corresponde a esta
imposicién de diferenciabilidad sobre el grupoide. Introducimos ahora
las distribuciones diferenciables para tratar con este caso. Asi, dos
distribuciones diferenciables, llamadas distribuciones materiales, pueden
ser canénicamente definidas generalizando la nocién de algebroide de Lie.

XV



XVI Resumen

Se prueba con esto que todo cuerpo simple puede ser cubierto por una
foliacién material cuyas hojas son (diferenciablemente) uniformes. Estas
nuevas herramientas son también usadas para presentar una “medida” de
uniformidad y una homogeneidad para cuerpos no uniformes.

La construccién de la distribucién material es generalizada a un marco
mucho mds abstracto en que se trata el caso de un subgrupoide (no
necesariamente subgrupoide de Lie) arbitrario de un grupoide de Lie. Se
estudian también medios de Cosserat imponiendo que el correspondiente
grupoide material sea un grupoide de Lie.



Chapter 1

Introduction

From its origins, theory of elasticity has been a rich and exciting branch of
mathematical research. This subject was initially created by J. Bernoulli,
A. L. Cauchy and L. Euler and and there is a long list of important
mathematicians who made some substantial contribution to this branch:
Beltrami, Birkhoff, Hadamard, Lipschitz among others.

Over the years, however, the importance of elasticity as a branch of
mathematics was decreasing. Although there were still exceptions, in
general mathematicians lost the intererest in elasticity (see [93]).

The rebirth may be dated in 1954 with the thesis of W. Noll entitled “On
the Continuity of the Solid and Fluid States” |75|. Here, W. Noll started
to use the concept of material points. This subject, which could be called
new rational elasticity, is the physical basis of this memory.

In particular, we will be interested in the interaction between Continuum
Mechanics and Differential Geometry. As may be found in the modern
books Introduction to rational elascity, due to C. C. Wang and C. Truesdell,
and Mathematical foundations of elasticity, due to J. E. Marsden and T. J.
R. Hughes, this relation has produced in a very rich theory full of interesting
results. It is remarkable that this relationship has even older history. In
fact, theories of elastic beams and shells had already needed the use of
results of differential geometry of curves and surfaces. The work of Cosserat
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brothers anticipated certain aspects of modern differential geometry by the
adding of microstructure to the material body.

The clearest link between these two areas is provided by the fact of
that a “continuum” is physically modelized as a 3—dimensional connected
manifold B, the material body, which can be embedded in R3, i.e., B has
a global chart. The physical space is identified with R3. Observe that a
material body is, by definition, an abstract topological space. Then, as a
matter of applications, we need to depict the body into the physical world.
To deal with this problem, we define the configurations. A configuration ¢
is just an embedding from B to R3. We usually fix a reference configuration
¢0. Then, a deformation is simply a change of configurations ¢ o ¢>61.
The modern formulation has achieved to show that we may remove
most of the limitations without affecting the physical part of the theory.
In fact, in a rigorous theory arises from imitating the geometric
approach of Classical Mechanics by stating that the configuration space
is, forgive the redundancy, the space of configurations. Notice that the
space of configurations has a (non-unique) structure of infinite-dimensional
differentiable manifold .

In this thesis we will work on another facet of the interaction between
Continuum Mechanics and Differential Geometry. On the one hand, the
theory describing the elastic fields of certain kind of defects, which are
now called dislocations and disclinations, was originally developed by Vito
Volterra in 1907 . However, it was not until 1955 when a rigorous
theory of continuous distributions was conceived by K. Kondo 7 D. A.
Bilby [4], E. Kroner , J.D. Eshelby and others (see also the
books ) This structurally based theory is motivated by heuristic
considerations, mostly studying limiting process starting from a defective
crystalline structure.

There is another distinct approach proposed by W. Noll . Although
both approaches use similar geometric structures, the conceptual status of
the theory, however, is really different. In fact, the Noll’s approach is based
on the existence of constitutive laws encoding all the information about the
material response of the body. This permits us to compare material points
via the so-called material isomorphisms (notion which will be discussed
below). Being some of the results achieved by this school of thought the
same as those of its predecessors, we can even find important differences.
In fact, the fundamental role of the material symmetry groups in the Noll’s



theory in one of them.

The notion of material isomorphism is the main idea of the Noll’s theory.
Denote by W the mechanical response of the body B, such as the Cauchy
stress, or the elastic energy per unit mass. Let us assume that B is a
simple elastic body, i.e., the constitutive laws are completely characterized
at a point by the point and the infinitesimal deformation at the same
point. Then, the mechanical response is represented as a differentiable map
W : B x Gl(3,R) — V (where GI(3,R) is general linear group of regular
3 x 3—matrices and V is a finite dimensional vector space). Notice that the
form of W depends on the choice of a particular reference configuration ¢g
to express the gradient of the deformations.

Let X,Y € B be two particles. X and Y are said to be materially
isomorphic if there exists a linear isomorphism Pxy : TxB — Ty B such
that

W(F,Y)=W(FPxy,X), (1.1)

for all deformation gradients F. In this case Pxy is called material
isomorphism. If X =Y, Pxx is called material symmetry. The idea
of materially isomorphic body points comes to endow of a mathematical
rigor to the physical property of being made of the same material.

A body B is materially uniform if there are no two different materials in
B or, equivalently, if all its points are materially isomorphic. So, we may
claim that two body points X and Y are materially isomorphic if, and only
if, their constitutive functions belong to the same orbit under the action
mentioned above.

Material isomorphisms Pxy are not, in general, unique. In fact, the set of
material isomorphisms G (X,Y) from X to Y may only satisfy one of these
two conditions

o G(X,Y)=0.

e G(X,Y) is in a one-to-one correspondence with the material
symmetry group G (X) at X. In fact,

Pxy -G(X)=G(X)Y),

for all material isomorphism Pxy € G (X,Y).



4 CHAPTER 1. INTRODUCTION

Taking into account these facts and assuming that the body is smoothly
uniform Noll introduced the notion of material parallelisms and their
associated curvature-free material connections. This was further extended
by T. J. Wang and Bloom @ ‘We present here another approach
to these notions.

The non-vanishing of the torsion of the (non necessarily unique) material
connections measures the presence of defects of the material. In the case
of dicrete symmetry groups, the material connection is unique and, then,
we have a “canonical” tensor (torsion) measuring the defects. In Noll’s
terminology, the notion of local homogeneity of the body is physically
interpreted as the absence of defects.

The frame bundle of the body and, more particularly, its G—structures
provides a new formulation of these ideas. In [31] M. Elzanowski, M.
Epstein and J. Sniatycki associate to any smoothly uniform body a family
of conjugated G—structures, material G—structures, in such a way that
their flatness characterizes the homogeneity of the material.

Here, we face the case of non-uniform bodies by using the theory of
Groupoids. In fact, the history of this thesis begins with the knowledge of
that the collection of all material isomorphisms Pxy for all pairs of body
points X, Y of a material body B is a groupoid, called material groupoid,
which is a subgroupoid of the 1—jets groupoid II' (B, B) on B ( )
The material groupoid of B will be denoted by € (B). Therefore, uniformity
and homogeneity will be studied by using the properties of the material
groupoid.

As a first consequence of the structure of groupoid of Q (B): B is uniform
if, and only if, Q(B) is transitive. If the material groupoid Q(B) a Lie
subgroupoid of TI! (B, B), the associated Lie algebroid A (B) is available.
Therefore, a serie of results are presented characterizing the homogeneity
by the properties of the Lie algebroid .

A natural question now arises: Is always Q(B) a Lie subgroupoid of
T' (B, B)? Actually, the answer is negative. In fact, we proved that B
is smoothly uniform if, and only if, Q (B) is a transitive Lie subgroupoid
of IT' (B, B). We also gave particular examples of non-uniform bodies in
which the material groupoid is not a Lie subgroupoid of IT! (B, B).

Thus, we should face the case in which Q(B) is simply an algebraic
subgroupoid of II' (B,B). Even in that case, we may generalize the



construction of the associated Lie algebroid to construct a smooth
distribution of II* (B, B) called material distribution AQT (B) (see
or ) AQT (B) is generated by the (local) left-invariant vector fields on
IT' (B, B) which are in the kernel of TW. Due to the groupoid structure,
we can still associate two new objects to AQT (B), denoted by AQ (B) and
AQ! (B), as defined by the following diagram:

T
mt (8,8) —2 %, p (111 (B, B))
T
. anm) - T
//’//// #
g ATD) P (TB)

Here P (E) defines the power set of E, €(X) is the identity map of TxB
and « : IT! (B, B) — B denotes the source map of the groupoid.

By construction, the distributions AQT (B) and AQ! (B), are integrable

(in the sense of Stefan and Sussmann ), and they provide two
foliations, F on I (B, B) and F on B, such that Q (B) is union of leaves of
F. As a consequence, we have that B can be covered by a foliation of some
kind of smoothly uniform “sub-bodies”, called material submanifolds. The
material distribution also offers a tool apt to provide a general classification
of smoothly non-uniform bodies and the possibility to distinguish various
degrees of uniformity. In addition, homogeneity may be generalized in such
a way that any simple body can be tested to be homogeneous.
Next, we may consider a more general situation. We study the problem
from a purely mathematical framework, since we are convinced that this
analysis should be relevant not only for its applications to Continuum
Mechanics, but also for the general theory of groupoids.

So, let T C T be a subgroupoid of a Lie groupoid I' = M; notice
that we are not assuming, in principle, any differentiable structure on T.
Even in that case, we can construct a generalized distribution AT over T
generated by the (local) left-invariant vector fields on I" whose flow at the

identities is totally contained in I. This distribution AT will be called
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the characteristic distribution of T'. Again, due to the groupoid structure,
we can still associate two new objects to Afi, denoted by AT and Afu,
called the base-characteristic distribution of I', analogously to the above
diagram.

The relevant fact is that both distributions, AfT and Afﬁ, are integrable
and they provide two foliations, ¥ on I' and F on M. Studying the
properties of these foliations we obtain the following two main results:

Theorem Let I' = M be a Lie groupoid and T be a subgroupoid
of " (not necessarily a Lie groupoid) over M. Then, there exists a maximal
foliation F of I such that I" is a union of leaves of .

_ Theorem For each x € M there exists a transitive Lie subgroupoid
I'(F (z)) of T with base F ().

So, although our groupoid T is not a Lie subgroupoid of I', we can still

cover it by manifolds (leaves of the foliation J) and extract “transitive”
and “differentiable” components (the Lie groupoids I' (¥ (z)) = F (x)).

Finally, following the mentioned work Cosserat brothers, there are
materials like rocks which cannot be modelled as simple materials |10].
A Cosserat continuum arises from adding extra kinematical variables and
can be described as a linear frame bundle F'B of a manifold B which can
be covered with just one chart (see [37]). B is called macromedium of
underlying body.

Then, a configuration of FB is an embedding ¥ : FB — FR3 of principal
bundles such that the induced Lie group morphism is the identity map. We
fix a configuration Wy, as the reference configuration, and a deformation is
a change of configurations, namely k = ¥ o \I/al.

Therefore, the constitutive elastic law is now written as

W =W (X,F),

where X is a point of the macromedium and F is the gradient of a
deformation k at a point X. Without going into details, the material
isomorphisms are again defined as the symmetries by the right action of



matrices of the constitutive law.

The notion of non-holonomic material groupoid of second order associated
to a Cosserat continuum F'B arises again in a very natural way. Actually,
the collection of all the 1—jets of material isomorphisms constitutes a
groupoid, denoted by € (B), over the underlying body B. Thus, under the
assumption of differentiability over the non-holonomic material groupoid
of second order we obtain similar results to those related with simple

materials .

The thesis may be divided in two parts clearly differentiated and
separated by a chapter entitled “Prelude”. The first part is confined in
chapter (Fundamentals). This part is devoted to present an introduction
to the non-elementary knowledge necessary to understand the results
given in the thesis. This chapter is divided into three parts, Continuum
Mechanics, Groupoids and Algebroids, and each of these parts is only
oriented to the reader who is not an expert on the subject. In fact, the
goal of this chapter is to make the thesis as self-contained as possible to
ease the reader the comprehension of the memory. Those who have a wide
knowledge on the topic can skip the correspondent section without missing
any contribution of the thesis.

In this way, section u is the encharged of introducing the reader in
the world of Continuum Mechanics. In particular, we will focus on the
Constitutive Theory of Materials giving a very brief introduction. In this
introduction we will familiarize the reader with notions like uniformity
and homogeneity which will have a great importance in the thesis. We
will present two different kind of materials: Simple materials and Cosserat
media.

Groupoids are the topic of the section ‘We start the section analyzing
a groupoid induced by a real game, 15-puzzle groupoid, to help the reader
to get an idea of what a groupoid is. Then, we present a rigorous theory
of groupoids focusing on the results in which we are interested in. We also
give several examples of groupoids. Two particularly relevant examples for
this thesis will be the following: the 1-jets groupoid and the second-order
non-holonomic groupoid. As a last introductory section, section [2.3] is
devoted to Lie algebroids. Similarly to the previous section, we start
with a simple example of Lie algebroid, the tangent algebroid, to give
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an idea of what a Lie algebroid is. Next, the category of Lie algebroid
is constructed presenting a consistent theory of Lie algebroid with several
examples. An explicit construction of the Lie’s functor from Lie groupoids
to Lie algebroids is then studied. As examples arise the I-jets algebroid
and the second-order non-holonomic algebroid which will be important in
some of the results of the thesis. So, we show a Lie algebroid isomorphism
from the 1-jets Lie algebroid to the algebroid of derivations which gives
us a different way to depict the 1-jets algebroid. As a final part of this
section, we study the Lie’s fundamental theorems for Lie groupoids and
Lie algebroids. We begin studying Lie’s first fundamental theorem, which
shows that any integrable Lie algebroid can be integrated by a Lie groupoid
with simply connected S—fibres. Then, with a similar development, it can
be proved a theorem about integrability of subalgebroids. On the other
hand, we will describe Lie’s second fundamental theorem which studies
the integration of Lie algebroid morphisms and we will use this to prove
consequences which will be useful in the thesis. We conclude giving an
example of a non-integrable Lie algebroid to show that the Lie’s third
fundamental theorem is not true.

As the name indicates, the chapter “Prelude” work as a introduction and
a motivation to the study made in the thesis. In particular, we present
the material groupoid which is maybe the cornerstone of this thesis. We
also prove here two results characterizing the (smooth) uniformity over the
material groupoid which give us an intuition about the path which we have
taken in the thesis.

Now, it begins the second part of the thesis. Except for a few results
shown in the “prelude”, all the new developments of the thesis are presented
hereinafter. This part is divided in two chapters: The first chapter exhibits
the results obtained as consequences of assuming that the material groupoid
is a Lie subgroupoid of the 1-jets groupoid. In the second part we study
the material groupoid in a more general sense (without the assumption of
regularity imposed in the previous chapter) introducing new tools to deal
with this case.

Thus, in chapter [3| are explained in detail the results presented in [52}/54]
although there are new results which have not been published yet. This
chapter is separated in two sections. The first section @ is for simple
materials. Here we calculate the material algebroid using the algebroid of
derivations to give more than one representation of this Lie algebroid. We



use this to characterizes, above all, the homogeneity in different ways. A
similar development is made in the next section for Cosserat media ,
Here the results are rather more sophisticated due to the adding structure
of this kind of materials.

Chapter [4] is devoted to show the results published in [39}[50}[51][53].
Again, there are also non-published results presented in this chapter. We
divide this chapter in three sections. First section deals with the general
case of a subgroupoid T (not necessarily a Lie subgroupoid) of a Lie
groupoid I' =% M. So, we construct the so-called characterisic distributions
which provides us a “pseudo-differentiable” structure on the subgroupoid T’
generalizing the structure of Lie groupoid. In particular, we obtain a way to
give a “pseudo-differentiable” structure on any subset N of a manifold M
generalizing (in some “maximal” way) the structure of smooth manifold.
In section @ we apply all the results of the previous section to simple
materials. In this case, characteristic distributions will have a particular
shape and will be called material distributions. Thus, as an interesting
result, we obtain that any body B can be covered by a maximal foliation of
some kind of “(smoothly) uniform subbodies”. We also present a “measure
of uniformity”, the graded uniformity, based on the material distributions.
Finally, an homogeneity for non-uniform bodies is shown and characterized
in different ways. As we predicted, the material groupoid will not have to be
a Lie subgroupoid of the 1-jets groupoid. Thus, in sectionwe give some
examples of this. We study the graded uniformity and the homogeneity on
these examples.

Two appendices are presented at the end of the memory. Appendix |§|
is devoted to Principal bundles. In particular, the frame bundle and the
second-order non-holonomic frame bundle are introduced. The integrability
of G—structures and second-order non-holonomic G—structures, which is
a fundamental notion in our thesis, is studied. In appendix @ we present
the concepts of foliations and distributions. Here we prove some classical
integrability theorems which will be used in the thesis.
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Chapter 2

Fundamentals

This chapter is devoted to introduce the necessary non-elementary
fundamental notions to understand the results of this thesis. Here we
will give an introduction to Simple bodies, Cosserat media, Groupoids and
Algebroids.

2.1 Continuum Mechanics

We will start with a very brief sketch of the indispensable background
in Continuum Mechanics. We will mainly follow the books [33,/38,/93].
Another recommendable reference is [67].

Elastic Simple body

To move from classical mechanics of finite systems of particles to mechanics
of continuum materials arises the problem of finding a proper definition of
body. In this thesis we are interested in the so-called deformable body. Such
a model defines a body as an oriented manifold B of dimension 3 which can
be covered by just one chart. The points of the manifold B will be called
body points or material particles and will be denoted by using capital letters

11
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(X,Y,Z € B). A subbody of B is a open subset U of the body.
It is important to note that, by definition, a material body (and its material
particles) is just a topological space. So, one could think that the body
lives in some “abstract world” outside the reality. To manifest the material
inside the “real world” there exist the so-called configurations.

Definition 2.1.1. A configuration of a body B is given by an embedding
¢: B — R3. The 1—jet j} #(x)® at the body point X € B (see appendix

is called an infinitesimal configuration at X.

Thus, a configuration of a material body assigns to any particle X a spot
in the space in a smooth way such that two particles cannot be assigned
to the same spot. Points on the euclidean space R3 will be called spatial
points and will be denoted by lower case letters (z,y, z € R3).

We usually identify the body with one of its configurations, say ¢o, called
reference configuration. Coordinates in the reference configuration will be
denoted by X', while any other coordinates will be denoted by .

In spite of the choice of the reference configuration, any formulation should
turn out to be independent of this choice. The established physical rules
should not depend on the representation of the body in the real or physical
world.

A statement or property on the material body B is said to be configuration
indifferent or configuration independent if it does not depend on the
chosen reference configuration (uniformity will be a good example
of configuration independent property).

Definition 2.1.2. Given any arbitrary configuration ¢, the change of
configurations Kk = ¢ o ¢al is called a deformation, and its 1—jet
jéo(X) 6" is called an infinitesimal deformation at ¢o (X).

Notice that, by using the Polar decomposition theorem, any infinitesimal
deformation at a body point may be decomposed as follows,

F=RU=VR, (2.1)

where R is a an orthogonal matrix and U and V are symmetric
positive-definite tensors. R is called the rotation tensor and U and V
the right and left stretch tensors of F. An important circumstance results
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when the determinant of F' is positive. In that case, the rotation tensor R is
a pure rotation (no mirror needed). On the other hand, any (real) positive
definite matrix may be diagonalized, i.e., it is similar to a diagonal matrix
given by its eigenvalues. So, the physical interpretation of Eq. is that
the effect of a infinitesimal deformation at a point on a vector is to apply
three stretches (given by the eigenvalues of U) and a rotation given by R.
Analogously we interpret ' = VR. Observe that, Eq. permits us
to separate the strain information (U or V') from the rotation information
(R).
The right and left Cauchy-Green tensors of F are given by C = FTF = U?
and B = FFT = V2. If two infinitesimal deformations have the same right
(or left) stretch tensor, one follows from the other by a rotation.
In term of local coordinates, by following notation introduced above, the
entries of the matrix F' are denoted as follows,
i ox*
F = ax7 (2.2)

where the transformation is the composition of the local coordinates (x’)

with the inverse of the reference configuration ¢g = (XI). Then, the
Cauchy-Green tensors have the following shape

Cry = FiF}
i
BY = F}Fy
The FEinstein summation convention will be used along the whole
manuscript. There is still another important tensor to introduce: The

Lagrangian strain tensor. The Lagrangian strain tensor is given by the
formula:

B=_(C-1) (2.3)

where I is the identity matrix (or the identity tensor in the reference
configuration).

To be able to predict the deformation of a body in motion is an important
goal in continuum mechanics. It is very intuitive that the internal
constitution of the body should play a role. For instance, steel, wood or gel
will not be deformed equally when they are subject to the same loading.
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The mathematical interpretation of this is that the dymanical principles
alone should not be enough to determine the motion of a deformable body.
In fact, the response of the body to the history of its deformations is
supposed to be characterized for one or more constitutive equations.

The experiments seem to indicate that the material response is a local
property in such a way that a material particle is “affected” only for what
is inside of a small neighbourhood of the particle. There also exists a
non-local treatment of continuum media iniciated by A. C. Eringen
based on the assumption that the stress on a material particle depends on
all the body points of the continuum material.

Elastic simple bodies are characterized under the assumption that the
constitutive law depends on a point only on the infinitesimal deformation at
the same point. Thus, a mechanical response for an elastic simple material
B in a given reference configuration ¢g is mathematically formalized as
a differentiable map W from the set B x GI(3,R), where GI(3,R) is
the general linear group of 3 X 3-regular matrices, to a fixed (finite
dimensional) vector space V. We should clarify how the mechanical
response changes with the changing of reference configuration. Let ¢1 be
another configuration and W; be the mechanical response associated to ¢.
Then, we will impose that for any other (local) configuration ¢

W (X, Fo) = W1 (X, F1), (2.4)

where Fj, i = 0, 1, is the associated matrix to the 1—jet at ¢; (X) of ¢o¢;1.
Hence, obviously Eq. (2.4)) implies that

Wl (XzF):W(XvFCOI)) (25)

for all regular matrix ' where Cyp; is the associated matrix to the 1—jet at
@0 (X) of ¢1 0 gbal. So, Eq. 1' defines the rule of change of reference
configuration of the mechanical response. Notice that, Eq. permits
us to define W as a map on the space of 1-jets of (local) configurations
which is independent on the chosen reference configuration. In fact, for
each configuration ¢ we could define

W (iko0) =W (X, F),

where F is the associated matrix to the 1—jet at ¢o (X) of ¢ o ¢>al.
It is remarkable that for any subbody U the mechanical response can be
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restricted to U. So, the structure on the body induces a structure of elastic
simple body over each subbody.

From now on we will refer to B simply as a body.

The locality of the mechanical response implies that we may talk about the
material at each point of the body. In this sense, given two body points a
natural question arises: when are they made of the same material? Let us
assume that body B may be undergone to experimetal observations under
a fixed reference configuration ¢g and body points X and Y are made of
the same material. Looking at them under the microscope we do not need
to see exactly the same. It could happen that the arrangement surrounding
one point is changed with respect to the other.

In our mathematical framework this means that the constitutive equation
of one of them differs from the other only by an application of a linear
transportation. These kind of linear isomorphisms are called material
isomorphisms.

Definition 2.1.3. Let B be a body. Two material particles X,Y € B are
said to be materially isomorphic if there exists a local diffeomorphism
from an open neighbourhood U C B of X to an open neighbourhood V C B
of Y such that ¢ (X) =Y and

W(X,F-P)=W(Y,F), (2.6)

for all infinitesimal deformation F' where P is given by the Jacobian matrix
of ¢g owoqﬁal at ¢o (X). The 1—jets of local diffeomorphisms satisfying Eq.
are called material isomorphisms. A material isomorphism from X to
itself is called a material symmetry. In cases where it causes no confusion
we often refer to associated matrix P as the material isomorphism (or
symmetry).

Notice that, the identities at the vector spaces TxB are obviously
material isomorphisms. On the other hand, for any material isomorphism
P the inverse P~! is again a material isomorphism. In fact, by using Eq.
)

W(X,F)=W (X,F-P™'.P)=W (Y,F - P71).



16 CHAPTER 2. FUNDAMENTALS

Finally, the composition preserves material isomorphisms. So, the
relation of being “materially isomorphic” defines an equivalence relation
(symmetric, reflexive and transitive) over the body manifold B.

For any body point X we denote by G (X)) the set of all material symmetries
at X. Then, as a consequence we have that every G (X) is a group.
Therefore, it is trivial to prove that the material symmetry groups of
materially isomorphic body points are conjugated, i.e., if X and Y are
material isomorphic we have that

G(Y)=P-G(X) P!,
where P is a material isomorphism from X to Y.

Proposition 2.1.4. Let B be a body. Two body points X and Y are
materially isomorphic if, and only if, there exist two (local) configurations
¢1 and ¢p2 such that

Wi (X,F)=W2(Y,F), VF,
where W is the mechanical response associated to ¢; fori=1,2.

Proof. Two body points X and Y are materially isomorphic if there exists
a local diffeomorphism 1) from X to Y such that

W (X,F-P)=W(Y,F), (2.7)

for all infinitesimal deformation F' where P is given by the induced tangent
map of ¢g o o d)EI at ¢o (X). Then, we define the local configuration

¢1 = ¢o o). Then, by using Eq. (2.5) and Eq. (2.7), the local mechanical
response W induced by ¢; satisfies that

W1 (X,F)=W (X,F-P)=W (Y, F).
O

This result gives us an intuition behind the notion of material
isomorphism. In fact, two point will be made of the same material if
the mechanical response is the same under the action of two (possibly
different) reference configurations. Furthermore, as a corollary we have
the following immediate result: Condition of being materially isomorphic
is configuration indifferent.
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Definition 2.1.5. A body B is said to be uniform if all of its body points
are materially isomorphic.

Roughly speaking, a body is uniform if there are not two different
materials inside the body. Notice that the definition of uniformity is
a pointwise property. In fact, consider a uniform body B and a fixed
body point Xg, for any other body point Y we may choose a material
isomorphism from Y to Xo, say P (Y) € GL(3,R). So, we can construct a
map P : B — GI(3,R) consisting of material isomorphisms. Nevertheless,
P does not have to be differentiable. In other words, even when the body is
uniform, the choice of the material isomorphisms is not, necessarily, smooth.

Definition 2.1.6. A body B is said to be smoothly uniform if for each
point X € B there is a neighbourhood U around X and a smooth map
P : U — GIL(3,R) such that for all Y € U it satisfies that P (Y') is a material
isomorphism from Y to X. The map P is called a left (local) smooth
field of material isomorphisms. A right (local) smooth field of material
tsomorphisms will be a smooth map P : U — GI(3,R) such that for all
Y € U it satisfies that P (Y') is a material isomorphism from X to Y.

Note that a given map P : U — GI(3,R) is a left smooth field of
material isomorphisms if, and only if, the map P~! : U — GI(3,R),
such that P~1(Y) is the inverse of P(Y), is a right smooth field of
material isomorphisms. Hence, smooth uniformity may be equivalently
characterized by using right smooth fields of material isomorphisms.
Assume that P is a right (local) smooth field of material isomorphisms.
Then, the mechanical response of the subbody U satisfies that

WY, F)=W(X,F-P(Y)),
for all Y € U. Then, defining
W(F) =W (X,F),

we have that

W (Y,F) =W (F-P(Y)). (2.8)

The meaning of Eq. (2.8) is that the dependence of the mechanical
response (near to a material particle) of the body coordinates is given
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by a multiplication of F' to the right by a right smooth field of material
isomorphisms.

The following result shows that Eq. defines a condition strictly weaker
than the condition of being smoothly uniform.

Proposition 2.1.7. Let B be a body. Then, suppose that the constitutive
law W of B respect to a reference configuration ¢o has associated a

differentiable map W : GI(3,R) — V satisfying FEgq. @ for a
differentiable map P : U — Gl (3,R). Then, P is a smooth field of material
isomorphisms if, and only if,

W(F)=W(F-P(X)). (2.9)
where X s a fixed point at the domain of P.

Proof. Assume that Eq. (2.9) is satisfied. Then, by Eq. (2.8)

W (F-P(X)=W(X,F).
On the other hand, the same identity proves that for any Y € U
W(F) =W (Y,F : P(Y)—l) .
Hence, Eq. implies that
W(X,F)=W (Y,F : P(Y)—1> ,

i.e., P(Y) defines a material isomorphism from X to Y. The converse is
trivial. |

Notice that condition Eq. (2.9) is not so strong. For instance, if
the smooth fields P go through the identity matrix, then Eq. is
immediately fulfilled.

Let B be a smoothly uniform body and P : U — GI(3,R) be a left (local)
smooth field of material isomorphisms. Then, we have a tool to compare
vectors at U. In this sense, Two tangent vectors Vx, and Vx, at two
different material points X; and Xgo of U will be called materially parallel



2.1. CONTINUUM MECHANICS 19

with respect to P if they have the same components by the action of P. In
other words,

[P (X2)"to P(Xl)} (Vx,) = Vi,

Here, for each Y € Uand Vy € Ty B, P (Y) (Vy) is given by the action of P
on the vector V. In particular, considering 1Y as a local diffeomorphism
from Y to X such that P (Y') is the associated matrix of jxl,’X’(ZJY under the
composition of the reference configuration, it satisfies that

P(Y)(Vy) =TyyY (V).

A vector field © € X (U) is materially constant with respect to P if for
any two points X and X2 we have that © (X1) and © (X2) are materially
parallel with respect to P. Equivalently, © is materially constant with
respect to P if, and only if, the vector

[P()]© (),

does not depend on the choice of Y € U.

Let us express this condition locally. Let (XI) be the local coordinates
generated by the reference configuration ¢g. Then, for each A we define
the local vector field P4 on B given by

_ 0
PA(Y):P(Y) 1<8XA >

X
Locally,
_1\B 0
Py= (P71, IXE’ (2.10)
where,
O(XBo (vY -t
(P)5 oo

A b
8X|X
with P(Y) = j%,XwY. Then, © is materially constant with respect to P
if, and only if, G)BPQ is constant for all A where Pf;‘ is the inverse matrix
—_1\B .
to (P71)7, ie,
2 (XBoyY)

A
OXf

PF(Y)=
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Thus, © is materially constant if it satisfies that

0B oP#
Ph—+068—B =0, vI
Boxt O oxt
ie.,
908 B OPA
P2k gk =0, VB, I 2.11
oxTI P4 ox1! -11)

We could even find another characterization by using the so-called material
connections. For a brief explanation on connections as covariant derivatives
see Box The material connection associated to P is given by the unique
covariant derivative V¥ on ‘B satisfying that

Vi, Pa=0, VA, B.

A straightforward but tedious calculation shows us that th Christoffel
symbols of VF are given by

K BPIL

o = (P oL

(2.12)

Therefore, © is materially constant with respect to P if, and only if,
VPO = 0. It is important to note that the material connections are
configuration-indifferent (see or section for a proof).

Material connections have been masterfully treated by Wang in . In
various examples of material connections with non-vanishing curvature are
studied (Chapter 5). Other ways to construct material connections will be

presented in section .
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Definition 2.1.8. Let M be a manifold. A derivation on M is a
R—linear map D : X (M) — X (M) with a vector field © € X (M) such
that for each f € €°° (M) and = € X (M),

D(fE)=fDE)+O6(f)E.
We call © the base wvector field of D. So, a derivation on M is
characterized by two geometrical objects, D and ©.

A classical example of derivation is given by the bracket of vector fields
on a manifold M. In fact, let ©® be a vector field on M, the operator
given by fixing © in the Lie bracket

[©,]: X (M) = X (M),

is a derivation on M with © as base vector field.

Another example comes from the so called covariant derivatives. A
covariant derivative on M is a R—bilinear map V : X (M) x X (M) —
X (M) such that,

(1) It is €°° (M) —linear in the first variable.
(2) Forall ©,2 € X (M) and f € C* (M),
VofEZ = fVeE+ 0 (f)E. (2.13)

Then, any vector field © € X (M) generates a derivation on A, Ve, (with
base vector field ©) fixing the first coordinate again, i.e.,

Ve : X (M) —» X (M),
such that
Ve (E) = VeE, VE € X(M).
Associated to any covariant derivative V there are two important tensors:
e Torsion: T (0,E) = VgE — V=0 — [0,E], VO,E € X (M).
e Curvature: R(©,2)x = VeVzx — V=Vex -
Vie.=x, VO,E,x € X (M).

A covariant derivative is said to be flat if its curvature is zero.

Lemma 2.1.9. Let V be a covariant derivative on a manifold M. V
is flat and torsion-free if, and only if, there exists an atlas (z’) of M
such that
17}
V s =0.

2 9z
dxd
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In general, for each local coordinates (ZEZ) on M,

d w0

v k2
% 9zi T Tiiggk
dxd

The local functions Ffj are called Christoffel symbols of V respect to

(=)

Box 2.1: Derivations and Covariant Derivations

We have defined the uniformity as the mathematical formalization of
the following statement: All the points are made of the same material.
Smooth uniformity consisted in a light imposition of smoothness on
the body. A new more restrictive property is presented as the local
homogeneity of the body.

In Noll’s terminology, the notion of (local) homogeneity coincides with the
absence of defects of the body. So, in a purely physical point of view, it
is conceivable that the absence of defects may be fulfilled for non-uniform
bodies. Homogeneity for non-uniform bodies has been properly defined
in [391[53] (see section [£.2).

The classical definition of (local) homogeneity means that the body may
be depicted in such a configuration in which the translations of any point
to any other are material isomorphisms. In other words, there exists a
configuration which satisfies that all the points are indistinguishable from
each other as far as the mechanical response concerned.

Definition 2.1.10. A body 3B is said to be homogeneous if it admits a
global configuration ¢ which induces a left global smooth field of material
isomorphisms P such that P (Y) is the associated matrix to the 1—jet

Jyx (07 o Te(x)—p(v) © @), (2.14)

via the reference configuration ¢g, for all body point Y € B and a fixed
X € B where T4x)_g(v) : R3 — R3? denotes the translation on R3 by
the vector ¢ (X) — ¢(Y). B is said to be locally homogeneous if there
exists a covering of B by homogeneous open sets. B is said to be (locally)
inhomogeneous if it is not (locally) homogeneous.
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A left (local) smooth field of material isomorphisms P is said to be
integrable if it is induced by a (local) configuration ¢ via Eq. (2.14)). These
kind of configuration are called homogeneous configurations.

As a corollary of proposition we have the following result.

Proposition 2.1.11. Let B be a body. Then, B is locally homogeneous
if, and only if, there exist (local) reference configurations such that for
the associated constitutive laws W there are differentiable maps W
Gl (3,R) — V satisfying that

W (Y,F)=W(F),
for all body point Y in the domain and F € Gl (3,R).

Therefore, a material body is homogeneous if there exists a configuration
such that the material response does not depend on the body points.
Let B be a (local) homogeneous body. Then, considering a homogeneous

configuration as the reference configuration, the coordinates (P_l)i of the
(local) vector fields P4 given in Eq. (2.10) satifying that

-1\ B
(Ph, =45

Then, the Christoffel symbols of the material conection V¥ are zero respect
to the homogeneous configuration. So, P is integrable if there exists a local
system of coordinates on B such that the partial derivatives are materially
constant vector fields with respect to P.

Therefore, the material connection of P provides a way to evaluate whether
the smooth field of material isomorphisms P is integrable: P is integrable
if, and only if, V¥ is a flat and torsion-free covariant derivative (see lemma
2.1.9).

There is still another treatment of homogeneity by using the theory
of G—structures in which the (local) homogeneity corresponds to the
integrability of a particular G—structure. This approach can be found
in (see or [92]; see also [6] and [69)]).

Let B be a smoothly uniform body. Fix Zg € B and Zg = jé,zo¢ € FBa
frame at Zp. Consider the following set:

wa, (B) := {jlzo’ydwio, : jéoﬂ’w is a material isomorphism}.
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Then, wg, (B) is a Gg—structure on B (which contains Zo). In fact (see

proposition [2.3.48|), -
waG, (B) = Qz, (B) - Zo.

Notice that the structure group of wg, (B) is given by,
_ _
Go:=2y -G(2Zo) - Zo.

A local section of wg, (B) will be called local uniform reference. A global
section of wg, (B) will be called global uniform reference. We call reference
crystal to any frame Zg € F'B at Zo.

Remark 2.1.12. (1) If we change the point Zp to another body point Z1
then we obtain an isomorphic Go—structure. We only have to take
a frame Z; as the composition of Zg with a material isomorphism

-1
]Zolezb'

(2) We have fixed a configuration ¢o. Suppose that ¢q is another
reference configuration such that the change of configuration is given
by ¢ = ¢1_1 0¢g. Transporting the reference crystal Zg via F1p we get
another reference crystal such that the Go—structures are isomorphic.

3) Finally suppose that we have another crystal reference Z; at AR

( y supp ¥ 0
Hence, the new G{—structure, way (B), is conjugate of wg, (B),
namely,

0=A-Go-ATL, way (B) = wa, (B) - 4,

with A =7, - Z; .

In this way, the definition of homogeneity in terms of G—structures is
the following,

Definition 2.1.13. A body 3B is said to be homogeneous with respect to
a given frame Zg if it admits a global deformation x such that £~ induces
a uniform reference P, i.e., for each X € B

P(X) =35 x (K oTux)) s
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where 7, (x) : R3 — R3 denotes the translation on R3 by the vector » (X).
B is said to be locally homogeneous if every X € B has a neighbourhood
which is homogeneous.

This definition is equivalent to the first one. The proof is included in

section in term of Lie groupoids .
It is easy to prove the following result:

Proposition 2.1.14. If B is homogeneous then wg, (B) is integrable.
Conversely, wg, (B) is integrable implies that B is locally homogeneous.

Notice that, using remark [2.1.14] this result shows us that the
homogeneity does not depend on the point, the reference configuration
and the frame Zg. It will not happen the same with Cosserat materials
which we will introduce later on (see proposition .

Let us now present some examples of simple elastic bodies. More examples
will be estudied along the memory.

Solids: Let B be a body with reference configuration ¢g. A material
particle X is said to be solid if it satisfies that the group

G =3k 0 (T—go(x) ©40) - G (X) b x (¢5 0 To(x))

called material symmetry group of X respect to ¢g is a conjugated subgroup
of a subgroup of the orthogonal group O where jé x (qﬁal 0 Tg,(x) ) is the

linear frame on B induced by jol x (d)&l o T¢0(X)> (see appendix . B is

said to be solid if all its body points are solids.

It is usual to assume that there exist (local) configurations ¢; such that
the symmetry groups respect to ¢1 are sugroups of O (contorted aelotropy).
Notice that, punctually, this is always true. These kind of configurations
are called undistorted states.

Thus, let B be a solid with a reference configuration ¢p which is an
undistorted state. The pullback of the usual metric on R3 by ¢q results
into a Riemannian metric gg on B.

Let j%(,Xw be a material symmetry. Then, the associated matrix
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to jé o (T,(PO(X) ogpporo qﬁal o T¢0(X)) is an orthogonal matrix. In
particular,

T4 (x) <¢0 O’Z’O‘f’gl) (v) - Tgo(x) (¢0 oy 0¢>51> (w) =v-w,

for all v,w € R3 = T¢0(X)R3 where - is the scalar product in R3. Hence,
by definition, for any two vector Vx, Wx € T'x B we have that

g0 (X) (Txy (Vx), Txy (Wx)) =
= Tx (doov)(Vx) Tx (¢o o) (Wx)
= Tx¢o(Vx) Tx¢o(Wx)
= g0 (X)(Vx,Wx)

In other words, the materials symmetries are isometries for the metric
g.
Now, suppose that B isotropic, i.e., Gé( is a conjugated group of O for
all body point X. In this case, the same reasoning proves that a local
automorphism v induces a material symmetry at a point X if, and only
if, ¥ induces an isometry at X of gg. So, there exist Riemannian metrics
characterizing the material symmetries.
If the solid B is supposed to be smoothly uniform, we do not need to assume
the existence of global (or local) undistorted states to constructs these kind
of metrics.
Consider a left (local) smooth field of material isomorphisms P around a
material particle X and a local configuration ¢ such that it is an undistorted
state at X, i.e.,

G = jx,0 (T-p(x) 0 ®) " G (X) jo x (67" 0 7s(x))
is a subgroup of O. Notice that, punctually, the undistorted states always

exist.
Then, we define a (local) riemannian metric g on B as follows,

9" (V) (Vy, Wy) = Tx ¢ [P (Y) (V)] - Tx ¢ [P (Y) (Wy )] (2.15)
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We may assume (composing by the left with P (X)™1) that P (X) is the
identity at T'x B. Then, its satisfies that

9" (V) (Vy, Wy) = g7 (X) (P (Y) (W), P (Y) (Wy)). (2.16)

Otherwise speaking, the values of the metric g* is the combination of the
values of the metric at a fixed point X and the translations by P. Notice
that, Eq. shows us that the composition T'x¢ o P is a left (local)
field of undistorted states. In fact, for any material isomorphism j)l,’zw we

have that the composition P (Z) o Ty o P~ (Y) defines an isometry for
g¥. Here P(Z) is being considered as the 1—jet j%’XLZ)Z such that the
associated matrix via the composition with the reference configuration is
P(Z).
So, the smooth uniformity permits us to extend differentiably any
undistorted state at a fixed point to a field of undistorted states.
In this case we have that the material isomorphisms are isometries of g.
Suppose that the Levy-Civita connection associated to g is flat and
torsion-free. Equivalently, there exists a system of coordinates (yl) on B
such that g;; = g (i, i
oyt Oy’
Eq. there exists a local chart ¢ = (y7) such that Tx o P (Y)oTyp~!
induces a orthogonal matrix for all Y = ¢! (y) in the domain. This fact
implies (P (X) is the identity) that

) = 6; (see for instance ) Then, by using

Tx¢oTup™ ",

induces also a orthogonal matrix with X = ¢~! (z). Therefore,  is indeed
a local undistorted state. Thus, we have proved that the existence of local
undistorted states is equivalent to that the Levi-Civita connection pf g
is flat and torsion-free.

Assume now that the material body B is furthermore isotropic. Then, all
the isometries are material isomorphisms and, hence, ¢ induces a (local)
smooth field of material isomorphisms via Eq. . Accordingly, B is
locally homogeneous if, and only if, the Levi-Civita connection of g¥ is
flat and torsion-free.
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Fluids: Let B be a body with reference configuration ¢g. A material
particle X is said to be elastic fluid if it satisfies that the material
symmetry group of X respect to ¢p is the unimodular group, i.e.,
the group of matrices with unit determinant. Notice that it does not
make sense to take a conjugation of the unimodular group because any
conjungation (by any non-singular matrix) of the unimodular group is the
unimodular group. B is said to be elastic fluid if all its body points are
elastic fluids.

Let go be the riemannian metric on B defined above and Vj be its associated
volume form. Then, it is easy to check that j}( x ¥ is a material symmetry
if, and only if, 1) preserves Vp at X, i.e.,

P Vo (X) = Vo (X).

Now, let us assume that B is smoothly uniform. Let P be a left (local)
smooth field of material isomorphisms P around a material particle X.
So, we may consider the metric g¥ defined above. Then, analogously to
solids, we may prove that jxl,yzw is a material isomorphism if, and only if,

1) preserves the volume form V¥ of g at Y, i.e.,
VP Y)y=vF (2).

Therefore, immediately we have that any configuration induces a smooth
field of material isomorphisms via Eq. (2.14). In other words, any smoothly
uniform elastic fluid is homogenous.

Cosserat medium

We have already established the necessary fundamental notions for simple
material bodies. Nevertheless, several non-simple material can be found.
Indeed, rocks or bones cannot be properly modeled without taking into
account extra kinematical variables . Eugene and Frangois Cosserat
presented a theory of the so-called generalized media between 1905 and
1910. Here, to each point Cosserats associated a family of vectors called
directors. Mathematically speaking, a simple elastic Cosserat continuum
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or, simply, Cosserat continuum is given by a manifold B and a family of
independent vector fields on B. Important developments may be found
in Maugin [68,/70] or in the Proceedings |60] edited by Kroner; see also
Eringen [43].

The necessary geometrical structures to develop a rigurous theory is closely
related with the notion of frame bundle. Thus, we can intepret a Cosserat
medium as a linear frame bundle F'B of a manifold B which can be covered
with just one chart (see [37]). B is usually called the macromedium or
underlying body. With some abuse of notation, we shall call B the Cosserat
continuum.

The points in FB will be denoted by X,Y,Z € FB. However, we will call
body point to the points on the underlying body B. The points in FR3 will
be denoted by lower case letters (Z,%,z € FR3). The spatial points will be
the points at R3.

A Cosserat subbody of F'B is a open subset U of the Cosserat medium FB.
We will usually consider subbodies given by F'U with U a open subset of B.
Let pg : F'B — B be the canonical projection of the frame bundle F'B over
B. Then, for any body point X € B, the fibre p%l (X) is given by all the
possible basis of T'x B. From the physical point of view, each fibre contains
the information about what happens at a “grain” level. As the model
conceived by the Cosserat brothers, that information should be localized
into any particular basis. This fact will be taken into consideration in the
definitions of configurations and deformations.

To face the problem of finding an appropriate definition of configuration we
will have to take into account all the geometric structure in the Cosserat
medium F'B. We want to start defining a configuration as a map

& : FB — FR3.

However, any arbitrary embedding of this type will not work. So, we will
need to impose some other conditions:

(i) Compatibility with the macromedium: The configuration ®
should have incorporated a configuration ¢ of the underlying body
(i-e., an embedding ¢ : B — R3) such that the fibres do not mix up.
Particularly, K turns a fibre at a body point X into a fibre at ¢ (X).
Physically, we want that any “grain” carries its own information into
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its image in the configuration. This is mathematically expressed as
the commutativity of the following diagram

FB >~ FR3

PB PR3

ie.,
prs 0P =¢opsz.

(i) Configuration-independence: Any particular representation of a
grain in the physical space should be an intrinsic quantity, i.e., it
should not depend on a triple which can be chosen to depict the
grain. Mathematically speaking, we will impose that the natural

(right) action on the frame bundle commutes with the configuration
.

Putting together all these properties we obtain the following definition.

Definition 2.1.15. Let F'B be a Cosserat medium. A configuration of F'B
is an embedding ® : F'B — FRS3 of principal bundles such that the induced
Lie group morphism ¢ : Gl (3,R) — Gl (3,R) is the identity map.

This means that ® satisfies
¢(X-g)=0(X) g, VX € FB, Vg € GI(3,R).
Also, as we wanted, ® induces an embedding ¢ : B — R3 verifying

PR3O¢:¢OP’57
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with pgs : FR3 — R3 (resp. pgp : FB — B) denotes the canonical
projection of the frame bundle FR3 (resp. FB). In particular, ¢ is a
configuration of the macromedium B.
Notice that the subbundle ® (FB) of FR? is just the frame bundle of ¢ (B),
ie.,

d(FB)=F¢(B).

Since we are dealing with equivariants embedding, we can consider
equivalence classes of the 1—jets jl?,@(?)q) according to the action .
So, the equivalence class of an 1—jet jly,q>(y)q>v which is denoted by
ji(y & X)(I’ like in the non-holonomic groupoid of second order, is called
infinitesimal configuration at X. Analogously to the case of simple bodies,
a configuration ®¢ is usually fixed. This configuration is called reference
configuration.

Let ¢ : B — R3 be an embedding. Then, the first prolongation F¢ of ¢ (see
Eq. in appendix@ defines an embedding of principal bundles such that
the induced Lie group morphism is the identity map, i.e., a configuration
for the Cosserat body F'B. A second-grade body is also modelized on the
manifold F'B but there are less configurations. In fact, a configuration of
the second-grade material F'B is a first prolongations of an embedding from
B to R3.

Note that there exists a canonical principal bundle isomorphism [ : FR™ —
R™ x Gl (n,R) over the identity map such that

1(j6,29) = ((z, Jdj0)) , Vig 4 € FR",
where J¢|o is the Jacobian matrix of ¢ at 0 (see appendix . So, any

configuration can be seen as a chart of F'B. In this way, coordinates in the

reference configuration will be denoted by YI, while any other coordinates
will be denoted by Z*.

In terms of coordinates, a configuration of the Cosserat body F'B is
characterized by the following smooth maps,

o =g (x7), ;= o7 (X7).

Thus, there are two indepenpent ways of taking vectors to R3 by means of
a configuration ®. Let Vx € Tx B be a vector on a body point X. The first
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way is via the configuration of the macromedium ¢; Tx ¢ (Vx ). The second
way is associated to the “micromedium” or “grain” and is characterized by
the action of the entries <I>iI over the coordinates of Vx.

In second-grade bodies these two mechanisms are exactly the same.

Definition 2.1.16. A deformation is a change of configurations, namely
R=®od L.
0

For a configuration a deformation & = & o @al, its class of 1—jets
j;O(X) ¢(X)R is called an infinitesimal deformation at ¢o (X). Notice that

the induced map of kK, Kk = ¢ o ¢61, is a deformation on the body B.
Again, the material response will be assumed to be a local property,
i.e., a body point is only “affected” for what happens inside of a small
neighbourhood of the point. However, in the case of Cosserat media we
should take into account the adding structure of frame bundle. Indeed, we
will impose that the constitutive law “feels” both the macro and micro
mechanics of dragging vectors, as well as the gradient of the last one.
Second grade materials are recovered when the deformation of the grains
is identified with the deformation gradient of the matrix.

Thus, the constitutive elastic law is now written as

W=W (X,F),

where X is a material particle of the macromedium and F is the gradient of
a deformation % at a frame X on the point X. In term of local coordinates,
by following notation introduced above, the entries of the matrix F are
denoted as follows,

—i oz
Fy=— (2.17)
0X
Since % is a morphism of principal bundles, F depends only on the base

points.

We again should clarify how the mechanical response change with the
changing of reference configuration. Let ®; be another configuration and
W1 be the mechanical response associated to ®;. Then, we will impose
that for any other (local) configuration ®

W (X, Fo) = W1 (X, F1), (2.18)
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where F; is the associated matrix to the 1—jet at ¢; (X) of <I>o<I>;1, Hence,
obviously Eq. (2.18) implies that

W1 (X, F) =W (X,F-Co1), (2.19)

for all regular matrix F where Cp; is the associated matrix to the class
1—jet at ¢o (X) of @1 0 'IDEI. So, Eq. defines the rule of change of
reference configuration of the mechanical response of the Cosserat medium
FB. Notice that, Eq. permits us to define W on the space of class of
1-jets of (local) configurations. In fact, for each configuration ® we could
define

w (j}{’xfb) =W (X,F),

where I is the associated matrix to the class of 1—jets at ¢g (X) of <I>o<I>0_1.
For any Cosserat subbody U the mechanical response may be restricted to
U endowing it with a structure of Cosserat medium.

One more time, due to the locality of the mechanical response, it is easy to
realize that we may compare the material properties from one body point
to another. In this sense, two points will be “made of the same material”
if the material response is the same via a (local) transportation. These
“transportations” again are called material isomorphisms.

Definition 2.1.17. Let F'B be a Cossera medium. Two material particles
X,Y € B are said to be materially isomorphic if there exists a local
principal bundle isomorphism over the identity map on Gl (3,R), ¥, from
FU C FB with X € U to FV C FB with Y € V, where U and V are open
neighbourhood of B, such that ¢ (X) =Y and

W (X,F-P)=W (Y,F), (2.20)

for all infinitesimal deformation F where P is given by the associated matrix
to the class of 1—jets of ®g o ¥ o <I>61 at ¢o (X). The class of 1—jets of
principal bundle isomorphisms satisfying Eq. are called material
isomorphisms. A material isomorphism from X to itself is called a material
symmetry. If there is no room for confusion, we will refer to associated
matrix P as the material isomorphism (or symmetry).



34 CHAPTER 2. FUNDAMENTALS

For any body point X we denote by G (X) the set of all material
symmetries at X. Then, as a consequence of what we have proved, all
G (X) are groups. In fact, it is obvious that the symmetry groups of
materially isomorphic body points are conjugated, i.e., if X and Y are
material isomorphic we have that

GY)=P-G(Xx)-P ",
where P is the material isomorphism from X to Y. Analogously to the case
of simple material, we prove the following result:

Proposition 2.1.18. Let F'B be a Cosserat medium. Two body points
X and Y are materially isomorphic if, and only if, there exist two (local)
configurations ®1 and P2 such that

Wi (X, F) =W (Y, F), VF,
where W is the mechanical response associated to ®; fori=1,2.

So, we have that the condition of being materially isomorphic is again
configuration indifferent.

Definition 2.1.19. A Cosserat medium F'B is said to be uniform if all of
its body points are materially isomorphic.

Thus, uniformity means that the Cosserat continuum is made of one
unique material. Adding conditions of “smoothness” we recover the smooth
uniformity. So, a left field of material isomorphisms around a body point
X (resp. right field of material isomorphisms around a body point X) is a
map P : B — Gl (n + nz,lR) such that for each Y € B, P (Y) is material
isomorphism from Y to X (resp. from X to Y).

Definition 2.1.20. A Cosserat F'B is said to be smoothly uniform if for
each point X € B there is a neighbourhood U around X and a left smooth
field of material isomorphism P around a body point X defined on U.

Once again, the existence of left smooth field of material isomorphisms
is equivalent to the existence of right smooth field of material isomorphisms
via the inversion of matrices.

Observe that, by following an analogous process to simple media, we can
easily prove the following result:
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Proposition 2.1.21. Let F'B be a Cosserat medium with constitutive law
W. Then, F'B is smoothly uniform if, and only if, there exists a covering
of B and for each of open set U of the covering there is a differentiable
map W : GL(12,R) — V satisfying that for all Y € U and F € GI(12,R)

()
W (Y, F) =W (F-P(Y)) (2.21)

(i)
W (F)=W (F-P(X)) (2.22)

for some differentiable map P : U — GI(12,R) and a fived X € U.

The homogeneity in the case of Cosserat materials is rather
more complicated. =~ We will introduce the definition of homogeneity
used in [37] where the authors discuss second-order non-holonomic
G—structures (see appendlx

Assume that F'B is smoothly uniform. Let be ZO = ] — <I> € F'Ba
non-holonomic frame of second order at the body point ZO Deﬁne the set
Yg, (B) given by the 1—jets JZO,Y\I’ . ZO such that JZO,Y\I’ is a material

isomorphism.
Then, 550 (B) is a non-holonomic Gp—structure of second order on B

(which contains 73) In fact (see section ,
_ = =2
OJ§O (B) = QZO (3) . ZO'

Notice that the structure group of g, (B) is given by,

—92—1 —2
Go =25 -G (Z) Zo.

A local section of “g, (B) will be called local uniform reference. A
global section of Wg, (B) will be called global uniform reference. We
call reference crystal to any frame Zg S F°B at Zgy. Observe that the

canonical projection of the second-order non-holonomic Gp—structure
“g, (B) is a Go—structure denoted by wg, (B).
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Remark 2.1.22. (1) If we change the point Zy to another point
Z1 then we can obtain the same second-order non-holonomic

Go—structure. We only have to take a frame 7? as the composition
of Zy with a jb , U € G (Zo, Z1).

(2) We have fixed a configuration ®g. Suppose that ®; is another
reference configuration such that the change of configuration (or
deformation) is given by & = @;1 o ®g. Transporting the reference

=2 . -
crystal Z, via F'i we get another reference crystal such that the
second-order non-holonomic Gp—structures are isomorphic.

3) Finally suppose that we have another crystal reference 72 at Z0.
1
Hence, the new second-order non-holonomic égfstructure, Wy (B),
0
is conjugated of Wy, (B), namely,

Go=m-Go-m !, g (B)=0g, (B) m,

—o—1
for m = Z(Z) . Z%.
In this way, the definition of homogeneity is the following:

Definition 2.1.23. A Cosserat continuum B is said to be homogeneous

with respect to the crystal reference 7(2) if it admits a global deformation %
such that &1 induces a uniform reference P, i.e., for each X € B

P(X)= J'é,x (7 'o Froxy),

where 7,,(x) : R — R3 denotes the translation on R3 by the vector x (X)
and k is the induced map of K over B. B is said to be locally homogeneous
if every X € B has a neighbourhood which is homogeneous.

Using Eq. (A.10) of the appendix [A] it is easy to prove the following
result:

Proposition 2.1.24. If B is homogeneous with respect to Zﬁ then g, (B)
is a mon-holonomic integrable prolongation of second order. Conversely,
EEO (B) is a second-order non-holonomic integrable prolongation implies

that B is locally homogeneous with respect to Zg.
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Notice that, this result shows us that the homogeneity does not depend
on the point and reference configuration but depends on the reference
crystal. In sectionwe present a result of in which we generalize the
notion of homogeneity to get a definition which does not depend on the
reference crystal by using an special example of groupoid: non-holonomic
groupoid of second order. In Sectionwe will also introduce a treatment
of homogeneity by using connections.

2.2 Groupoids

In this section we want to study the notion of (Lie) groupoid. Groupoids
are a natural generalization of groups and may be defined as particular
kind of categories. While groupoids were presented in 1926 by Brandt [7],
categories were introduced later in 1945 by Eilenberg and McLane in

In this sense, groupoids are defined as a “small” category such that every
morphism is an isomorphism.

Adding differential structures we obtain the notion of Lie groupoid which
was firtly introduced by Ehresmann in a collection of articles
and redefined in by Pradines. Roughly speaking, a Lie groupoid
is defined as a groupoid satisfying that the set of morphisms and the
set of objects are differentiable manifolds and the structure maps are
differentiable.

It is remarkable that, our is not the unique application of groupoids.
In fact, (Lie) groupoids are useful tools in several mathematical areas,
such as Algebraic Topology, Differential Geometry, Galois Theory,
Group Theory or Homotopy Theory (see ) There are also several
other research areas where groupoids are used such as Geometric
Mechanics and Quantum Mechanics [13|. The
research in which the thesis consists has resulted to be (mainly) another
contribution which extends the program proposed by A. Weinstein for
Continuum Mechanics.

A good reference on groupoids is the famous book . In and we
can find a more intuitive view of this topic. The book (in Spanish) is
also recommendable as a rigurous introduction to groupoids.

Let us start with some examples for a smooth presentation to the concept
of groupoid.
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15-puzzle groupoid: Sam Lloyd claimed in 1891 that he invented the
15-puzzle. However, due to some researches, this seems to be false. In any
case, the popularity of this puzzle grew fastly (specially in Europe). The
15—puzzle consists of 15 little square blocks numbered from 1 to 15 next
to a empty square enclosed in a 4 X 4 square box as it is shown in figure
B} The position of the squares exhibited in figure 2:1] is called identity
position. Notice that the number of possible positions is exactly 16!.

T2 s
>| 6|78
9 10 (11|12

13 14 15

Figure 2.1: 15-puzzle

The permitted permutations of the puzzle are the sliding of the hole
(one place at a time) in horizontal or vertical direction. Given any initial
position, generally the goal of the game is to slide the squares around
until you obtain a specified arrangement of the blocks (usually the identity
position). In 1879 two American mathematicians W. W. Johnson and W. E.
Story achieved to prove that from any fixed initial position one cannot
obtain any other random position. In fact, only half of all the possible
positions can actually be obtained.

Observe that, mathematically speaking, the 15—puzzle is similar to Rubik’s
Cube because the goal is just to obtain a certain position by using only some
kind of permutations. Nevertheless, as a difference with Rubik’s cube, the
permitted permutations depend on the initial position. For instance, when
the blank square is in a corner, it can only be moved towards two positions.
A transformation of the 15—puzzle is given by a sequence of permitted
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movements from a position to another. For example, in ﬁgure@ we have
a transformation resulting of moving the hole along the path 14 —9 — 5 —
2 — 8 — 1 from the iniatial position shown in this picture.

It is remarkable that any two transformations of the 15—puzzle cannot

1 8 12 4
10]2]5]7
13 3 9 14
15 11 6

12 4
10,82 |7

13‘3’5:9
15111] 6 |14

Figure 2.2: Transformation

always be composed. In particular, the composition of two transformations
can only be defined when the ending position of the first transformation
is equal to the starting position of the second one. For this reason, unlike
the set of transformations of the Rubik’s cube, the set of transformations
of the 15—puzzle does not have the structure of group. The structure of
this set is the so-called groupoid.

Roughly speaking, the structure of groupoid is given by two sets,

e I' : Set of transformations of the 15—puzzle.

e M : Set of positions of the 15—puzzle.
and a family of structure maps given by

e Source and target maps
Source and target maps are given by two maps o, : I' =& M such
that for any g € T', o (g) (resp. B(g)) is the starting position (resp.
the ending position) of the transformation g.
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e section of identities
The identity map consists of a map € : M — I satisfying that for any
position z € M, € (x) is the identity permutation of z, i.e., the blank
square is not moved.

e Inversion map
The inversion map is a map i : I' — I" where for each transformation
g € I, i(g) is the opposite transformation. For example, for the
transformation given in 2.2} the opposite transformation is simply
1-8—2—5—9—14 (exchanging the ending positions by the starting
positions).

e Composition law
By composing transformations we obtain a map - : I'(g) — I' where
['(2) is just a subset of I' X I" given by the composable transformation.

These maps satisfy some properties such as the associativity of the
composition which turn this structure into a groupoid called the
15—puzzle groupoid. The result of that for any two arbitrary positions
generally there is not a transformation joining these two position is
translated in the language of groupoid as the 15—puzzle groupoid is not
transitive.

1-jets groupoid: Fixing a manifold M we consider the set, denoted by
' (M, M), of all linear isomorphisms Lyy : ToM — TyM for any x,y €
M. Any linear isomorphism L. 4 has associated with it the points  and y
of M. Denoting z by a (Lz,y) and y by 3 (Lg,y) we can construct two maps
a, It (M, M) — M which are the source and targent maps respectively.
Notice that the isomorphism L., can be composed with another element
Gt of TI' (M, M) if, and only if

« (Gz,t) =zZ=Y= B (Lz,y) .

So, as a difference with groups, the composition defines a partial
multiplication on TI' (M, M). In fact, the domain of the multiplication
is given by the set IT! (M, M) oy consisting of the elements (Gz,¢, La,y) €
' (M, M) x TI* (M, M) such that o (G2,t) = 8 (Lx,y)-
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It is important to remark that the multiplication has similar properties as
the multiplication of a group. Indeed, for each point € M there exists
the identity isomorphism Idy , : Tx M — T, M which satisfy that

Lz,yldz,a: = Lz,'yy [dz,sz,z = Gz,zy

for any two elements Ly, and G . of T (M, M) such that the above
compositions are defined. Hence, the identities Id;,, generate the section
of identities and act as unities for the partial multiplication in II' (M, M).
Finally, any isomorphism L., has an inverse L;j, satisfying that

Lw,yL;,i, =Idy,y, L;j,L-r,y =Idz,z.

This groupoid is called 1-jets groupoid on M and it will be properly
studied in examples and [2.2.22] The 1—jets groupoids II* (M, M)
will have a great importance in the development of the memory.

The properties above presented can be written in a more abstract and
rigurous way as follows:

Definition 2.2.1. Let M be a set. A groupoid over M is given by a set
T" provided with the maps o, : I' — M (source map and target map
respectively), € : M — T (section of identities), ¢ : ' — T (inversion
map) and - : I'(gy — I' (composition law) where for each k € N, T'(y) is

given by k points (g1,...,9x) € I'x ). XT such that o (9i) = B (git+1) for
i=1,...,k— 1. It satisfy the following properties:

(1) a and B are surjective and for each (g, h) € I'(3),
a(g-h)=a(h), Blg-h)=B8(g).

(2) Associative law with the composition law, i.e.,

g-(h-k)y=1(g-h) -k, Y(g,h,k) € (s
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(3) ForallgeT,
g-e(a(9)=9=¢(B(9) 9
In particular,
aoeoa=aqa, [oeof =00
Since a and f are surjetive we get
aoe=1Idy, Boe=Idyy,
where Idjs is the identity at M.
(4) For each g €T,

i(g)-g=¢c(a(g), g-i(g) =e(B(9)-

Then,
aoi:ﬁ, ﬁoz:a

These maps will be called structure maps. Furthermore, we will denote this
groupoid by I' = M.

If " is a groupoid over M, then M is also denoted by I'(p) and it is
often identified with the set ¢ (M) of identity elements of I'. T is also
denoted by T'(;y. Following the notation of the theory of categories (see
Remark , the elements of M are called objects and the elements of T"
are called morpishms. The map (a,8) : I' = M x M is called the anchor
map and the space of sections of the anchor map is denoted by ', 5 T).
For any g € " the image i (g) by the inversion map is denoted by g~ 1.
Now, we define the morphisms of the category of groupoids.

Definition 2.2.2. If I'y = M; and 'y = Mj are two groupoids then a
morphism of groupoids from I'y = M; to I'o =% Ma consists of two maps
P :T; — T2 and ¢ : M1 — Ms such that for any g1 € T'1

az (®(g1)) = ¢ (a1 (91)), B2 (®(91)) = ¢ (B1 (91)), (2:23)

where a; and (3; are the source and the target map of I'; = M respectively,
for i = 1,2, and preserves the composition, i.e.,

D (g1-h1) =®(g1)- @ (h1), V(g1,h1) € [(ay.

We will denote this morphism as .
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Observe that, as a consequence, ® preserves the identities, i.e., denoting
by €; the section of identities of I'; =% M; for i = 1,2,

Poe; =€z 00.

Then, using Eq. , ¢ is completely determined by ®. The category of
groupoids will be denoted by §G.

Using this definition we define a subgroupoid of a groupoid I' = M as a
groupoid IV = M’ such that M’ C M, IV C I" and the inclusion map is a
morphism of groupoids.

Remark 2.2.3. There is a more abstract way of defining a groupoid. We
can say that a groupoid is a “small” category (the class of objects and the
class of morphisms are sets) in which each morphism is invertible.

If I' == M is the groupoid, then M is the set of objects and I is the set of
morphisms.

A groupoid morphism is a functor between these categories which is a more
natural definition.

We could even find another definition of groupoid given by S. Zakrzewski
in . Let X,Y be two sets. A relation v from X to Y is a triple
(Gr(r),X,Y) with Gr(r) C X xY. A relation from X to Y will be
denoted by r: X — Y.

For a relation 7 : X — Y we will define its transportation v : Y — X by

(y,z) € Gr ('I‘T> ~ (z,y) € Gr(r).
The domain of r is the following set
D(r):={z€X : yeY (z,y) € Gr(r)},
and the image,
Im(r):={y€Y : Jz € X (z,y) € Gr(r)}.

A composition of relations r : X — Y and s : Z — X is the relation
rs: Z — Y such that

Gr(rs) :={(z,y) : Jx € X (2,z) € Gr(s), (z,y) € Gr(r)}.
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Thus, given a family of sets C we can form a category with these relations
as morphisms and C' as the set of objects.

Cartesian product is defined in a natural way: Let 1 : X7 — Y7 and
rg : Xo — Yz then 71 X r2 1 X1 X Xo — Y7 X Y2 is given by the set
Gr (r1 X r2) of elements (z1,z2,y1,y2) such that (z1,y1) € Gr(r1) and
(w2,92) € Gr (r2).

Finally, a groupoid I' = M is a quadrupole (I',m,,¢), where I is a set,
m:T'xI — T, e: {1} - T (the symbol {1} denotes a one point set) and

i:I' = I are relations such that
(i) m(m x Id) = m (Id x m).
(ii) m(e x Id) =m (Id x €) = Id.

(i) 42 = Id.
)

(iv) Comsidering o : I' x I' — I' x I with Gr (o) := {((z,v), (y,x))

(z,y) € I' x I'}, it satisfies that

im=mo (i X1).

(v) Forally €T,
0 £ Gr(m (i (7),7) € Im (e).

Notice that Id on a set Z denotes the relation given by the diagonal Az C
Z X Z. o

Let us now present some examples of groupoids.

Example 2.2.4. A group is a groupoid over a point. In fact, let G be a
group and e the identity element of G. Then, G = {e} is a groupoid, where
the operation of the groupoid, -, is the operation in G.

Example 2.2.5. Any set X may be regarded as a groupoid on itself with
a = =¢e¢=1=Idx and the operation on this groupoid is given by

r-x=ux, Vo € X.

Note that, in this case, X () =Ax. We call this kind of groupoids as base
groupoids and we will denote them as e (X).
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Example 2.2.6. For any set A and any map 7 : A — M, we can consider
the pullback space A Xz » A according to the diagram

A
\ :
M

AXgxAi={(az,bs) EAX A/ 7(az) =2 =m7(bz)}.

AXpr A >

ie.,

Then, the maps,

a(az,bz):a17 B(az’bz):bz, v(az,bz)eAXﬂ-yﬂA
(czyba) - (aw,cz) = (az,be), Y (Cx,bz), (ag,ca) € A Xpx A
E(aﬁ):(awvax), VaxeA

(az,bz) ™t = (ba,az), V(az,bs) € A Xnx A

endow A X A with a structure of groupoid over A, called the pair groupoid
along w. If m = Id 4 then this groupoid is called the pair groupoid.

Note that, if ' = M is an arbitrary groupoid over M, then the anchor
map (a,8) : ' = M x M is a morphism from I' = M to the pair groupoid
of M.

The following example arises as a natural generalization of the previous
one.

Example 2.2.7. Let A, M be two sets, A be amap m: A — M and G
be a group. Then we can construct a Lie groupoid A X+ A X G =3 A
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where the source map is the second projection, the target map is the third
projection and the composition law is given by the composition in G, i.e.,

(cz,bz,9) - (ag,ca, h) = (ag,be,g - h),
for all (cz,bz,9), (az,ce,h) € A Xz x A X G. This Lie groupoid is called

Trivial Lie groupoid along m with group G. When the map 7 is the identity
this groupoid is called Trivial Lie groupoid on A with group G.

Example 2.2.8. Let m: A — M be amap and ¢ : G Xx A — A be a left
action of a group G on A which preserves the fibres, i.e.,

TO¢=mopry,

where pry : G X A — A is the projection on the second coordinate. We can
construct the transformation groupoid associated to ¢ along 7 as follows:

The set of morphisms is G x A and the set of objects is A.
The source map and target map are given by
o(g,a0) = az, PB(g,02) = (g,az),
for all (g,as) € G x A.
The operation is
(9, ¢ (h, az)) - (h, az) = (gh, az),

for all (h,az),(g,¢(h,as)) € G X A.
The section of identities and inverse map are given by

€(az) = (e;az), (g, am)71 = (9717¢(97‘h)) s

for all (g,az) € G x A, where e is the identity element in G.
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It is easy to prove that G x A =% A is a groupoid which will be denoted
by G x5 A. For a right action, we can define the transformation groupoid
analogously and we will denote this groupoid by G xr A. In the case
in which 7 is the identity map the groupoid is called the transformation
groupoid associated to ¢ or simply the transformation groupoid

Let us take a map 7 : A — M and a left action ¢ : G X A — A of a
group G on A which preserves the fibres. Then, the map

P: GxzA — GXAXzzA
(g)a‘ﬁi) = (g,tlx,¢(g,ax))

is a morphism of groupoids. In fact, ® is an isomorphism of Lie groupoids
onto its image.

Example 2.2.9. Let A be a vector bundle over a manifold M. Denote the
set of all vector space isomorphisms Ly y : Az — Ay for x,y € M, where
for each z € M A, is the fibre of A over z, by ® (A). We can consider ® (A)
as a groupoid ® (A) = M such that, for all z,y € M and L.,y € ®(A),

A) a(Lay) ==
(i) B(Ley) =y
(iii) Ly, - Ga,y = Ly,20Ga,y, Ly > : Ay = Az, Gzy: Az = Ay

This groupoid is called the frame groupoid on A. As a particular case,
when A is the tangent bundle over M we have the example I (M, M)
introduced at the beginning of the section which is called I-jets groupoid
on M. Notice that any isomorphism Ly : Tx M — Ty M can be written
as a 1—jet ji)yd) of a local diffeomorphism v from M to M (to study the
formalism of 1—jets see Appendix.

Taking into account that any action can be seen as a particular groupoid
(see example [2.2.8)), it makes sense to generalize the notions of orbit and
isotropy group.

Definition 2.2.10. Let I' = M be a groupoid with a and g the source
map and target map, respectively. For each x € M, then

ri=p"@na (),
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is called the isotropy group of I' at x. The set

0(z) =B (a7 (@) =a (87" (2)),
is called the orbit of x, or the orbit of I' through x.

Notice that the orbit of a point x consists of the points which are
“connected” with x by a morphism in the groupoid. It is also remarkable
that inside the isotropy group the composition law is globally defined and,
hence, it endows the isotropy groups with a group structure.

Definition 2.2.11. If O (z) = {z}, or equivalently, 71 (z) = o~ (z) =
I'% then x is called a fized point. The orbit space of T is the space of orbits
of I"on M, i.e., the quotient space of M by the equivalence relation induced
by I': two points of M are equivalent if, and only if, they lie on the same
orbit.

If O(x) = M for all x € M, or equivalently (o, 8) : I' - M X M is a
surjective map, the groupoid I' = M is called transitive. If every x € M
is fixed point, then the groupoid I' = M is called totally intransitive.
Furthermore, a subset N of M is called invariant if it is a union of some
orbits.

Finally, the preimage of the source map « of a Lie groupoid at a point
z is called a—fibre at x and it is denoted by I';;. That of the target map 3
is called B—fibre at x and it is denoted by I'*.

Definition 2.2.12. Let I' = M be a groupoid with a and 3 the source
and target map, respectively. We may define the left translation on g € I’
as the map Ly : re@ — rf@ given by

hwg-h.
We may define the right translation on g, Rg : I'g(y) — I'q(g) similarly.
Note that, the identity map on I'” is given by
Idre = Le(g). (2.24)

So, for all g € T, the left (resp. right) translation on g, Ly (resp. Ry), is a
bijective map with inverse L 1 (resp. Rg—l).
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Topological and differentiable structures could be imposed on a groupoid
to get different kind of groupoids such as topological groupoids (see [89)).
However, we will be mainly interested in Lie groupoids.

Definition 2.2.13. A Lie groupoid is a groupoid I' = M such that I' is a
smooth manifold, M is a smooth manifold and all the structure maps are
smooth. Furthermore, the source and the target map are submersions.

A Lie groupoid morphism is a groupoid morphism which is differentiable.

This definition permits us to contruct the category of Lie groupoids,
denoted by £G, which is in fact a subcategory of the category G of groupoids.

Definition 2.2.14. Let I' = M be a Lie groupoid. A Lie subgroupoid of
T' = M is a Lie groupoid I" = M’ such that I and M’ are submanifolds of
T and M respectively, and the inclusion maps i/ : IV < T ippr : M — M
become a morphism of Lie groupoids. IV = M’ is said to be a reduced Lie
subgroupoid if it is transitive and M’ = M.

It easy to check that if there exists a reduced Lie subgroupoid of a
groupoid I' = M then, I' =% M is transitive.

Observe that, taking into account that coe = Idy; = B oe, then € is an
injective immersion.

On the other hand, in the case of a Lie groupoid, Ly (resp. Ry) is clearly
a diffeomorphism for all g € T

Note also that, for each k € N, I'(x) is a pullback space given by 8 and
the operation map on I'x_1y. Thus, by induction, we may prove that I' ()
is a smooth manifold for all k£ € N.

Example 2.2.15. A Lie group is a Lie groupoid over a point.

Example 2.2.16. Let M be a smooth manifold, then the base groupoid
e (M) (see example [2.2.5) is a Lie groupoid.

Example 2.2.17. Let w : A — M be a submersion. It is trivial to prove
that the pair groupoid along 7 is a Lie groupoid.

Example 2.2.18. Let m: A — M be a submersion and G be a Lie group.
Then, the trivial Lie groupoid along 7 with group G, say AxX» rAXG = A,
is obviously a Lie groupoid.
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Example 2.2.19. Let 7 : A — M be a submersion and ¢ : G x A — A
be a (left) action of a Lie group G on A which preserves the fibres. Then,
transformation groupoid G X, A associated to ¢ is a Lie groupoid.

Example 2.2.20. Let m : P — M be a principal bundle with structure
group G. Denote by ¢ : G x P — P the action of G on P.

Now, suppose that I' = P is a Lie groupoid, with ¢ : G X I' = I" a free
and proper action of G on I' such that, for each g € G, the pair <$g, d)g)
is an isomorphism of Lie groupoids.

We can construct a Lie groupoid I'/G = M such that the source map,
@, and the target map, (3, are given by

B(lgh) =7 (B(9)), @(lg)) =m(a(g),

for all g € T', o and (B being the source and the target map on I' = P,
respectively, and [] denotes the equivalence class in the quotient space
T'/G. These kind of Lie groupoids are called quotient Lie groupoids by the
action of a Lie group.

There is an interesting particular case of the above example.

Example 2.2.21. Let 7 : P —+ M be a principal bundle with structure

group G and P x P =% P the pair groupoid. Take ¢ : Gx (P x P) - Px P

the diagonal action of ¢, where ¢ : G x P — P is the action of G on P.
Then it is easy to prove that <$g, ¢g> is an isomorphism of Lie groupoids

and thus, we may construct the groupoid (P x P) /G = M. This groupoid
is called gauge groupoid and is denoted by Gauge (P).

Example 2.2.22. Let A be a vector bundle over M then the frame
groupoid is a Lie groupoid (see example . In fact, let (:pl) and (yj)
be local coordinate systems on open sets U,V C M and {«ap} and {34} be
local basis of sections of Ay and Ay respectively. The corresponding local
coordinates (ml om, ap) and (yj o 7r,,6"1) on Ay and Ay are given by

e For all a € Ay, _
a=aP (a)ap (2 (7 (a))) .
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e Foralla e Ay, ;
a =7 (a) By (¥ (7 ().

Then, we can consider a local coordinate system & (A)
N (AU,V) : (ml7y3)y2> )

where, Ayy = a1 (U)NB~1 (V) and for each Ly y € o~ (z)NB~1 (y) C
o ()N (V),

o 2 (Lyy) =z (2).
oy (Lay) =y (y).

. yg (La,y) = AL, ,, where Ay is the induced matrix of the induced
map of Lz y by the local coordinates (z' o m,aP) and (y? om, 39).

In particular, if A = T'M, then the 1—jets groupoid on M, II' (M, M), is a
Lie groupoid and its local coordinates will be denoted as follows

! (u,v): (:ci,yj,yg') 7 (2.25)
where, for each j} v € ' (U, V)
o o' (ji ¥) = (x).
oy (ji ) =97 ().

0 (yj o 1/;)
Oz’ '

|z

oyl (jL,¥) =

Next, as an important example, we will introduce the second-order
non-holonomic groupoid.
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Example 2.2.23. Let M be a manifold and FM the frame bundle
over M. So, we can consider the 1—jets groupoid on FM,
o' (FM,FM) = FM.

Thus, we denote by J! (FM) the subset of II' (FM, FM) given by the
1—jets j%’ylll of local automorphism ¥ of F'M such that

V(g-v)=g-¥(v), Vv € Dom(¥), Vg € Gl (n,R).
Let (:vl) and (yj) be local coordinate systems over two open sets U,V C M,

the induced coordinate systems over F'M (see Appendiix are denoted
by

FU : (xl,m;)
FV : (yj,yg> .

Hence, we can construct induced coordinates over IT' (FM, FM)
(a, )" (U, V) : ((xi,xé-) , (yj,yi) ,y,]i,yf,-k,yf,k,yﬁ’kl) :

where for each j1 7Y€ ' (FU,FV) = (o, 8)~! (U, V), we have

=y 81”‘%
S d(y? o)
b y,Jik (J%,E ) - Oxt _
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qj)za(y{oxp)

J i1
® Yik (Ji,y Oxk

_ oyl o
i) - S
xT

Then, using these coordinates, J!(FM) can be (locally) described as
follows: _ ) ] _
((wl,ﬂc}) ; (y],yf) :Z/,Jivozyf,kvyf,kz> :
over the set J1 (FU, FV) = J' (FM) N (a,3)"! (U, V) where
. S my o
yf‘,kz = (Y (= )k ) ;-

Thus, J! (FM) is a submanifold of II' (FM,FM) and its induced local
coordinates will be denoted by

JY(FU,FV) : ((m",z;l) , (yj,yf) ,yf;,yf,k) : (2.26)

Finally, restricting the structure maps we can ensure that J! (FM)= FM
is a reduced Lie subgroupoid of the 1—jets groupoid over F' M.

Analogously to F2M, we may construct j! (FM) as the set of the 1—jets
of the form j%szp, where 1 : M — M is a local diffecomorphism. Let
(zz) be a local coordinate system on M; then, restricting the induced local
coordinates given in Eq. (2.26) to j! (FM) we have that

- ) )
Y = y,]lx’i ; yf,k = yiz
We deduce that j1 (FM) = FM is a reduced Lie subgroupoid of the 1—jets
groupoid over F'M and we denoted the coordinates on j! (FM) by

i (FU,FV): ((wi7aﬁ§~) , (yj,yf) 7y§,k> s Y= Yh (2.27)
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Now, we will work with a quotient space of J! (FM) (resp. j' (FM)) which
will be our non-holonomic groupoid of second order (resp. holonomic
groupotid of second order).

We consider the following left action of GI (n,R) over J! (FM),

®: Gl(n,R)x JL(FM) — J'(FM)
(9.2 5%) S 2

Thus, for each g € Gl (n,R) the pair (Rg, ®g) (where L is the natural
right action of GIl(n,R) over FM) is a Lie groupoid automorphism.
Therefore, we can consider the quotient Lie groupoid by this action
JY (FM) = M which is called second-order non-holonomic groupoid over
M.

We will denote the structure maps of J! (FM) by @ and B (source and
target maps respectively), € (identities map) and 4 (inversion map). The
elements of J! (F M) are denoted by j}c,y\If withz,y € M and @ (j;’yll’) =z
and (j;’y\ll) =y.

Then, the induced local coordinates are given by

(2.28)

Jt (FU,FV): <(zi),<yj,yg>,yfi,yg’k), (2.29)

- -1
where J! (FU,FV) = (a, B) (U,V). Considering e1, as the 1—jet
through * € M which satisfies that :c; (e1z) = 5;. for all 4,7, for each
jglgﬁy\ll € J' (FM) we have

o @ (jz,y¥) = 2" (2)
oy (j2,Y) = (v)
oy (G2, 0) =] (¥ (e12))-

Ox’t

le1q

° y,ji (42,4 %) =
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io(a o (y{ ° ‘I/)
® it V)= ——Z
Yik (G2.47) .

Observe that we can restrict the action ® to an action of GI(n,R)
0v0r~j1 (FM). So, by quotienting, we can build a reduced subgroupoid
of J'(FM) = M which is denoted by j!(FM) = M and is called
second-order holonomic groupoid over M. Finally, by restriction, the local
coordinates on j! (FM) are given by

JY(FU,FV) : ((xz) , (yj,yf) ,yik) , yik = yiﬂ.. (2.30)

Let I' = M be a Lie groupoid. Using that 3, « are submersions, we have
that the S—fibres and the a—fibres are closed submanifolds of I". Moreover,
the following lemma will be useful to prove some fundamental results over
Lie groupoids.

Lemma 2.2.24. Let ¢ : G X M — M be a free (left) action of a Lie group
G on a manifold M. The following conditions are equivalent.

(i) For anyx € M there exists an embedded submanifold N, with x € Ny
such that G X Ny — M given by the restriction of the action of G is
an open embedding.

() There is a smooth (perhaps non-Hausdorff) structure on M/G such
that the quotient projection M — M /G is a principal G—bundle.

(i) There exist a (perhaps non-Hausdorff) manifold X and a smooth
map f: M — X which is constant on the G—orbits and satisfies

Ker (Tzf) = T(e,z)(b ({0} X TeG) ’
forallx € M

Proof. If (i) holds, then for each x € M the restriction of the quotient
projection Ny — M/G is a topological open embedding (note that this
map is trivially injective), and we may define a smooth structure on M/G
such that this map is a smooth open embedding. Therefore () implies ().
Note that (iii) follows directly from (i) (X = M/G and f is the quotient



56 CHAPTER 2. FUNDAMENTALS

map). So we only need to prove that (¢i) implies ().

Take any € M, and choose a submersion h : V — RF defined on an open
neighbourhood V of f(x) in X such that Ker (Tf<z>h) is complementary
to Ty f (T M). Next, choose a small transversal section N, of the foliation
of M given by the connected components of the G—orbits, with x € Ny
and f (Nz) CV . Now, by construction, Ty (h o f|Nx) is an isomorphism,
so we may shrink N, if necessary so that

hOlem,

is an open embedding. In particular, f is injective on N,. Since f is also
constant along the G—orbits, it follows that each G—orbit intersects Ny
in at most one point. Since N; is transversal to the G—orbits, this proves

(@)- O
Thus, we may prove the following results.

Lemma 2.2.25. IfI"' = M is a Lie groupoid, then for all x,y € M T'yNTY
is a closed submanifold of I'.

Proof. First, we may construct the distribution H on I', given by
g— Hg = Ker (Tga) N Ker (TyB), Vg €T.
Now, consider the left translation
Ly : 79 789,
which is a diffeomorphism between ¢t—fibers. Observe that, for any h €

@) 3, is a subspace of TyT'*(9) = Ker (Ty8). Using that a o Ly =
Qpalg) it follows that

Te(a(e)) Lo (He(ale)) = Hg-

In addition, any basis vi,..., vk of Hc(a(g)) can be extended to a global
frame Xl, ey X of Q{Fa(g) by

Xi(9) = Te(a(g)) Lg (vi) -
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In this way, the restriction of H to the B—fibers is a locally finitely generated
smooth distribution. It is involutive because it is exactly the kernel
of the derivative of the map ﬁ\Fa(g)' Hence, using Hermann’s theorem
it defines a foliation F; of I'* (which is parallelizable by the frame
X1,...,Xg). The leaves of F, are exactly the connected components of the
a—fibres of Bjpz. So these fibres are closed manifolds. O

Immediately we have the following corollary

Corollary 2.2.26. IfI' = M is a Lie groupoid, then for any x € M, the
isotropy group I'Y is a Lie group.

Now, we can construct a left action of I'Z on 71 (z), ¢ : TZ x '® — T'Z,
given by
#(g,h) = Lg (h), V(g,h) €T x I'".

From this action, we can give structure of smooth manifold to the orbits
as follows

Lemma 2.2.27. IfI" = M is a Lie groupoid, then for all x € M there is
a natural structure of a smooth manifold on the orbit O (x) making are :
I'* — O (x) into a principal I'Z—bundle

Proof. As we have seen, the Lie group I'Z acts smoothly and freely on I'*
from the left, and it acts transitively along the manifolds I'y N I'*. Note
that the condition (#i¢) of lemma is fulfilled by the map ar=, so the
proposition implies that there is a natural structure of a smooth manifold
on the orbit O (z) making oqp= : I'" — O (z) into a principal I'; —bundle.
The fact that M is Hausdorff implies that O (z) is also Hausdorff. |

Observe that, taking into account that apz : I'* — O (z) is a principal
I'Z—bundle, we may consider Gauge (I'*) (see example [2.2.21)). So, as a
corollary, we have the following result.

Corollary 2.2.28. IfT' = M is transitive, I' = Gauge (I'*).
Proof. Consider the map

d: T*xI*/rT — T
[(g, h)] —~ g th
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Suppose that [(g, k)] = [(¢’, h’)], then there exists k € I" such that ¢’ = kg
and h' = kh. Therefore,

()" h' = (kg) "t (kh) = g 'h.

So, ® is well defined. Furthermore, composing with the quotient projection
map, we get that ® is a smooth map.

Also, let [(g,h)],[(¢’,h")] € T® x T'*/T'% such that ® ([(g,h)]) = g~ *h =
(¢)"*n = ([(¢',")]). Then, taking k = g’ (9)~*, we have

kg=4¢', kh =1,
ie.,
[(g,0)] = [(g',1')].
On the other hand, let k € T’ with 8 (k) = y. Using that O (z) = M, there
exists g € I'” such that o (g) = y. Hence, (gk,g) € I'* x I'* and

@ ([(g,9k)]) = k-

In this way, we haved proved that ® is a bijective map. So, it is clear that
® is a Lie groupoid isomorphism over the identity. O

It is important to remark the importance of this result. In fact, we have
proved that the only transitive Lie groupoids are the Gauge groupoids

presented in example

2.3 Algebroids

The notion of Lie algebroid was introduced by J. Pradines in 1966 [79] as
an infinitesimal version of Lie groupoid and for this reason the first name
of this objet was infinitesimal groupoid. To study this notion we also refer
to [64]. Let us present a basic example of Lie algebroid to introduce the
reader to the notion.

Tangent bundle: Let M be a manifold. Then, the tangent bundle T'M
of M defines what is known as Lie algebroid. Consider the canonical
projection wys : TM — M of the tangent bundle of M. Then, the space of
sections of s is the module of vector fields X (M) on M and we have the
following structure,
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e Anchor: The identity on T'M is a morphism of vector bundles from
the domain of mps, i.e. TM, to T M which, in general, will be called
the anchor map.

e Lie bracket: The Lie bracket [-,:] of vector fields is a bracket on
X (M) such that (X (M), [-,]) is a Lie algebra.

e Leibniz rule: It satisfies the following property,
[©1, fO2] = f[O1,02] + ©1 (f) O2,
for all ©1,02 € X (M) and f € € (M).

These properties turns the tangent bundle into a Lie algebroids. The
definition of Lie algebroid will be properly exposed in definition IE
Consider now the pair Lie groupoid M x M = M on M (see examples[2.2.6
and [2.2.17] m A left-invariant vector field on the pair groupoid is 51mply a
vector field © on M x M such that

©(g9-h) =TyLn(©(9)),

for all g, h € M x M satisfying that a(g) = 8 (h). Notice that, by definition
[2:2.12] we have that © should be tangent to the S—fibres. Therefore, taking
into account the left invariance, we have that the space of left-invariant
vector fields M x M can be identified with the space of vector fields on M.
This identication is, in fact, a Lie algebra morphism (the structure of Lie
bracket is preserved).

Now, let A(M x M) be the vector bundle on M such that the fibre
A(M x M), at some x € M is given by the tangent space of the S—fibre
at the identity morphism e (z) = (z,z). This vector bundle will be what is
called the infinitesimal version of M x M.

Restricting the left-invariant vector fields on M x M to the identity
morphism we obtain an isomorphism from the space of left-invariant vector
fields on M x M to the space of sections I" (A (M x M)) of A(M x M).
This isomorphism endows the space I' (A (M x M)) with a structure of
Lie algebra which clearly satisfy the Leibniz rule. Hence, the infinitesimal
version of the pair groupoid M x M = M on M will be (isomorphic to)
the Lie algebroid structure of the tangent bundle on M.

Again, this construction will be explained with more rigurosity in [2.3]
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Definition 2.3.1. A Lie algebroid over M is a triple (A — M, 4,[-,"]),
where m : A — M is a vector bundle together with a vector bundle

morphism § : A — TM, called the anchor, and a Lie bracket [-,-] on
the space of sections, such that the Leibniz rule holds
[A1, fA2] = f A1, Ao] + 4 (A1) (f) Az, (2.31)

for all Aj,A2 € T'(A) and f € C™ (M).
A is transitive if § is surjective and totally intransitive if § = 0. Also, A is
said to be regular if § has constant rank.

Looking at f as a €>° (M)-module morphism from I' (4) to X (M), for
each section A1 € ' (A) we are going to denote # (A1) by A’i. Next, let us
show the following fundamental property:

Lemma 2.3.2. If (A — M,4,[-,"]) is a Lie algebroid, then the anchor map
is a morphism of Lie algebras, i.e.

(A1, Ag)f = [A&AQ] , VA1, As €T (A). (2.32)

Proof. Let A1, A2 € T'(A). By the Jacobi identity, for any section v € I" (A)
and any function f € € (M), we have

0= [[A17 AQ] 7f’Y] + [[f’%Al] 7A2] + [[A27 f’ﬂ 7A1] . (233)
Now, using the Leibniz rule,
o [[A1,Az], fv] = fI[A1, A2], 7] + [A1, A2]? () 7.

o [[f7v,M],A2] = flAz, (AN + AB(H) [ALA] + AL () [A20] +
Af (AT (D) -

o [[Ao, f9), A1) = —f[A1,[A2y]] — AL (F)[A2,v] — AL (F)[A1A] —
AF (8% (D) 7.

If we replace these equalities in Eq. (2.33)), we have
s, Aol (1) v+ A% (AL (D) v — AL (A5 (D)~

= A A ()= [AL AL ()

0
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for any v € I' (A) and for any f € €°° (M). Thus, we conclude that
[Ar, Aot = [Af,AR], VAL Az €T (1),
O

Remark 2.3.3. Eq. is often considered as a part of the definition
of a Lie algebroid though, as we have seen, it is a consequence of the other
conditions.

o

Let z be a point at M and Az be the fibre of the Lie algebroid A at .
Then, we may define a linear map 5 : Az — Tz M as the restriction of the
anchor f to the fibres A, and T, M.

Definition 2.3.4. The isotropy algebra of the Lie algebroid A at the point
x € M is the Lie algebra (Ker (#z),[,],), the Lie bracket is given by
A1z, Azg], = [A1, As] (2),
for any two sections A1, Ag € ' (A) such that
As(2) = Agp, i=1,2

It is not hard to prove (see example that the bracket [-,-]  is
well defined and, hence, defines a Lie algebra structure on the vector space
Ker (42).

An important remark is that the Lie algebra structure on sections is of
local type i.e. [A1,A2] (z) will depend on Az (therefore, on A; too) around

z only, Vz € M. Indeed, if Ay, Ay € T (A) with
Aoy = //\\2|U7

for an open neighbourhood U of z, taking f € €°° (M) such that supp (f) C

U, f =1 on a compact neighbourhood V; C U of z, then fAgy = f//\; on
M. Using the Leibniz rule

(A1, fA2] () = [A1,As](2) + A} (2) (f) Az (2)
= [A1, Al (@),
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since Ag (z) (f) =0 (f is constant on a neighbourhood of z). Thus,

[Al,z/\}] (x) [Al,fl/\;] ()
(A1, fA2] (z)

(A1, A2] (z) .

Finally, from skew-symmetry the result is proved.

As a consequence, the restriction of a Lie algebroid over M to a open
subset of M is again a Lie algebroid. Taking local coordinates (z’) on M
and a local basis of sections of A, {Ap}, the corresponding local coordinates
(mi o, yp) on A, satisfy

a=1yP (a)Ap (xl (m(a))), Yaen~ 1 (U).
Such coordinates determine local functions ﬂ;, Cpq on M which contain the

local information of the Lie algebroid structure, and accordingly they are
called the structure functions of the Lie algebroid. They are given by

;0
t—
AP - ﬂ;? oz’
[Apv AQ] = C;qAT"
Imposing Eq. (2.32) and the Jacobi identity over the local basis {Ap}, we

get the following equations

T R T 8ﬂl T aﬁl
Cpotr = <ﬁp th‘i - qaxi) ’

aCs
toaqr s ot _
Foagr o ot T C5.Ct. =0,
for all ,p,q, where fijk a;j,, means the cyclic sum ajjr + agij + Qjgi-
These equations are usually called structure equations.

Now, we will give some examples of Lie algebroids
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Example 2.3.5. Any Lie algebra is a Lie algebroid over a single point.
Indeed, identifying I' (g) with g, the Lie bracket on sections is simply the
Lie algebra bracket and the anchor map is the trivial one.

This kind of Lie algebroid is a particular case of the following example.

Example 2.3.6. Let (A — M, #,[,-]) be a Lie algebroid where § = 0.
Then, the Lie bracket on I' (A) is a point-wise Lie bracket, that is, the
restriction of [,:] to the fibres induces a Lie algebra structure on each
of them. More precisely, using that § = 0, the Leibniz rule is just
C° (M) —linearity, i.e.,

[A1, fA2] = fIA1, Ao], Vf € €™ (M), VA1, A2 €T (A). (2.34)
Consider z € M and As, A € T'(A) such that
Az (z) = Az (z).
Let {v1,...,7%} be a basis of local sections. Then, around z, we have
Az — Az = fii,

with f; (x) =0, for all ¢ € {1,...,k}. From Eq. (2.34) for each Ay € T'(A)
we have -
[ALAQ - A2] (x) = fi (%) [A1,7:] (z) =0,

Therefore,

(A, Ag] (@) = [A1, 82 (@)

Finally, skew-symmetry allows us to prove that the value of [Aq,Ag] in
a point © € M depends only on Aj (z) and Az (z). These kind of Lie
algebroids (with § = 0) are called Lie algebra bundles. Note that the Lie
algebra structures on the fibres are not necessary isomorphic to each other.

Example 2.3.7. Following the initial example, for any smooth manifold
M, the tangent bundle of M, T M, is a Lie algebroid: the anchor map is the
identity map and the Lie bracket is the usual Lie bracket of vector fields.
This is called the tangent algebroid of M.
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Example 2.3.8. Let M be a manifold and g be a Lie algebra. We can
construct a Lie algebroid structure over the vector bundle A = TM &
(M x g) — M such that

(i) The anchor f: TM @ (M X g) — TM is the projection.
(ii) Lie algebra structure over the space of sections is given by:
(X&fYed=[XYe{X(g-Y()+I[fd}

forall X @ f,Y @ g € T (4).

This Lie algebroid is called the Trivial Lie algebroid on M with structure
algebra g.

Example 2.3.9. If M is a manifold and D is an involutive subbundle of
TM, then D is a Lie algebroid over M, where the anchor is the inclusion
i: D — TM and the bracket is the restriction of the Lie bracket of vector
fields. Thus, let I be a regular foliation of M. Then the tangent algebroid
of F is the subbundle of TM, TF, consisting of tangent spaces to F with
the usual Lie bracket, and the inclusion map as the anchor.

Note that, since J is regular, TJ is a subbundle of T'M, and its sections
are vector fields tangent to F. Moreover, T'F being regular and integrable,
implies that it is involutive and, as a consequence, the Lie bracket of two
vector fields tangent to F is again a vector field tangent to .

Example 2.3.10. Let M be a smooth manifold, g be a Lie algebra and
£ : g — X(M) be a Lie algebra morphism (i.e. £ : g - X(M) is an
infinitesimal action of a Lie algebra g on a manifold M). It is possible to
associate to it the following transformation algebroid:

e Vector bundle: The vector bundle is the trivial bundle g x M — M
e Anchor: The anchor map is § : g x M — T'M such that
f(u,2) =€ (u) (2).

So, the anchor map is the fixed Lie algebra morphism &.
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e Lie bracket: The Lie bracket is given by

(A1, A2] (2) = [A1 (2), A2 (2)] + (2.35)
+(€(A1(2))). (A2) = (€(A2(2))). (A1),

where we are identifying A1 € T' (g x M) with a smooth map A :
M — g.

In particular, if A1 and A2 are two constant sections then their bracket
is a constant section given by the Lie bracket on g. Note that the last
two terms in Eq. are due to the Leibniz rule. We will denote the
transformation algebroid of an action of g on M by g x M.

Example 2.3.11. Let (M,w) be a pair where M is a smooth manifold
and w € Q2 (M) is a closed 2—form on M. Consider the vector bundle
A=TM & (M x R) — M. Then, we may define the map

f: A - TM
uz ® (z,t) —  uz

In addition, note that the space I" (A) can be identified with the space
T(A):={Xaf: XecXx(M),[fece> (M)}
So, we constuct a bracket on I' (4) characterized by
Xaf,Yag=[XY]oX(g-Y()+wXY)),

forall X @ f,Y @ g € I' (A). These maps define a Lie algebroid structure
on A which is transitive. In fact, the Jacobi identity is equivalent to the
fact that w is closed.

Example 2.3.12. Let 7 : P — M be a principal bundle with structure
group G. Denote by ¢ : GX P — P the action of G on P. Now, suppose that
(A — P,,[-,]) is a Lie algebroid, with vector bundle projection 7 : A — P
and that ¢ : G X A — A is an action of G on A such that 7 is a vector
bundle action under the action ¢ where for each g € G, the pair (59, ¢g>
satisfies that
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(1) od, =Ty ot
(2) [@ oA1oggl d 00 ¢gl] = ¢40[A1, AsJogy !, VAL, Ay €T (A).

This fact will be equivalent to the fact that (ag,zi)g) is a Lie algebroid

isomorphism. Let 7 : A/G — M be the quotient vector bundle of 7 by the
action of GG. Then, we are going to construct a Lie algebroid structure on

.
Denote by 7 : A — A/G the quotient projection. Then, we may define
the anchor map #: A/G — TM by

E(u) = Tw(a)T (ﬁ (a‘)) ’

for all u € A/G and a € A, where 7 (a) = u.
Let a,b € A such that 7 (a) = 7 (b) = u. Then, there exists g € G such
that

¢, (b) = a.

Thus, since tioag = T¢g o, we have

8(a) = (@ (1)) = To)6q (1)
and therefore
Tr(a)7 (#(a)) = {Trp) (To ¢g)} (§(0) = Tr(ryT (4 (),

i.e., ff is well defined.
Furthermore, by construction

foT=Trot.

So, using that T is a submersion, the anchor is a smooth map. Finally, it
is trivial that f§ is a vector bundle morphism.
On the other hand, for each A1,As € T (A)G and for each g € G

pgoh10op, 1 =A1, pgoN20¢,1 =ANa.
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Then,
[A1,As] = [59 oA1 0, 1,8,0A20 ¢g,1} .

Using (2), we have
[A1,A2] = ¢, 0 [A1,Az] 0 bg-1,

ie. [A1,A2] € T(A)Y. As a consequence, the Lie bracket on I'(A)
restricts to I' (A)¢ 22 I' (A4/G) and then, this structure induces a Lie algebra
structure on I' (A/G). Finally, it is easy to prove that the Leibniz identity
is satisfied. This kind of Lie algebroids are called quotient Lie algebroids
by the action of a Lie group.

A particular but interesting example of this construction is obtained
when we consider the tangent lift of a free and proper action of a Lie group
on a manifold.

Example 2.3.13. Let # : P — M be a principal bundle with
structure group G. Denote by ¢ the (left) action of G on P. Let
(TP — P,Idrp,[,-]) be the tangent algebroid and ¢T : G x TP — TP be
the tangent lift of ¢.

Then, ¢T satisfies the conditions of example Thus, one may

consider the quotient Lie algebroid (TP/G — M, 4, [ ]) by the action of G.

This algebroid is called the Atiyah algebroid associated with the principal
bundle w: P — M.

Note that, as we have seen, the space of sections can be considered as
the space of invariant vector field by the action ¢ over M.

Next, we introduce the definition of a morphism in the category of Lie
algebroids. However, the case of Lie algebroids is not as easy as the case
of groupoids. The difficulty lies on the fact that, in general, a morphism
between vector bundles does not induce a map between the modules of
sections. This implies that a relation between the brackets of the space of
sections from a morphisms of vector bundles is not immediately clear.
The definition of morphism of Lie algebroids was introduced by Pradines
in [80]. Nevertheless, this definition was not simple enough to be used.
Following the article of Pradines, Almeida and Kumpera gave another,
more conceptual, definition in [2|. Even in that case, the difficulties do not
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disappear at all and it is still difficult to work with it. It was necessary
another definition (obtained from an observation made by Weinstein to
Mackenzie about the Lie algebroid of an action groupoid) to solve this.
We will show a direct definition in terms of
(®, ¢) —decompositons of sections which is easy to understand.

Definition 2.3.14. Letm: A — M and «’ : A’ — M’ be vector bundles
and (®,¢), with ®: A’ - A and ¢ : M’ — M a vector bundle morphism.
If A €T (A) and o € T (A') satisfy

Poo=Aodg,

then we say that o and A are (P, ¢) —related and we write o ~@,9) A
We also say that o € T'(A’) is (P, ¢) —projectable if it is (P, ¢p) —related to
some A € T'(A).

It is easy to prove that this relation is €°° (M)-linear in the sense that
if o ~(D,0) A, o ~(D,0) A’ and f € € (M), then

o‘+0/ ~(®,p) A+A/.

(fog)o ~@,q) fA.

In this way, projectable sections have a natural €>° (M) —module structure.
However, we need a more general relationship which involves linearity over
C>® (M').

The map ¢ determines an algebra morphism

¢ : €% (M) — €™ (M),
given by
" (f)=fog, VfECT(M).
Then, ¢* provides a structure of € (M)—module to the space

€>® (M’) x I'(A). In this way, we can consider C® (M') ® I" (A), where
the tensor product is over € (M).
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Lemma 2.3.15. Let ¢*m : ¢*A — M’ be the pullback bundle. Then,
T (¢*A) is isomorphic, as a € (M') —module, to €= (M') @ T' (A). The
isomorphism F : C° (M') @ I (A) — I" (¢* A) s characterized by
froA— f'A,
where, A € T (¢*A) is given by
A@) = (2,A(¢(2))), Yo e M.
Thus, with ®* : T'(A’) — T' (¢*A), for each A’ € T'(A’), we can write

k

**(N) =D F(flen), (2.36)

i=1

for suitable f/ € € (M’) and A; € I (A), but such a representation does
not need to be unique.

If we identify I' (¢* A) with the module I'y, (A) of smooth maps f : M' — A
such that

o f = ¢
Then (2.36])) becomes
k
PoN = fl(Aiog). (2.37)
i=1

We refer to relation (2.37)) as a (®, ¢) —decompositon of A’. Note that the
statement A’ is (@, ¢) —related to A is equivalent to

* (A)=F(1®A).
Thus, we are ready to give the definiton of Lie algebroid morphism.

Definition 2.3.16. Let (4 — M, [-,-]), (A’ — M',#,[,)]') be Lie
algebroids. A morphism of Lie algebroids is a vector bundle morphism
d: A" — A, ¢: M' — M such that

fo®=T¢ot, (2.38)
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and such that for arbitrary A}, A}, € I (A’) with (®, ¢) —decompositions
®o A =fi(Ajog), oAy =yg;(A]og),
we have
®o [A1,AL] = fig; ([A},A3] 00) + (2.39)

ALY (g7) (20 6) — ALY () (AL 0 9).

In fact, the right-hand side of Eq. (2.39) is independent of the choice of
the (®, ¢) —decompositions of A} and Aj.

Now consider two morphisms of Lie algebroids, &' : AT oA
M’ — M’ and ® : A’ — A, ¢ : M’ — M. One can observe that a
(@', ¢’') —decompositon,

P oAy =[] (Arfod),

combines with a (®,¢)—decompositon of each Ai; to give a
(® 0P, po¢') —decompositon, and verifies for decompositons
so formed. Therefore, checking that the condition for the anchor is
satisfied, we have a category of Lie algebroids. We will denote this
category by LA.

Remark 2.3.17. In particular, if A} ~(g 4) A1 and A ~(g 4) A2, then
Eq. (2.39) reduces to

o [A],AL] = [A1, A2] 0 ¢
On the other hand, if M = M’ and ¢ = Idys then Eq. (2.39) reduces

to
®o [A],Ab] = [®oAf, @ oAb, VAL, AL €T (A').

Next, we are going to introduce the notion of Lie subalgebroid.
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Definition 2.3.18. Let (A — M, 4, [-,-]) be a Lie algebroid. Suppose that
A’ is an embedded submanifold of A and M’ is a inmersed submanifold of
M with inclusion maps 54/ : A’ < Aand iy : M’ — M. A’ is called a Lie
subalgebroid of A if A’ is a Lie algebroid on M’ which is a vector subbundle
of m g, where m: A — M is the projection map of A, equipped with a Lie
algebroid structure such that the inclusion is a morphism of Lie algebroids.
A reduced subalgebroid of A is a transitive Lie subalgebroid with M as the
base manifold.

Remark 2.3.19. Suppose that M’ C M is a closed submanifold then,
using the (i4/,%57/) — decomposition and extending functions, it satisfies
that for all A} € ' (A’) there exists A1 € I' (A) such that

iqro Ny = A1 oy
So, Eq. reduces to
iar 0 [M,AD] 0 = (A1, Aslyy 0, VAL, AL €T (A').
o

Example 2.3.20. Let (A — M, #,[-,-]) be a Lie algebroid over M. Then
from lemma [2.3.2] and Remark [2.3.17] we deduce the anchor map f : A —
TM is a Lie algebroid morphism from A to the tangent algebroid of M.

Example 2.3.21. Let (A — M, [-,-]) be a Lie algebroid over M and z a
point of M. Then the inclusion map from the isotropy algebra Ker (,) of
z to A is a Lie algebroid morphism.

Example 2.3.22. Let ¢ : M1 — M2 be a smooth map. Then (T'¢, ¢) is a
Lie algebroid morphism between the tangent algebroids T'M; and T M.

Example 2.3.23. Let 7 : P — M be a principal bundle with structure
group G and (A — P,#,[-,-]) be a Lie algebroid (with vector bundle
projection m : A — P) in the conditions of example[2.3.12] If 7 : A/G — M
is the quotient Lie algebroid by the action of the Lie group G then (7, 7)
is a Lie algebroid morphism. Remember that 7 is the quotient projection
7 A— AJG.
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Construction of the associated Lie algebroid

Now, it is time to justify the name of infinitesimal groupoid which was
initially given to Lie algebroids. In order to do this, we will generalize the
construction of the Lie algebra of a Lie group. As an important case of this
construction we find the 1-jets algebroid.

The process of contruction of the associated Lie algebroid to a Lie groupoid
was formally extended for the case of subgroupoids (not necessarily Lie
subgroupoids) of Lie groupoids in the article [51]. This is one of the papers
included in the development of the thesis and it will be properly explained
in section F1l

As a first step, we should generalize the notion of left-invariant vector fields
of a Lie group.

Definition 2.3.24. Let I' = M be a Lie groupoid with target map 8. A
vector field © € X (T') is called left-invariant if it satisfies the following two
properties:

(a) © is tangent to the S—fibres I'?, for all z € M.
(b) For each g € T, the left translation Ly preserves ©.
Denote the space of smooth left-invariant vector fields on I" by X, (T').

Similarly to the case of Lie groups, it is clear that the Lie bracket of two
left-invariant vector fields is again a left-invariant vector field, say

XL (M), x, M) CXxL(I'). (2.40)

On the other hand, T3 has constant rank. Thus, we may define the vector
subbundle of TT given by

UeemTT? = Uger Ker (TyB) = Ker (T8) .

Let € : M — T" be the section of identities. We define the pullback vector
bundle on M,

" (Ker (TB)) = M Xenp Ker (T5), (2.41)

where 7 : TT" — T" is the tangent bundle projection on I' and M X¢ np
Ker (TB) is the pullback space according to the following diagram
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pr2
M Xenp Ker (TB) >~  Ker (TP)

M > r

where pr; is the projection on the i—component of M Xe . Ker (T).
Notice that M X¢ rp Ker (T8) can be depicted as the disjoint union,

Uzem Ker (Te()8) - (2.42)

‘We will denote this disjoint union by AI' and the projection will be denoted
by 7€ : AT' — M. Note that the sections of AT" are determined by smooth
maps A : M — TT such that

(i) TBoA=0
(ii) rroA =€

Thus, for each map A € I" (AT") we can define the left-invariant vector field
on I' given by

@A (g) = Te(a(g))Lg (A (a (g))) , Vge T,
i.e., ®" is determined by the following equality
O (e(x)) = A(z), Vo € M.

Conversely, if © € Xp (T'), then A® = ©oe : M — TT induces a
section of AT' and, indeed, the correspondence A — ©A generates a linear
isomorphism from I'(AT') to X (I'). With this identification I' (AT)
inherits a Lie bracket from X, (T").

This construction is a natural extension of the Lie structure in the
associated Lie algebra of a Lie group. In that case, we fix a Lie group G
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and an element £ of TeG. Then, we constructed the associated left-invariant
vector field by the equality
0% (e) = ¢.

Using this equality TG is endowed with a Lie algebra structure.

Finally, an anchor map can be defined as follows: identify C*° (M) with
the space €2° (T") of left-invariant functions on I' using the map given by
D:fel>®(M)— foaeCP () (foae € (I') because a (g - h) = a (h),
for all (g, k) € I'(3)) with inverse map Pl feer(I)— foee €™ (M).

Furthermore, like in the case of Lie groups, © € X, (T') if, and only if,

O(foLy)=0O(f)oLy, VgeT, Vfe ™ (I).
So, if © € X (T') and f € €3° ('), then we have
e(fecy @,

In this way, we will define the anchor map as follows: let A be a section of
T (AT); then for each f € € (M) we define

A (=07 (foa)oe

Thus, Af (f) € @ (M) for all f € €* (M). Furthermore, its inherits the
Leibniz rule from ©* and so, 4 is well-defined.
Notice that, for each « € M and f € € (M)

(N (N}) = {0 (fom)}(e(@)
= (Lo (0" (@)} ()
{To(yor (A @)} ()

i.e., it satisfies that
E(A @) = Twya (0 (@) = Twa (A @), (2.43)
for all A € ' (AT") and = € M. Hence,

f={Ta} ar. (2.44)
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Therefore, § is a vector bundle morphism and it satisfies the Leibniz rule.
So, (AT' — M, ,[,]) is a Lie algebroid, called the Lie algebroid associated
to the Lie groupoid I' = M, and denoted by AT.

Remark 2.3.25. Let I' = M be a Lie groupoid. For any x € M, the
associated Lie algebra to the isotropy Lie group I'Z, A (I'%) is isomorphic
to the isotropy Lie algebra through z, i.e.,

A(TE) = Ker (4z) - (2.45)
©

Now, we can prove a result which shows the real nature of the given
relation between Lie groupoids and Lie algebroid. This result will be proved
for (not necessarily Lie) subgroupoids of a given Lie groupoid in section

Theorem 2.3.26. There is a natural functor A from the category of Lie
groupoids to the category of Lie algebroids.

Proof. We already have given the definition of the correspondence between
objects (I' = M — AT') and we will obtain the correspondence between
morphisms.

Let (®,¢) : 't = M1 — I's == M> be a Lie groupoid morphism, with
®: Ty — I'y and ¢1 : M1 — Ms. Then, (P, ¢) induces a morphism of Lie
algebroids from AI'1 to AT'2 given by (P4, ¢) where

@, = TP ar, (2.46)
So, if ve, () € Ker (T., (z)B1) then

s (v61<z)) =Ty (2)Pa (Uel(z)) )
where @ : ,81_1 (z) — 62_1 (¢ (x)), for each z € M. Now,

Ty (Tey ()P (Vey () = @ (€1 (2))

and using that (P, ¢) is a morphism of Lie groupoids, it follows

Ty (Tey ()P (Ve (2))) = €2 (¢ (2)) -
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Furthermore, using again that (®, ¢) is a morphism of Lie groupoids,

To(er(@)P2 (Tey ()P (Vey (2)) = Tey(a) (B2 0 @) (vey (a))
=Ty (2) (@0 B1) (vey () 0.

Thus, ®. (vel(z)) € Al's, i.e.,

D, : AFl — AFQ.

Also, it is trivial to show that the following diagram is commutative

el
AF1 My
o, ¢
T2
ATl'g Mo

Additionally, for all x € M; the map

¢*|AF1;C AN, — Ao,

is linear so that we have that the map (®«, ¢) is a vector bundle morphism.
Finally, we must study how (®.,¢) works with the anchor map and the
bracket of sections:

a) Observe that, for each i = 1,2 we have

i (A (2)) = T¢, ()i (A (2))

for any A € ' (AT';) and = € M;. Using this identity it is trivial that
the following diagram
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D
Al'y - Al2

T¢
TM1 > TM2

is a commutative diagram, i.e., i 0 ®» = T'¢ o ;.

b) Let A be a section of AI'y with (®«, ¢) —decompositon,

DA =fi (Aiod). (2.47)

Then, for all g € T'y,

{T®00"}(9)

Ty® (Tq(ozl(g))Lg (A (O‘I (9))))
= Tey(ar(g) (PO Lg) (A(a1(9))-

Since (P, ¢) is a morphism of Lie groupoids

Then,

(I>0Lg :L¢<g) od.

{T® 00"} (g) =

Tey (a1 (9)) (La(g) © @) (A (01 (9)))

Ty (a1(9)) Latg) (Ter (a1 (9))® (A (a1 (9))))

T (e (a1 (9))) La(g) (TP o A) (a1 (9))}

(fi 0 a1 (9) {Ta(e1(ar (9))) L) } (Ai 0 0 a1 (9))
(fio a1 (@) {Te(e1(ar(9)) La(g) } (Ai 0 az o ®(g))

(fioar(9) (O™ (@ (9))).
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Thus, we have got the following identity
T® 00 = (f;0a1) (C—)Ai o<I>> .

Finally, using this identity and that (7T'®,®) is a Lie algebroid
morphism between the tangent algebroids, it is a routinary exercise

to prove the identity (2.39).
O

The morphism induced by a morphism (®, ¢) of Lie groupoids over the
associated Lie algebroids will be denoted by A®.

Now, we are going to give some examples of the above general
construction.

Example 2.3.27. Let M be a smooth manifold and M x M =% M be the
pair groupoid (see example [2.2.6). Then, the vector bundle ¢* (Ker (¢3))
can be seen as the tangent bundle my; : TM — M. With this, it follows
that the associated Lie algebroid to M x M = M is the tangent algebroid.

Example 2.3.28. Let M be a manifold and G be a Lie group. Consider
the trivial Lie groupoid on M with group G (see example [2.2.18]). Then,
the associated Lie algebroid is the trivial Lie algebroid on M with structure
algebra g (see example [2.3.8), i.e., TM & (M x g) - M.

Example 2.3.29. Let m : P — M be a principal bundle with structure
group G. Denote by ¢ : G x P — P the action of G on P.

Now, suppose that I' = P is a Lie groupoid, with ¢ : G x I' = T" a free
and proper action of G on IT" such that, for each g € G, the pair (ag, ¢>g)
is an isomorphism of Lie groupoids. So, we may construct the quotient Lie
groupoid by the action of a Lie group, I'/G = M (see example [2.2.20)).

Then, by construction, we may identify A (I'/G) with the quotient Lie
algebroids by the action of a Lie group, AI'/G (see example [2.3.12]).

As a particular case, we may give the following interesting example.

Example 2.3.30. Let m : P — M be a principal bundle with structure
group G and Gauge (P) be the Gauge groupoid (see example. Then,
the associated Lie algebroid to Gauge (P) is the Atiyah algebroid associated
with the principal bundle 7 : P — M (see example .
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Example 2.3.31. Let ® (A) = M be the frame groupoid. Then A® (A)
is called frame algebroid (see example m As a particular case,
ATT! (M, M) is called 1—jets algebroid.

Let (x’) be a local coordinate system defined on some open subset
U C M, using Eq. and Eq. we can consider local coordinates
on AT (M, M) as follows

Al (U,U) : ((xi,xi,éé) 0,v ,vj) (w v ,v]) (2.48)

We will pay an special attention to the 1— jet algebroid because of the
fundamental role which will play in section (3.1 [54].
Let us describe a particular but important farnlly of section of ATI! (M, M).
Consider a vector field ® on M. Denote by <p : Ug — U—_¢ the (local) flow
of ©. Then, for each t we can construct a diffeomorphism,

e : T (U_y, B) — It (U, B),

such that
O N _ il e
™ (9) =930, (a(g))a(e) Pt
So, this flow induces a left-invariant vector field on II' (M, M) which

generates a section of AIT! (M, M) denoted by j'©. ;1O is called the
complete lift of © on I (M, M).

Let (zl) be a local chart of M and (:ci, yﬂy{) be the induced local chart
of TI' (M, M). Assume that, locally, © is written as follows,

o
Oxt’

0 =06!

Then, locally, j1© is expressed in the following way:

. j
jte =-e! 0 + 087 9 (2.49)
oxt ox? 8yzj-

Notice that j1© can be equivalently induced by a 1—jet of ©. Thus,
ATI! (M, M) can be interpreted as the bundle of 1—jets of vector fields on
M.
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Example 2.3.32. Let J!(FM) be the second-order non-holonomic

groupoid over a manifold M (see example |2.2.23) and (x’ be a local
coordinate system on an open set U C M. Using Eq. (2.29) we can

construct induced local coordinates over A.J! (FM) as follows:

AJY(FU): (((:51) , (zl,cs;) ,5;,0) ,vi,v;»,O, Ufj,v;:yk) = (2.50)

%(az,v,v]-,vd,vj’k).

AJY (FM) is called the second-order non-holonomic algebroid over M. We
will denote the anchor of this Lie algebroid by f.
The second-order non-holonomic algebroid will be very important in section

B2 [52).

Let us now give an specific shape for the 1—jets algebroid. The process
shown here is naturally generalized for the frame algebroid in .
Let Der (T M) be the collection of all derivations on M. Remember that
(see Box[2.1) a derivation D : X (M) — X (M) on M is a R—linear map with
base vector field © € X (M) such that for each f € C* (M) and = € X (M),

D(fE)=fDE)+6(f)E.

o A zeroth-order differential operator on M is a €% (M) —linear
endomorphism X (M) — X (M).

o A first-order differential operator on M is a R—linear map D :
X (M) — X (M) such that for each f € €>° (M), the map

is a zeroth-order differential operator on M. Equivalently, for all
fig € C® (M) and E € X (M),

D (fg=) = fD(9=) + gD (f=) — fgD (=)
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Notice that the space of zeroth-order differential operators is contained
in the space of derivations on M (X = 0) and this space is contained in the
space of first-order differential operators.

Now, associated to any first-order differential operator, D, there is a map
from 1—forms on M to zeroth-order differential operators on M, called
symbol of D, which is determined by

{o (D) ()} (E) =D, f1(E) = D(fE) - fD (),

for all f € € (M) and = € X (M).
Thus, D is a derivation on M if, and only if, there exists a vector field ©
on M such that for all A € Q! (M),

a (D) (A) = A(©) Idx(rn)y-

With this, the symbol of D evaluated at any 1—form A at a point x € M isa
scalar multiple of the identity map of the fibre T, M over z; o (D) (A) (z) =
A (x) (© (x)) Idt, - We have thus obtained that a first-order differential
operator is a derivation if, and only if, it has scalar symbol. Furthermore,
it is obvious that o (D) = 0 if, and only if, D is a zeroth-order differential
operator.

Now, the space of first-order differential operators on M can be considered
as the space of sections of a vector bundle Dif f (M) on M. So, we can
define o as a vector bundle morphism

o: Diff' (M) — Hom (T*M, End (TM)),

which will be called the symbol of M.

It turns out that o is a surjective submersion and its kernel the zeroth-order
differential operators. Thus, o induces a short exact sequence of vector
bundles over M

End(TM) < Diff' (M) — Hom (T*M,End(TM)).

Next, we can define ® (T'M) to be the pullback vector bundle defined by
the symbol map and the injective map

I: TM — Hom(T*M,End(TM))
Vg — I (vg),
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where for each Ay € T M and w, € T M
{I (vz) (A2)} (W) = Az (Ve) Wa,

according to the diagram

D(TM) TM

Diff! (M) Hom, (T* M, End (TM))

Furthermore, taking into account that the left-hand vertical arrow is an
injective inmersion we can consider ® (T'M) as a subbundle of Dif f1 (T M).
We will denote the top arrow by a and, clearly, as we have noticed before,
the kernel of a is End (T'M). So, using a, we can consider another exact
sequence

End(TM) — ©(TM) — TM,
where, taking into account the map I, the space of sections of © (T'M) is,
indeed, identifiable with the space Der (T'M) of the derivations on M.

In fact, we can endow the vector bundle © (T'M) with a Lie algebroid
structure.

e Let D1, Dy be derivations on M, we can define [Di,D2] as the
commutator, i.e.,

[D1, D2] = Dy o Dy — Da o Dy.

A simple computation shows that the commutator of two derivations
is again a derivation, indeed, the base vector field of [D1, D3] is given
by

[©1,02], (2.51)

where ©1 and O3 are the base vector fields of D; and D2 respectively.
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e Let D be a derivation on M, then D! is its base vector field.

Thus, with this structure © (T'M) is a transitive Lie algebroid called the
Lie algebroid of derivations on M.

Note that in this Lie algebroid the fibre-wise linear sections of § are
€% (M) —linear maps from X (M) to Der (T'M). So, the space of fibre-wise
linear sections of # is, indeed, the space of covariant derivatives on M (see
Box . In fact, it is easy to see that a covariant derivative V 1is a
Lie algebroid morphism (from the tangent algebroid to the algebroid of
derivations) if, and only if, V is flat.

Finally, it is turn to relate this algebroid with the 1—jets Lie algebroid.
Consider A € I' (AIT* (M, M)) and ©% its associated left-invariant vector
field on IT! (M, M). Denote by <p? : Uy — U_y the flow of ©A.

Then, we can define a (local) linear map (zp,{\)* : X (M) — X (M) satisfying

{(#) @} @) = o (@) (O ((a0wl) (c@)))
for each ©® € X(M) and x € M. Thus, we can define the following

derivation on M,
DA = i (goé\)* .
6t|0
In other words, for any © € X (M) and € M we have

Do) = 2 (ph(e@)(e((aoed) E@n))).
815‘0

Notice that, for all f € € (M)

DA O () =
= % ( & (e (2)) (f ((a o wf) (e (w))) S} ((a o @?) (e (gp)))))

- % (f ((a o @?) (e (m))) o (e(z)) (@ ((a o @é‘) (e (g;)))))
= AM@)(f)O(@)+f(x) DO ().
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It is immediate to prove that for each © € X (M) one has that
Di'®= =[0,5], V= € X (M). (2.52)

This construction gives us a linear map between the sections of the
1—jets Lie algebroid and the algebroid of derivations which induces a Lie
algebroid isomorphism D : ATI* (M, M) — D (T M) over the identity map
on M.

In fact, let us show how the map D looks locally :

Lemma 2.3.33. Let M be a manifold and A be a section of the 1—jets
algebroid with local expression

A(a') = (2',07,07).
The matriz Ag is (locally) the associated matriz to D, i.e.,
7] ;0
DA ( ) =N =
Ox? t QI

and the base vector field of D is AY which is given locally by (.Z‘i, Aj).

Proof. Let A € T (AH1 (M, M)) be a section of the 1—jets algebroid and
©A its associated left-invariant vector field over IT' (M, M). Considering
the flow of ©4, {gpé\ : Uy — U—;} we have by left invariance that

pr (@) =€ 97 (€), Yo ca (W),
where £ € Ut N~ ! ().

Now, let us take local coordinate systems (xl) and (yj ) and its induced
local coordinates over A, then

A(a') = (2',07,0]).
Thus, the associated left-invariant vector field is (locally) as follows

GA (Z‘i,yj7y1j) = ((ajivijyg) 7Aj70’ylj A?L) .
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Therefore, its flow
o (zi,yj,yZ?) = (%A ('), 47,y -2 (zi)),
satisfies that

(i) ¢ is the flow of AL,

.. 8 —A ; j
) = A,
) o (o () = A
Then,
* 0 i b= (o 0
(Lpé\) dxk . = (0 @),25 % (+) oxk
|z* [t (x?)
RN
= ‘Pt( ) 855121
Hence,
A0 i 0
p dxk A Oz’

i.e., the matrix Az is (locally) the associated matrix to DA,

85

O

Notice that using this isomorphism, we can consider a one-to-one
map from fibre-wise linear sections of § in AII' (M, M) to covariant
derivatives over M. Thus, having a fibre-wise linear section A of § in
ATIY (M, M) we will denote its associated covariant derivative by VA,
Furthermore, A is a morphism of Lie algebroids if, and only if, V2 is flat.

Let A be a fibre-wise linear section of f in Al__I1 (M, M) and VA be its
associated covariant derivative. Thus, for each (x’) local coordinate system

on M

i ON_ (i 0 .
A(ﬂﬁﬁ)*(ﬁ”aA)
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i 1o}
where Ag depends on e linearly. Thus, we will change the notation as
i

) 9 .
l l
A (z ,@) =al, (). (2.53)

follows

Therefore,

0]
0 A( ) 0 6]
A _ oxJd _ k
_D 2 Ak, 2
V7o Ox® Oxt b gk’
OzJ

where A (%) is the (local) section of AII' (M, M) given by
x

A (%) (z) = A(x) ajf;

So, Afj are just the Christoffel symbols of V2.

Integrability of Lie algebroids

In |[80H82|, Pradines exposed the possibility of working on a complete Lie
theory for Lie groupoids and Lie algebroids presenting also new results.
As we mentioned, Pradines generalized the construction of the associated
Lie algebra to a Lie group to the case of Lie groupoids in order to
introduce the structure of Lie algebroid. In fact, this construction is a
functor between these categories (see theorem . This functor was
given by Pradines and is detailed by Mackenzie in for the case of
Lie algebroids with the same base and by Higgins and Mackenzie in
for the case of Lie algebroids with differents bases.

This Lie functor, in the case of Lie groupoids, preserves several fundamental
properties. A natural question is the following: Are the same properties
preserved in the case of Lie groupoids and Lie algebroids? It turns out
that the answer is negative. In fact, there is a Lie theory for these two
kind of objects, presented by Pradines in , in a collection of notes
where the proofs of many results are, in fact, omitted.

In this way, there is a need of extending the three Lie’s fundamental
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theorems (see [21]) for Lie groups and Lie algebras:

Lie’s first fundamental theorem
Any integrable Lie algebra can be integrated to a simply connected Lie
group.

Lie’s second fundamental theorem
Any morphism between integrable Lie algebras can be integrated to a
morphism of Lie groups.

Lie’s third fundamental theorem
Any Lie algebra can be integrated to a Lie group.

Actually it has been proved that Lie’s first fundamental theorem and
Lie’s second fundamental theorem can be extended to the context of
Lie groupoids and Lie algebroids. In order to generalize Lie’s third
fundamental theorem, in [82| J. Pradines presents the next question: is
any Lie algebroid integrable (see definition ? For a long time people
thought that there were not non-integrable Lie algebroids, such as J.
Pradines believed in [82]. Nevertheless, R. Almeida and P. Molino showed
in |3| that this assumption did not hold and that there are not integrable
Lie algebroids. In [17] authors give necessary and sufficient conditions for
the integrability of any Lie algebroid.

Definition 2.3.34. A Lie algebroid (A — M, [-,]) is called integrable if
it is isomorphic to the Lie algebroid AI" associated to a Lie groupoid I' = M.
If this is the case, then I' = M is called an integral of (A — M, 4, [,-]).

Note that, if U C I' is an open reduced Lie subgroupoid of I' = M,
then it is clear that AU and A" are isomorphic. From now on, we will
assume that M is connected.

Definition 2.3.35. A Lie groupoid I' = M is said to be target-connected
if I'* is connected for any = € M. It is said to be target-simply connected
if each I'" is connected and simply connected.
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Example 2.3.36. Let M be a connected smooth manifold and F be
a regular foliation in M (see Appendix . The monodromy groupoid
Mon (M, F), is a groupoid over M with the following properties:

(i) For each z,y € M, the set of morphisms from z to y is given by
Hg(q) (z,y) if y€TF(2)

0 if ygF(z)

where J (z) € J is the leaf through = and Ilg(,) (z,y) is the set of
homotopy classes (relative to end-points) of paths in F (z) from z to y.

(b) The multiplication is induced by the concatenation of paths.

In particular, the isotropy groups of the monodromy groupoid are the
fundamental groups of the leaves and the orbits are the leaves of F. If
F consists of just one leaf, i.e., the connected manifold M itself, then
the groupoid Mon (M, J) is called the fundamental groupoid of M which
is transitive (provided that M is connected), and its isotropy groups are
isomorphic to the fundamental groups of M.

Let 8 : Mon (M,F) — M be the target map of the monodromy groupoid,
then

Mon (M, F)* =TIy (z),

where Ig(;) (z) is the set of path classes of paths in J () ending at . Thus,
using the proof of the theorem of the existence of the Universal Covering
Space (see, for example, [62]), we get that II5(,) (z) is simply-connected
and that the map q : Iz, (x) — F (x) given by

a((v) =~(0),

is a covering projection. Hence, the monodromy groupoid is a target-simply
connected Lie groupoid.

Let I' =@ M be a Lie groupoid. Define the set

re= I—lzeMrozv
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where I'°% is the connected component of I'” with € (z) € I'°%.

If g,h € T'° with g € I'°" and h € I'°Y then, by connexity, there exist 4 :
I - T°% and v, : I — I'°Y such that v4 (0) = g,7g (1) = €e(x), v (1) = h
and v, (0) = €(y). Furthermore, using that M is a connected manifold,
there exists v : I — M such that v(0) = z and (1) = y. Thus, the
smooth path given by

p="n*(eoy)xvyg: I —=T7,

being * concatenation, satisfies that p(0) = g and p(1) = h. So, I'° is a
connected subset of T'.
On the other hand, considering the vertical distribution for g : I' — M,
Ker (TB) given by

g— Ker (TyB), Vg €T,

is an integral distribution of rank k whose leaves are the connected
components of the S—fibres of I'. Therefore, for each x € M we may
consider a foliation chart of € (z),

¢:U > R*F x RF.

By restricting, we assume that the following fact: If TV N U # (, then
e(y) € U. Hence, by connexity, it is clear that U C I'°. Taking V the
union of such U we obtain an open neighbourhood of € (M) in I’ which is
contained in I'°.

Now, I'° is the union of these leaves of the foliation which intersect the
open neighbourhood and so is itself open. It follows the following result:

Lemma 2.3.37. I'° is an open and connected Lie subgroupoid of T' = M
over M.

Proof. Taking into account that I'° is an open subset of I', we only have to
verify that the structure maps can be restricted to I'°. O

Therefore, any Lie groupoid has an open and target-connected Lie
subgroupoid and then, the Lie algebroids associated are isomorphic.
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Theorem 2.3.38 (Lie I). Let ' — M be a Lie groupoid. There exists
a target-simply connected Lie groupoid I' = M and a morphism of Lie
groupoids F' : T' — T, inducing a Lie algebroid isomorphism AI' — AT.

Proof. Using lemma we can assume that I' is source-connected.
Let F be the regular foliation of I' given by the S—fibres, and let Mon (T, F)
be its monodromy groupoid over I' (see example [2.3.36). Let us denote the
target (resp. source) map of Mon (I',;F) by Bas (resp. apr). Over the
monodromy groupoid can be defined the following equivalence relation

V] ~ [dl,

if, and only if, there exist g € I' such that [Lgo~] = [p]. Then, the
qoutient space defines a Lie groupoid T = Mon (T',F) /T = M. Since any
monodromy groupoid is target-simply connected we can check that T' = M
is again target-simply connected. Finally, let us consider the smooth map

F:Mon(I',F) =T,

given by F ([y]) = v(1) - v(0)~! on arrows of Mon (I',F). Observe that
the restriction of F' to the Bys—fibres of Mon (T', F) is a covering projection
over the S—fibres of I". Therefore, the restriction of F' to the By, —fibres of
Mon (T',F) is a local diffeomorphism. Then, for each g € T" the restriction
of F' induces a isomorphism

TE]\/I(Q)F|B;/[1(9) t Ker (Tey, (9)Bm) = Ker (Te(p(g))B) »

where €ps is the section of identities of Mon (I',F). This proves that the
B —fibres of Mon (T, F) are isomorphic to the 8—fibres of T such that the
factorization map

F:T =T,
induces an isomorphism between the S—fibres of T to the S—fibres of I.
Hence, it is easy to prove that (IdM,f) is a morphism of Lie groupoids
which induces an isomorphism between the associated Lie algebroids. [

A detailed proof of this result is proved in [72]. The transitive case
can be found in . The same methods involved in the construction of
the target-simply connected groupoid can be used to prove the following
integrability result:
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Proposition 2.3.39. Any Lie subalgebroid of an integrable Lie algebroid
is integrable.

Next, we will deal with the Lie’s second fundamental theorem which
proves that any morphism of integrable Lie algebroids can be integrated to
a unique morphism of the integral Lie groupoids, provided that the domain
groupoid is source-simply connected. This result has been proved by K. C.
H. Mackenzie and P. Xu (see also [72]).

Theorem 2.3.40 (Lie II). Let I'y = M1 and I's = My be Lie groupoids,
with Ty = My target-simply connected and let ® : AT'g — AI'1 be a Lie
algebroid morphism over ¢ : Ma — Mj;. Then there exists a unique
morphism of Lie groupoids F : I's — T'1 with objects map ¢ which
integrates ®.

Proof. Let us consider P = I'2 X y0a5,q, ['1 be the pullback of oy : Ty — My
along the map ¢ o ag : I'o — M;. We may consider the projection on the
first component pri : P — I's. Then, for each (ha,h1) € P it is clear that

prit (pr1 (ha, ha)) = {ha} x o " (¢ (az (h2))).

Thus, we may construct the foliation on P given by § = prfl (%), where
F is the foliation of I's given by the [a—fibres. It satisfies that G is
a regular foliation such that the dimension of the leaves is dim (I'1) —
dim (M7) 4+ dim (T'2) — dim (M2) and the tangent spaces at the fibres of §
consist of the vectors (v2,v1) € Tp,I'2 XTy,, (¢oaz), Ty, ar Ty, T'1 such that

vy € Ker(Th,f2).
(1) {Th, (P o az)} (v2) = Thyar (v1).
(i) vz € Ker(Th,B2).
Notice that, it is clear that the vertical distribution of pr; is
(h2,h1) — Ker (T(hz,hl)Prl) = {0} x Ker (Thla1) .

Thus,
Ker (T(h2,h1)prl) € Thg,h1)9 (h2,h1)
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for all (h2,h1) € P with G (ho, h1) the leaf of the foliation G at (ha, h1).
On the other hand, for each (hz,h1) € P we may consider the left
translations Ly, : ﬁ;l (aj (hi)) — /8;1 (Bi (hi)) for ¢ = 1,2. Then, for
all v € (AI'2) o, (py) = TE2<Q2(h2))ﬁ;1 (a2 (h2)), we can take

TEQ(&Q(h2>>Lh2 ('U) € Ker (ThgﬁQ) .

Furthermore, using that ® is a Lie algebroid morphism, for all v €
(AT2) 4, (ny) it makes sense to take

Tél(al(hl))th (‘I’ (U)) € Ker (Thlﬁl) .

Next, define the distribution $) on P, such that the fibres 5(h2,h1)
consist of the vectors (Tey(ag(ha))Lha (V) Te; (ay (hy)) Ly (P (v))) where
RS (AFQ)ag(hg)‘

Note that, using that ® is a morphism of Lie algebroids over ¢ (=
¢oaz oLy, =ajoLy, o®),$ is well defined. Hence,

N(hz,h1) € Tha,h1)S(hoh)-

Since Lp, is a diffeomorphism, the dimension of £, n,) is equal to
dim (I'2) — dim (Mz). Furthermore, we get that for all (ha,h1) € P,

Ker (T(hy,hy)Pr1) N 9(ng,ny) = {(0,0)}-
In this way, adding the dimensions, we have
TG = Ker (Tpr1) @ 9.

In fact, we may prove that $) is a integrable distribution. So, we will denote
the folitation integrating $) by .

Then, for any a2 S Mo the restriction of the projection
(PT1)|9¢(en(2),e1 (0(2))) © T (€2 (x2) €1 (P (22))) — a1 (z2) is a covering
projection. In fact, by taking into account that the So—fibres of I'2 are
simply connected, the map (prl)|%<€2(z2)751(¢<12>>> is a diffeomorphism.
Denote by v, the inverse of this diffeomorphism. Now the union of the
maps Vg, gives us a map v :I's — P.

Consider the map F': proov : I'o — I'y where prg is the projection on the
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second component prg : P — I'1. So, F' (together with ¢) gives a morphism
of Lie groupoids.
Finally, for any v € (AT'2),, we have

Tey (o) F (V) =T, (en(2a))PT2 (v, @ (v) = @ (v).
Hence, the induced map of F' over the Lie algebroids is @, i.e.,
AF = ®.
O

Using this result we can improve the result in proposition [2.3.39)| (see for

instance [73]).

Proposition 2.3.41. Any subalgebroid of an integrable algebroid, AT, is
integrable by a unique immersed subgroupoid of the groupoid T'.

Let us finish dealing with the third Lie’s fundamental theorem.

Lemma 2.3.42. LetI' =% M be a Lie groupoid. Then I' = M is transitive
if and only if the associated Lie algebroid AT is transitive.

Proof. The key to prove this result is the identity

for all x € M, where AT’y is the fiber through « and O (z) is the orbit of
@ (see definition [2:2.10). Observe that, using that o is an open map, O (z)
is a closed subset of M and hence, if O (z) is an open of M, by connexity,
0(z) =M. O

Let A be an integrable transitive Lie algebroid. Then, using the above
result, there exists a transitive Lie groupoid I' = M such that

A AT.
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Now, taking into account corollary m there exists a principal bundle
with structural group G, 7 : P — M, such that

A~ A(Gauge (P)) 2 TP/G,

where TP/G is the Atiyah algebroid associated with = : P — M (see
example [2.3.13)). So, we have proved that any integrable transitive Lie
algebroid is isomorphic to an Atiyah algebroid.

Notice that the tangent map tow, T'w : TP — T'M, induces an epimorphism

Tr:TP/G — TM,

given by, L
Tr (7 (v)) =T (v),
for all v € TP, where 7 : TP — TP/G is the quotient projection (observe

that the well definition of T'r is given by the fact that m is a principal
bundle). Therefore, we have an exact sequence of vector bundles

0— (gx P) /G5 TP/G S TM 0,

which is just the Atiyah sequence associated with the principal bundle
T:P — M.

Remark 2.3.43. Suppose that g is the Lie algebra of G, pra: gx P — P
is the trivial vector bundle and that the action ¢ = (Ad,¢) of G on g X P
is given by

(Ad, 9) (9, (§,p)) = (Adg (£) , bg (P)) ,

for all (g, (&,p)) € G x (g X P) where Ad : G X g — g is the adjoint action of
G on g. Note that the space of sections I' (g x P) of g X P may be identified
with the set of m—vertical vector fields on P. In fact, using that 7 : P — M
is the principal bundle with structural group G,

Ker (Tpm) =Tp (G- p) := {{p (p) : £ € 0},

where £p is the infinitesimal generator of ¢ associated to £ € g.
So, it is easy to construct the isomorphism between I' (g X P) and the set
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of m—vertical vector fields on P. In addition, ¢ satisfies the conditions
() and (i¢) of example and the resultant quotient vector bundle
pri: (g x P) /G — M = P/G is just the adjoint bundle associated with the
principal bundle m: P — M. Furthermore, if for each £ € g, the map

j: (gxP)/G — TP/G,
(& p)] = [&p ()],

induces a monomorphism between the vector bundles (g x P)/G and
TQ/G.

Thus, (g X P)/G may be considered as a vector subbundle of TQ/G. In
addition, the space I' ((g x P) /G) may be identified with the set of vector
fields on P which are vertical and G—invariant. o

As a particular case, if w € Q2 (M) is a closed 2—form on M consider
the transitive Lie algebroid A = TM & (M X R) — M (see example|2.3.11).
Then, the next sequence

0+ MxRSTMe®(MxR) 2 TM — 0,
is a exact sequence, where ig : M X R — TM @ (M x R) is defined by
0 (z,t) = 0@ (x,t), V(z,t) € M X R.

Now, denoting by ® : TM @& (M xR) — TP/G the Lie algebroid
isomorphism from A to TP/G then the following diagram

pri

TM&(MxR) ———  TM
d Idrar
Tr
TP/G - TM

is conmutative. Hence, using the exact sequences, there exists a smooth
map ¢ : M xR — (g X P) /G such that
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10
MxR ————— "+ TMa&(MxR)

© ]

(exP)/G ~ TP/G

is a commutative diagram.

On the other hand, consider the map F : TM — TP/G given by
F (vz) = @ (vz @ (2,0)), Yug € Ty M, Yz € M.

So, identifying I' (T'P/G) with the G—invariant vector fields, we get a linear
map " : X (M) — X (M) and therefore, there exists a connection A :
TP — g, such that -* is the horizontal lifting.

In fact, this connection verifies that

Curv® = w. (2.55)

Observe that,
A(E) = Ker (fz) 2 R.

So, given that G = I'Z, dim (G) = 1 and, therefore, we may consider Curv®
as a 2—form on P as follows

Curv® (vp,wp) = pra (cpfl <[(CurvA (vp,wp) ,p)] )) ,

for all vy, wp € Tp P and p € P, where pra : M x R — R is the projection on
the second component. Also, notice that Curv® can be seen as a 2—form
on M. In fact, using that Curv® (vp,wp) = 0, if vp (or wp) is vertical.
Then, we may define Curv® : TM X\, ny;, TM — g as follows

Curv® (vﬁ(z), wﬂ@)) = Curv® (U, Wa) s

where T (Vz) = VUr(y) and Tom (Wa) = Wr(zy. I Tow (Uz) = Tow (Ue),
Vg — Uy € Ker (Tym), i.e., (Uz — Uy) is vertical. Then,

Curv® (Tp — Up,ws) =0,
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and therefore, Curv® is well defined. In this way, one can verify identity
(12.55)).

Now, we are going to use the classical Weil lemma (see , theorem
8.1.3).

Theorem 2.3.44. A closed 2—form w € Q2 (M) is the curvature of a
connection in a St—bundle if, and only if,

/w = / Y'w ez, Vyee™(SHM). (2.56)
¥ st

In this way, to found a counterexample for the third Lie’s fundamental
theorem for Lie algebroids we only have to take w such that it is not
satisfied. For example, we may take M = S?2 together the volume standard
form, i.e.,

i*w,

with 4 : S2 — R3 the inclusion map and

w=dzxANdyANdz.

So, we may found a number k such that

/ki*w,

is not a integer number.



98

CHAPTER 2. FUNDAMENTALS



Prelude

We have already introduced the necessary tools to present the motivation
of our work. Some of the contents included here are collected in .

Let us start with an elastic simple material B with reference configuration
¢o0. As we have presented, B has associated a mechanical response W :
BxGlL(3,R) = V. Eq. shows us that W can be defined on the space
of (local) configurations in such a way that for each configuration ¢ we
define

W (jk.0) =W (X, F),

where F is the associated matrix to the 1—jet at ¢o (X) of ¢o¢gl. In fact,
composing ¢g by the left, we obtain that W may be equivalently described
as a differentiable map W : TI* (B, B) — V from the groupoid of 1—jets
T (B, B) (see example to the vector space V which does not depend
on the image point of the 1—jets of II' (B, B), i.e., for all X,Y,Z € B

W (ix.y®) =W (ik.z (60" 02—y 0 d000)), (2.57)
for all ji ¢ € II' (B, B), where 7, is the translation map on R3 by the
vector v. Notice that, using Eq. |j we may define W over IT* (B,RS),
which could be seen as an open subset of II! (R3,R3) given by the 1—jets
of local diffeomorphisms from points of B to points of R3.
Then, condition of being materially isomorphic is rewritten as follows: Two
material particles X andY are materially isomorphic if, and only if, there
exists a local diffeomorphism 1 from an open meighbourhood U C B of X

99
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to an open neighbourhood V C B of Y such that ¢ (X) =Y and
w (J'slf,n(yw : j}(,yw) =W (j;lf,n(y)n) , (2.58)

for all j}l,ﬁ(y):‘i € 1! (B, B).

For each two points X,Y € B, we will denote by G (X,Y) the collection
of all 1—jets jk 4 which satisfy Eq. (2.2.16), i.e., G(X,Y) is the family
of material isomorphisms for X to Y. Remember that, in Section [2.1} we
proved that the relation of being “materially isomorphic” is an equivalence
relation. Indeed, what we proved is that the set Q (B) = Ux yesG (X,Y)
may be considered as a groupoid over B with the composition of 1—jets
as composition law. Thus, Q (B) is a subgroupoid of the 1—jets groupoid
TI' (B, B). Q(B) is called the material groupoid of B.

Notice that, the material symmetry group G (X) at a body point X € B
is just the isotropy group of Q(B) at X. For each X € B, we will denote
the set of material isomorphisms from X to any other point (resp. from
any point to X) by Qx (B) (resp. Q¥ (B)). Finally, we will denote the
structure maps of Q (B) by @, 8, € and 7 which are just the restrictions of
the corresponding ones on II' (B, B).

As a consequence of the continuity of W we have that, for all X € B,
G (X) is a closed subgroup of II* (B,B)ﬁ. Hence, the following result is
immediate.

Proposition 2.3.45. Let B be a simple body. Then, for all X € B the
symmetry group G (X) is a Lie subgroup of IT' (B, ‘B)§

This could make us think that € (B) is a Lie subgroupoid of TI' (B, B).
However, this is not true (for instance, the dimensions of the groups of
material symmetries could change).

Now, the following result is obvious.

Proposition 2.3.46. Let B be a body. B is uniform if and only if Q(B)
is a transitive subgroupoid of TI' (B, B).

Next, by composing appropriately with the reference configuration,
smooth uniformity (Definition [2.1.6) may be characterized in the following
way.
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Proposition 2.3.47. A body B is smoothly uniform if, and only if, for
each point X € B there is an neighbourhood U around X such that for all
Y eU and j%,xf,b € Q (B) there exists a local section P of

ax : QX (B) = B,

from €(X) to jxl/,X‘ﬁ'

For obvious reasons, (local) sections of @x will be called left fields of
material isomorphism at X. On the other hand, local sections of

BY Qx (B) > B,

will be called right fields of material isomorphism at X. Thus left (resp.
right) fields of material isomorphisms in the sense of Section are in
a bijective correspondence with these left (resp. right) fields of material
isomorphisms via composition with the reference configuration ¢q.

Therefore, B is smoothly uniform if, and only if, for each two points X,Y €
B there are two open subsets U,V C B around X and Y respectively and
P:UXV— Q(B) CIIt(B,B), a differentiable section of the anchor map

(6, B) When X =Y it is easy to realize that we can assume U =V and
P is a morphism of groupoids over the identity map, i.e.,

P(Z,T)=?(R,T)P(Z,R), VT,R,Z € U.
So, we may prove a corollary of proposition [2.3.45)
Corollary 2.3.48. Let B be a body. B is smoothly uniform if and only if
Q(B) is a transitive Lie subgroupoid of TI' (B, B).

Proof. Suppose that B is smoothly uniform. Fix j}( y¥ € Q(B) and
consider P : U x V — Q(B), a differentiable section of the anchor map
(6, B) with X € U and Y € V. Then, we may construct the following

bijection

Tyy: QUY) = BxBxG(X,Y)
—1
R CERICACIT A e )
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where Q (U, V) is the set of material isomorphisms from U to V. By using
proposition we deduce that G (X,Y) is a differentiable manifold.
Thus, we can endow 2 (B) with a differentiable structure of a manifold.
Now, the result follows (the converse has been proved in ) O

This result clarify even more the difference between smooth uniformity
and ordinary uniformity. Furhtermore, it works as an intuition about
the lost of differentiability which could have the material groupoid. In
particular, as we have previously said, the material groupoid is not
necessarily a Lie subgroupoid of II' (B,B) (see examples in chapter [4)).
This is a really important fact in this memory. Indeed, this is reason
because the thesis is divided in two parts. First part (chapter is
based on the assumption of the material groupoid is a Lie subgroupoid
of IT! (B,B). Then, we can use its associated Lie algebroid (see Section
to prove new results associated (above all) the homogeneity of the
material . On the other hand, the second part (chapter is focused
on attempting of finding new structures to deal with the material groupoid
without imposing any condition of differentiability. Thus, it arises the
notion of material distributions which are generalized to context
of general groupoids .



Chapter 3

Material algebroid

As we have commented before, this chapter is mainly based on a kind of
assumption over the differentiability of the family of material isomorphisms.
In particular, this set will have the structure of Lie groupoid. The crucial
point about the devolopment of this chapter is the associated Lie algebroid,
which is the infinitesimal version of the mentioned Lie groupoid. In
fact, since this groupoid encodes the mechanical geometric information of
material body, its homogeneity can be characterized through the properties
of the Lie algebroid. This is indeed accomplished, and related with the
earlier approach developed in [31}[37] in the framework of G—structures
and second-order non-holonomic G—structures.

3.1 Simple materials

The content of this section is based in the research article |54] which
is part of the new developments presented for fulfillment of the thesis
requirement for the degree of Doctor of Philosophy. However, there are
also results we have not been published yet. In particular, the content of
the subsection entitled Homogeneity with G-structures. Here, a serie of
results are presented comparing the frame bundle of a (arbitrary) manifold

103
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M with the 1—jets groupoid of M.

Integrability

As a first step we will introduce the notion of integrability of reduced
subgroupoids of the 1-jets groupoid which is going to be closely related
with the notion of integrability of G—structures (see Appendix .

Note that there exists a Lie groupoids isomorphism L : IT! (R™,R") —
R™ x R™ x Gl (n,R) over the identity map defined by

L (jz.y8) = (z,5,J¢p2) , Vis 6 € T (R™,R™),

where J¢), is the Jacobian matrix of ¢ at z. Another way of expressing
this isomorphism is identifying GI (n,R) with the fibre of FR™ at 0. Then,
the isomorphism is given by

L(jb,®) = (2,9,400 (T—y 0o po72)),

for all j3 ,¢ € TI' (R™,R™), where 7, denote the translation on R™ by the
vector z € R™. So, the inverse map satisfies

L7 (2,9,50,0®) = jay (ryo®or ),

fo all jéyOCP € Gl (n,R). Observe that we are canonically identifying any
regular matrix with a unique 1—jet of a local diffeomorphism from 0 to 0.
We have thus obtained a Lie groupoid isomorphism TI! (R, R™) = R™ x
R"™ x Gl (n,R) over the identity map on R™. Then, if G is a Lie subgroup
of Gl(n,R), we can transport R® x R™ x G by this isomorphism to
obtain a reduced Lie subgroupoid of IT* (R™,R™). These kind of reduced
subgroupoids will be called standard flat on II' (R™, R™).

Let U,V C M be two open subsets of M. We denote by II* (U, V)
the open subset of II' (M, M) defined by (a,8) ™! (U x V). Note that if
U = V, then, II' (U,U) is in fact the 1-jets groupoid of U and, in this
way, our notation is consistent. Furthermore, we are going to think about
II' (U, V) as the restriction of the Lie groupoid IT' (M, M) equipped with
the restriction of the structure maps (this could not be a Lie groupoid).
We will also use this notation for subgroupoids of TI* (M, M).
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Definition 3.1.1. A reduced subgroupoid I1%, (M, M) of II* (M, M) will
be called integrable if it is locally diffeomorphic to the groupoid R™ x R™ x
G =2 R™, for some Lie subgroup G of Gl (n,R).

Before continuing, we need to explain what we understand by ”locally
diffeomorphic” in this case. So, Hé (M, M) is locally diffeomorphic to
R™ x R™ x G = R™ if for all x,y € M there exist two open sets U,V C M
with z € U, y € V and two local charts, ¥y : U = U and ¢y : V — V,
which induce a diffeomorphism

Uy 15 (U, V) = U xV x G, (3.1)

such that Uyv = (Yy o a, ¥y o B8, Uy v ), where
T 1 a1 -1
Yu,v (Jz,y®) = 0,0 (T—wwy) oy odoty o Twum) ;

for all j3 ,¢ € II' (U, V). Notice that, II¢, (U, V) and U X V x G are Lie
groupoids if, and only if, U = V and U = V. Suppose that U = V and
U=V, then, forallz € U Yy py (j}cxld) € G. However, ¥y ¢y (j;,xld) is
not necessarily the identity map and, hence, ¥y 7 is not an isomorphism
of Lie groupoids.

Proposition 3.1.2. Let II}, (M, M) be a reduced Lie subgroupoid of
(M, M). Tig (M, M) is integrable if, and only if, we can cover M
by local charts (y,U) which induce Lie groupoid isomorphisms from
Hé (U, U) to the restrictions of the standard flat over G to ¢y (U).

Proof. On the one hand, suppose that It (M, M) is integrable. Let zo € M
be a point in M and 9y : U — U and 9y : V — V be local charts through
zo which induced diffeomorphism

Uy G (U, V) = U xV xG.

For eachy e UNV,

Tuv (i341d) = 380 7wy 0¥V 0 V5" 0Ty ) €G-
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Then, for all j%,yqb S Hé (UNV,UNYV), we have
.1 -1 —
Jo,0 (wm) oYy ooty o Twum) =
-1 —1
=1Jo.0 (T—wmy) oYy oty o %(y)) :
70,0 (T—de(y) oy opoyy'o Twum)) €G.
Therefore, denoting U NV by W, the map
Ty G (W, W) = W x W x G,

is, indeed, a Lie groupoid isomorphism over 1w  where
Yyww = (wwoa,ipwoﬁ,‘llvuw), Yw is the restriction of ¥y to

W and for all j3 ¢ € I (W, W),
T 1 _ 1 —1
w,w (Jo,y®) = 50,0 (T-vw @) © YW b0 ¥y 0Ty (y) ) -

On the other hand, suppose that for each x € M there exists a local chart
(¢, U) through z which induces a Lie groupoid isomorphism over g,

namely
Uyp: UL (U,U) = U xU x G, (3.2)

such that Yy y = (1/)(] o,y o B,iU,U)» where for each
ja 49 € IH(U,U),

Vo, (Jz,y®) = Joo (twy(y) opuodoryto Twu(x)) :

Take open sets U,V C M such that there exist ¥y and ¥y satisfy Eq.
(3.2). Suppose that U NV # (). Then, for all z,y € U NV, we have

70,0 (twu(y) oy o9y o va(y)) : (3.3)

46,0 (T—wv<z) ogy oty o Twu(z)) €a
Fixing z € U NV, we consider

j(%,o (waU(z) oYy o 1!1;1 o va(z)) =AeGi(nR).
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So, we define the diffeomorphism EV =A-9Yy :V = A-V. Then, using
Eq. (3.3) for all y € UNV, we deduce that

. - 1
70,0 (Tfav(y) oYy oty o Twu(y)> =

= jé,oA ’ (Tﬂbv(y) oty o wl_fl °© Twu(y))

(3.4)

A g0 (T—wv<y> oyy oyy'o Twu<y>) €aG.

In this way, we consider

L (U,v) — UxA-VxG
ity o (Yo @0y ), Tuy (3hy9)).-

\IIU,V :

where,

WU,V (];,y¢) = ]'(%,O (T—Ev(y) OEV o¢po 1/)51 o TwU(I)> .

We will check that W,y is well-defined. We fix j1 ¢ € II}, (U, V). Then,
we can consider two cases:

(i) y € UNV. Then, using Eq. (3.4)
76,0 (7'_$V () ° Py ogoyyto Twum) -
=Jdo (T,@V () oy o wl;l °© Twu(y)) :
30 (r—wuw) o U 0 b0 UG 0Ty (m)) € G
(i) y ¢ UNV. Then,
ie (W0 0 Ty 1wy 0¥y 00) = il u -,

which is in II}, (M, M). Hence,
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76,0 (T—%(w oy ogoyyto Twum) =
=A-j50 (T—wvw) oy odoyyto Twu(z)>
=A-jo <E¢V(z) oy ods oyt °Wu<w>)

=36,0 (tawz) oy ogsopyto Twum) €G.

Thus, it is immediate to prove that ¥y y is a diffeomorphism which
commutes with the restrictions of the structure maps.

Finally, if UNV = () we can find a finite family of local neighbourhoods
{Vi}i=1,...,k such that

i) U=Ww1
(i) V = Vi
(iii) ViNnVig1 #0, Vi

Thus, we can find ¥y y following a similar procedure to the one used above.

O

Remark 3.1.3. Let II}, (M,M) be an integrable subgroupoid of
1! (M, M) by the Lie subgroup G of Gl (n,R), i.e., locally diffeomorphic to
R™ x R™ x (. Suppose that there exists another subgroup of Gi (n,R), G,
such that Hé (M, M) is locally diffeomorphic to R™ x R™ x G. Then, using
the above result, it is easy to see that G and G are conjugated subgroups
of Gl (n,R). Conversely, if G and G are conjugated subgroups of Gl (n,R)
then, Hé (M, M) is locally diffeomorphic to R™ x R™ x G if and only if
I} (M, M) locally diffeomorphic to R™ x R™ x G.

There is a special reduced subgroupoid of TI* (M, M) which will play an
important role in the following. A trivial reduced subgroupoid of IT* (M, M)
or parallelism of TI' (M, M) is a reduced subgroupoid of II' (M, M),
I} (M, M) = M, such that for each z,y € M there exists a unique 1—jet
Jay® € ¢ (M, M).
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So, having a trivial reduced subgroupoid of TI* (M, M), TIL (M, M), we
can consider a map P : M x M — II' (M, M) such that P (z,y) is the
unique 1—jet from  to y which is in TI} (M, M). Tt is easy to prove that
P is, indeed, a global section of («, ). Conversely, every global section of
(a, B) (understanding “section” as section in the category of Lie groupoids,
i.e., Lie groupoid morphism from the pair groupoid M x M to IT* (M, M)
which is a section of the morphism (a,3)) can be seen as a parallelism
of It (M, M). Using this, we can also speak about integrable sections of
(o B)-

Now, using the induced coordinates given in Eq. (2.25))
I CADEYCRVRVP (35)
an integrable section can be written locally as follows,

P (2%, 47) = (:1:Z yj,ﬁf) ,
or equivalently

P (1'7 y) = Jalc,y (w_l O Toh(y)—(x) © <,0) s (3~6)

for some two local charts (¢, U), (¢, V) on M.
Notice that, using proposition P is an integrable section if, and only
if, we can cover M by local charts (¢, U) such that

Pl (2,9) = Jay (P71 0 Ty —p(a) 0 ¥) - (3.7)

Next, analogously to the case of G—structures, we can characterize the
integrable subgroupoids using (local) integrable sections (see proposition
1A.0.9). However, in this case it is not so easy because, having a reduced
subgroupoid, we do not know anything about the structure group G. So,
firstly, we will have to solve this problem. Let HlG (M, M) be a reduced
subgroupoid of IT! (M, M) and Zg € FM be a frame at zo € M. Then, we
define

Gi={%"'9-20 /gelig} =% 1§ - %o, (3.8)

where Hézg is the isotropy group of IT* (M, M) at zg. Therefore, G is a Lie

subgroup of Gl (n,R). This Lie group will be called associated Lie group
to g, (M, Mt fy).
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Note that, as a difference with G—structures, we do not have a unique
Lie group G. In fact, let yy be a frame at yg and G be the associated Lie
group, then, if we take L. 4, € Hé (z0,Yy0) we have

G = [?51 “ Lzg,y0 '20}71 G- [?Jl “ Lzg,y0 ’EOL

i.e., G and G are conjugated subgroups of Gi (n,R). Notice that this fact
is what we have expected because of remark [3.1.3]

Proposition 3.1.4. A reduced subgroupoid Hé (M, M) of TI* (M, M) is
integrable if and only if for each two points x,y € M there exist coordinate
systems (zl) and (yj) over U,V C M, respectively with x € U and y € V
such that the local section,

P (ay') = (oF07,6]) (3.9)
takes values into 11, (M, M).

Proof. First, it is obvious that if HE (M, M) is integrable then, we can
restrict the maps \Ilalv to U x V x {e} to get (local) integrable sections of

(o, B) which takes values on I}, (M, M).

Conversely, in a similar way to proposition We can claim that for each
xr € M there exists an open set U C M with x € U and P : U x U —
Hé (U,U) an integrable sections of (c, 3) given by

1 —1
P(@,y) = Jaz,y (wU © Tyy (y)—yu () OwU) )

where ¥y : U — U is a local chart at .
Then, we can build the map

\IIEYIU:UXUX{B}—}Hé(U,U),

defined in the obvious way.
Now, let zp € U be a point at U, zg = jé,zo (%1 oer(ZO)> € FU be a
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frame at zp and G be the Lie subgroup satisfying Eq. (3.8)). Then, we can
define o
Uy & (U, U) - U xU x G,

where for each jzlo,z0¢ € I} (z0) and z,y € U we define
Vo (29,25 by 200+ Z0) =

_ —1 ——1 .1 ~ 1 a1
= ]O,wal(y) (wU ©° T’U) : [ZO ']zo,z0¢ . ZO} : J@D;l(ac),o (sz © ’¢U) .
Hence the map ¥y i : UxUxG — Hé (U,U) is an isomorphism of
Lie groupoids induced by 9.
To end the proof, we only have to use proposition O

Let B be a body. Taking into account the definition of homogeneity (see
definition|2.1.10]) and the above result we can give the following proposition:

Proposition 3.1.5. Let B be a uniform body. If B is homogeneous then
Q (B) is integrable. Conversely, 2 (B) is integrable implies that B is locally
homogeneous.

Now, we want to work with the notion of integrability in the associated
Lie algebroid of the 1-jets groupoid. So, we will introduce this notion and
relate it with the integrability of reduced subgroupoids of TI' (M, M).
Note that the induced map of the Lie groupoid isomorphism L
! (R, R?) — R™ x R™ x Gl (n, R) is given by a Lie algebroid isomorphism

AL : ATI' (R®,R™) — TR™ & (R™ x gl(n,R)),

where TR™ & (R™ x gl (n,R)) is the trivial Lie algebroid on R"™ with
structure algebra gl (n,R) (see example .
Now, if g is a Lie subalgebra of gl (n,R), we can transport TR™ @ (R™ X g)
by this isomorphism to obtain a reduced Lie subalgebroid of ATT! (R™, R™).
These kind of reduced subalgebroids will be called standard flat on
AT (R™,R™).

Let U C M be an open subset of M. We denote by AII! (U,U) the open
Lile subalgebroid of ATI! (M, M) defined by the associated Lie algebroid of
1t (U, U).
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Definition 3.1.6. Let AII}, (M, M) be a Lie subalgebroid of AIl' (M, M).
AIL, (M, M) is said to be integrable by G if it is locally isomorphic to the
algebroid TR™ @& (R™ X g), where g is the Lie algebra of the Lie subgroup
G of Gl (n,R).

Again, we need to explain what we understand by ”locally isomorphic”
in this case. AII}, (M, M) is locally diffeomorphic to TR™ & (R™ x g) if for
all x € M there exists an open set U C M with € U and a local chart,
Yy : U — U, which induces an isomorphism of Lie algebroids,

ATy AT (U, U) — TR™ @ (R™ x g), (3.10)

such that AWy ;7 is the induced map of the following isomorphism of Lie
groupoids
Vyp g (U, U) - UxU x G,

for some Lie subgroupoid I}, (U,U) of II* (U,U), where for all j} ¢ €
Hé (U,U) the image ¥y, (j;yqb) is given by

<¢U (), %u (), do,0 (waU(y) oy ooty o TwU(x)» . (3.11)

So, for each open U C M, AH%; (U, U) is integrable by a Lie subgroupoid
I, (U,U) of II* (U,U). Using the uniqueness of integrating immersed
(source-connected) subgroupoids (see proposition , AH& (M, M) is
integrable by a Lie subgroupoid of IT' (M, M) which will be denoted by
L, (M, M).

By definition, it is immediate to prove that Allg (M, M) is integrable
by G if and only if, Il (M, M) is integrable (by using proposition |3.1.2)).

Analogously to the case of 1—jets groupoid, a parallelism of AII' (M, M)
is an associated Lie algebroid of a parallelism of IT' (M, M). Hence, using
the Lie’s second fundamental theorem [2.3.40] a parallelism is a section of #
(understanding “section” as section in the category of Lie algebroids, i.e.,
Lie algebroid morphism from the tangent algebroid TM to AII! (M, M)
which is a section of the morphism f) and reciprocally. In this way, we will
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also speak about integrable sections of f.

Let (azl) be a local coordinate system defined on some open subset
U C M. Then, we will use the local coordinate system defined in Eq.
(2.43),

Al (U, U) - ((wi,xi,z?;-) ,O,Ui,U;) = (mi,vi,v;‘-) ,
which are, indeed, induced coordinates by the functor A from local
coordinates on T (U, U).

Notice that each integrable section of (a,3) in II' (M, M), P, is a Lie
groupoid morphism. Hence, P induces a Lie algebroid morphism AP :
TM — ATI' (M, M) (see theorem which is a section of f and is
given by

AP (vz) = TPz (v2), Yvz € Tu M,

where Py : M — TIL (M, M) satisfies that
Pe (y) =P (x,y),Vo,y € M.

So, taking into account that, locally,
P (') = («',y7,07)

we have that each integrable section can be written locally as follows

9 9
AP (2", — | = (2", —,0).
( 8171) ( ozt )
Now, using proposition [3.1.4] we have the following analogous

proposition.

Proposition 3.1.7. A reduced subalgebroid AIlL, (M, M) of AII' (M, M)
is integrable by G if and only if there exist local integrable sections of #
covering M which takes values on AIlY, (M, M).

‘Equivalently, for each point € M there exists a local coordinate system
(xz) over an open set U C M with z € U such that the local sections

8 9
A L— ) = t,—,0]),
(m’axz) (x’az“ )



114 CHAPTER 3. MATERIAL ALGEBROID

are in AIlY, (M, M).

Finally, we will use the algebroid of derivations on M. Thus, as we have
shown in section the map D : I' (AII' (M, M)) — Der (T M) given by

5 *
DA =DN=D"=_—" (o)),
(4) s (#1)
defines a Lie algebroid isomorphism D : AII' (M, M) — ® (T'M) over the
identity map on M.

Let A be a linear section of § in AIT' (M, M). Then, D induces a
covariant derivative on M, V2. Thus, for each (a:I ocal coordinate system

on M,
A xi,i, = mi,i,Af- .
oxJ oxJ J

Hence, remember that the functions Af’j are the Christoffel symbols of
VA ie., 5 5
V4 R :Aﬁj@.
oxi
With this fact in mind, we can give another characterization of the
integrability over the 1—jets algebroid.

Proposition 3.1.8. Let A be a linear section of § in the 1—jets Lie
algebroid, AII' (M, M). Then, it is integrable if, and only if, for each
point x € M there exists a local coordinate system (acl) on an open set
U C M with x € U such that V2 is a covariant derivative with Christoffel
symbols equal to zero, i.e.,

A _ ..
vi@_o, Vi, j.
OxJ

In other words, integrable linear section of # coincide with the
torsion-free and flat connections (see Box [2.1} lemma [2.1.9).
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Let W : TI! (B, B) — V be the mechanical response which defines Q (B).
Consider a section A € I (AQ (B)). So, the flow of the left-invariant vector
field @4, {p2}, can be restricted to Q (B).

Hence, we have
W (et (9) = W(etg-e@())
W (g-¢t E@9))
= Wi
for all g € TI' (B, B). Thus, for each g € TT! (B, B), we deduce

1w (0" (0)) = 5y (W (o @) = 5 (W (0D =0

Therefore,
™ (@A) —0. (3.12)

Conversely, it is easy to prove that (1)’ and (2)’ imply that © €
I (AQ(B)).
In this way, the material algebroid can be defined without using material
groupoid by imposing Eq. (3.12). Thus, we can characterize the
homogeneity and uniformity using the material Lie algebroid.
Now, using the above results we can give the following results.

Proposition 3.1.9. Let B be a uniform body. If B is homogeneous, then,
AQ (B) is integrable by a Lie subgroup G of Gl(n,R). Conversely, if
AQ (B) is integrable by G then B is locally homogeneous.

Using proposition this result can be expressed locally as follows.

Proposition 3.1.10. Let B be a uniform body. B is locally homogeneous
if and only if for each point x € B there exists a local coordinate system
(wz) over U C B with x € U such that the local section of §,

A (mi) - (xio)
ozt ozt

takes values in AQ (B).
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Finally, denoting by D (B) to the Lie subalgebroid of the derivation
algebroid on B, D (AQ(B)) < D (T'B), we can give the following result:

Theorem 3.1.11. Let B be a uniform body. If B is homogeneous respect
to the global deformation k, there exists a global covariant derivative on B
which takes values in D (B) and is trivial respect to k.

Conwversely, B is locally homogeneous if and only if for each point x € B
there exists a local coordinate systems (a:’) over U C B with x € U such
that the local covariant derivative on B characterized by,

v — =0, Vi, j,
8_ Ox? "I
OxJ
which takes values in D (B).

Roughly speaking, B is locally homogeneous if, and only if, there exist
local trivial covariant derivatives on B which take values in D (B).

Remark 3.1.12. There is still another interesting way of interpreting
the 1—jets Lie groupoid on a body B (and, hence, of interpreting the
integrability of a reduced subgroupoid IT{, (B, B) of IT* (B, B)). As we know,
there exists another structure of Lie groupoid related with F'B, the Gauge
groupoid of the principal bundle F'B (see example .

We only have to take into account that

Gauge (FB) =2 B x F'B.

Furthermore, translating points we can construct an isomorphism of Lie
groupoid from B x FB to IT' (B, B) (notice that this isomorphism depends
on the reference configuration ¢g). Thus, the 1—jets Lie groupoid can be
seen as the gauge groupoid of the principal bundle F'B and, therefore, the
1—jets Lie algebroid can be seen as the Atiyah algebroid associated with
FB.

Remark 3.1.13. Notice that, using Eq. we can characterize the Lie
subalgebroid D (B) of the derivation algebroid on B by the derivations on
B, D, such that the associated section of AII! (B, B) satisfies Eq. .

Let (xl) be a local coordinate system on B and D be a derivation on B
with base vector field ©. We denote
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o O (zF) = (2,0).

0 0
D - ) =0/ —.
¢ <8x’) * Oxd

Then, D is in D (B) if and only if over any (mz) local coordinate system on
B it is satisfied that

W ) (o,@j,g{~®§) =0,

\ (wl 2,7

for all material symmetry g € G (x) which is locally written as follows
g (wi,xi,gg> .

Homogeneity with G-structures

Finally, we will prove that our definition of homogeneity (see definition

2.1.10| or proposition [3.1.5) is, indeed, equivalent to that used in where

the authors use G—structures to characterize this property (see Definition

2.1.13).

Let Zo be a fixed frame at Zy € B. Then, we construct a Go—structure
wa, (B) on B containing Zo given by,

way (B) = Qz, (B) - Zo.

So, proposition [2.1.14] shows us that the (local) homogeneity with respect
to Zp is equivalent to the integrability of wg, (B).
To compare both defintions, we will start constructing the following map:

G: T(FM) — Tp (I (M, M)
P ~ GP.
such that,
SP (z,y) = P (y) - [P (x)"'] (3.13)

where - is the composition of 1—jets. Obviously, § is well-defined.
Before starting to work with integrable sections we are interested in
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dilucidating when an element of I'(, g) (H1 (M, M)) can be inverted by
G. First, we consider P € " (FM); then for all z,y,z € M, we have

SP (y,2) - SP (z,y) = GP (z,2), (3.14)

i.e., GP is a morphism of Lie groupoids over the identity map on M from
the pair groupoid M x M to II* (M, M). Therefore, not every element of
L(a,p) (I (M, M)) can be inverted by G but we can prove the following
result.

Proposition 3.1.14. Let P be a section of (a, ) in II' (M, M). Then
there exists P a section of FFM such that

9P:T7

if, and only if, P is a morphism of Lie groupoids over the identity map
from the pair groupoid M x M to TI* (M, M).

Proof. We have proved the right implication. Conversely, if Eq. (3.14) is
satisfied we can define P € I (FFM) as follows

P (z) =P (2,2) - j5 .,
where j(l),zw € F'M is fixed. Then, using Eq. 1) we have
P = .
|

However, there is not a unique P such that GP = P. We will study
this problem in remark Notice that the relevant sections of (a, )
are going to be the parallelisms which are, indeed, the morphisms of
Lie groupoids over the identity map from the pair groupoid M x M to
It (M, M).

Next, suppose that P is an integrable section of F'M. Then, for each point
x € M there exists a local coordinate system (x’) on M such that

P(a") = («',5}),
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or equivalently,
P(.’b) = .](%,z (90_1 o Tgo(z)) ’ (315)

where ¢ is the local chart over z and 7,(;) denote the translation on R™
by the vector ¢ ().

Then, for all x,y € M there exist two charts ¢ and ¢ over =z and y
respectively such that

SpP (QE,y) = jglc,y (1/1_1 O Toh(y)—e(x) © ‘P) ) (316)

ie., GP is an integrable section of (a,8) on II!' (M, M). Hence §G
takes integrable sections on FM into integrable sections in II' (M, M).
Furthermore, using Eq. , for each integrable section of (a,8) P in
II' (M, M) we can construct P, integrable section on F'M such that

gP ="7.

However, this fact does not implies that P integrable is equivalent to GP
integrable. So, we will study this problem in the following remark.

Remark 3.1.15. Let P,Q : M — FM be two sections of F'M such that
SP = 9Q, i.e., for all z,y € M, we have

P(y) P27 1=Qy) Q)"
Then,

QI P =1Q@] ™" P(2).
So, denoting by Zo = [Q (x)]~! - P (), we deduce that

P(z) =Q(z) - Zo.

Conversely, for each 1—jet Zg = j&o(ﬁ € FR{, where FR{ is the fibre of
FR™ over 0, and each section of FM, P : M — FM, the section of FM
given by
Q(z) =P (z) 2o, (3.17)
satisfies that
SP =5Q.
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Thus, we have shown that for each section on FM P : M — FM
$7Y(SP) ={P  Zo / Zo € FRy},
i.e., the map G can be considered as an injective map over the quotient
space by Eq. (3.17]).
Using this, it is obvious that, if GP is integrable, then, P is integrable

too, i.e., the map G restricted to the integrable sections can be considered
as a one-to-one map over the quotient space by Eq. (3.17).

Finally, we can generalize the map § into a map which takes
G—structures on M into reduced subgroupoids of IT' (M, M). Let wg (M)
be a G—structure on M, then we consider the following set,

S (wa (M) ={Ly - [L3'] / La, Ly € wg (M)}

It is straightforward to prove that § (wg (M)) is a reduced subgroupoid of
' (M, M). In fact, taking a local section of wg (M),

Py :U — wg (U),
the map given by

Fy: Y (U,U) — FU
Lz.y = Loy - [Py (2)]

is a diffeomorphism which satisfies that Fyy (II}, (U, U)) = wg (U).

Analogously to parallelisms, we can prove that every reduced
subgroupoid can be inverted by § into a G—structure on M, where G is
defined by Eq. (3.8)) with Zg € FM fixed.

We consider z9 = mas (Zo). Then, we can generate a G—structure over
M in the following way

we (M) :={Lzo Zo-9/9g€G, Lzgu € HIG (M7M)zo}‘
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Notice that the fibre of wg (M) at € M is given by the set

{Lzp,o-Zo-g/g€G},

for any fixed L.y« € Hé (M, M)ZO. In fact, for two L.y, Gzy,c €
IIg, (M, M)

zg?

[Lzg,x - Zo] Y - Gagyx - Zo € G.

Notice that the map L.,,& — Lz,,« - Zo defines an isomorphism of principal
bundles from IT}, (M, M), towg (M).

Finally, let wg (M) be an integrable G—structure on M, using
proposition and Eq. for each point z € M there exists a
local chart (p,U) with & € U such that wg (U) is given by the 1—jets
9o (P71 0Ty(e)) - Aforallz € U and A € G.

Therefore, taking two local charts (¢,U) and (¢,V) and denoting
G (wg (M)) by I1L, (M, M) we have that the elements of IT}, (U, V) are given
by

j(:%,y (¢71 o Tw(y)) A j;,() (Tf(p(z) o <P) (318)

forallz € U, y € V, A € G. So, the local section of (a, ) given by
Iy (W7o Ty(y)—p(a) © ®) s in g (M, M), i.e., llg (M, M) is integrable.
Finally, to prove the converse we only have to construct wg (M) using

Eq. (3.18) and repeat the above construction of a G—structure which
inverts T, (M, M).

Remark 3.1.16. Let wg (M) be a G—structure on M and Wg (M) be
a G-—structure on M such that §(wg (M)) = §(wg(M)), ie., for all
jéymd), jé,ye € wg (M), there exist jé,x& jé,yg € We (M) such that

ity (0007 = b, (00371).
Then,
dho (671 00) =jbo (67 09).
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So, denoting by Zp = jé,o ((j)*l o @), we have
wag (M) - Zo =wg (M), (3.19)
In fact, for jéyﬂ/ﬂ € wg (M) we have that
(,0%) * Z0=dra (Vo b)) o € Wg (M),
taking into account that
Jaw (Wod™h) €5 (wg (M)).

Hence,
waG (M)ac A gwa(M)x .

The converse is proved in the same way and, so
wg (M), - Zo = wg (M), . (3.20)

Finally, in general, if Eq. (3.20)) is satisfied for one point it is easy to prove
that
wa (M) - Zp = Eé(M) .

Note that this implies that the isotropy groups are conjugate, namely
G=270-G-Zy".

This kind of G—structures are called conjugated G—structures.
Conversely, for all wg (M) ,wg (M), conjugated G—structures, we have

§(wa (M) =§ (@g (M)) -
Using this, if §(wg (M)) is integrable, then wg (M) is integrable too.
Let B be a smoothly uniform body. Using the above results, the
Go—structure wg, (B) is integrable if, and only if, § (UJGO (B)) is integrable.
Furthermore, it is lear by construction that

§ (wa, (B)) = Q(B).

Therefore, using propositions and [2.1.14] we have effectively proved
that both definitions are equivalent.
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Example

We will use proposition [3-I.10] to work with an example. The example
is based on the model of a so-called simple liquid crystal. These simple
materials were introduced by Coleman and Wang .

Let B be a simple body (we will assume that B is an open subset of R3
by taking the image by the reference configuration ¢o) with a mechanical
response W : TI' (B, B) — V such that for all h = j%( y® € I (B, B) we
have '

W (h) =W (r (h),J (h)),

where, denoting by F' the associated matrix to j}( y @ (with respect to the
canonical basis of B),

o r(iky8) =9 (V) (Txé (e (X)), Txo (e (X))

oJ (j;w(;s) = det (F)

with e € X(B) a vector field which is not zero at any point and g a
Riemannian metric on R3. Notice that the tangent bundle T'B is canonically
isomorphic to B x R3. So, for each Y € B, g(Y) can be seen as a inner
product on R3. Then, the expression of r turns into the following,

T j}(,y =g -le E - (e s
(eve) =om (7 (£ 0) o7 (e )

where, by using the canonical isomorphism TB — B x R3, for all X € B
e(X) = (X,el (X)). We will use both expressions with the same notation.
Now, we want to study the condition which characterizes the material
algebroid: A left-invariant vector field © € X, (II' (B,B)) restricts to a
section of AQ (B) if, and only if,

e (W) =o.

So, we should study T'W over left-invariant vector fields. Let © €
X, (TII' (B,B)) be a left-invariant vector field and consider the canonical
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local system of coordinates (XI) in R3 restricted to B. Notice that, in fact,
(X I ) is the system of coordinates generated by the reference configuration

¢o. We will denote by (XI, Y7, FIJ) the induced local coordinates of (XI)
in II* (B, B). The local expression of © will be denoted as follows,

G(XI,YJ,FI‘]> - ((XI,YJ,FI‘]) ,5XI,0,FL’5PIL).

Now, we will begin given the derivatives of r and J. For each A € gl (3,R)
and v € R3 we have that,

) or Oe

O axy, T <TX¢(€ e <8X|x (”)>>
. or

(i) OFig o (W) =29 (V) (£ (e (0) 4 (¢ (0)))

a7 -

(i) OF1 (A) = det (F)Tr (F~" - A4)

0
Here F' is the Jacobian matrix of ¢ at X and 8X6 (v) is the vector at

|X
1o} del!
c (v) = (X, eLvL> .
0X|x 8X‘X
Hence, O restricts to a section of the material algebroid AQ (B) if, and only
if,

X such that

oW

r .
9 lik.y

0 = 2 g(¥) <TX¢(6(X))aTX¢<af(eX(5Xi(X))>>

+2g(v) (F- (¢! (X)), F6PL(X) - (¢ (X)) +
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for all j}( v® € 1! (B, B). So, a sufficient but not necessary condition
would be

1) Tr(sF/ (X)) =0

Oe

2) Denoting by Lx =
(2) g by ~x 8X‘X

(X1 (X)) + 6P (X) - (el (X)), then,

g () (F- (X)) Fff - £x) =0

By using that g is non-degenerate and e (X) is non-zero, we turn these
conditions into the following

1)y P =o0.

@y 2 XE psplel — o, v
aXL L=omm e
where e’ are the coordinates of e respect to (XJ).

Let us now study the uniformity of the material. By using proposition
mB is uniform if, and only if, the material algebroid of B is transitive.
Let Vx = (X, VI) be a vector at X € B. Then, we should find a (local)
left-invariant vector field © such that

e O(W)=0.
o Tyx)a (0 (e(X))) = Vx,

where € and « are the identities map and the source map of the material
groupoid respectively.
Let us fix the local expression of © as follows,

e (XI,YJ,FIJ) - <<XI,YJ,Fj]) ,6XI,O,FL]6P{“> .
Then,
Ty (0 (e (X)) = (X7 (X),6x7 (X)) .
So, it should satisfy that,

sxT(x)=vi, v
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By taking into account identities (1)’ and (2)’, it is enough to find a family
of (local) maps Az from the body to the space of matrices satisfying that

(1)” Al =o.

de”’
(2)’7

L __ J _L
otV = —ALet, v,

It is just an easy exercise to prove that there are infinite solutions A{ of
the equations (1)” and (2)” and, hence, B is (smoothly) uniform.

From now on, we will assume that W is an immersion. In that way,
(1)’ and (2)’ are also necessary conditions.

Next, we will study the condition of (local) homogeneity. As we know
(proposition [3.1.10) B is (locally) homogeneous if, and only if, there exists
a local system of coordinates (ml) such that the local section of f,

; 0 ;0
A 4 e = g e
(+30) = (50):

takes values in the material algebroid A (B). Equivalently,

ow
Ozt

=0, Vi. (3.21)
So, let us study this equality. Notice that,

oW _ oW or oW 0]
8zt Or Ot 0J Oxt’

Thus, by using that W is an immersion, (a:l) are homogeneous
coordinates if, and only if,

or
1)’ - =0, Vi.
1) B i
@ 2o w

ozt
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Observe that the form of W is not important to evaluate the (local)

homogeneity of B as long as W is an immersion.
Let (ml) be a system of homogeneous coordinates on B. Then, for each

oy € (B,B)

r(fkve) = 90 (Txé(e(X), Txd(e(X)))

) . 0
= )| T (X)) — |, T I (X) —=
g (v) X¢<6( >amzx> xe (00 5
) ) ok ot
= ¢ (X)el (X) == : Y),
e (X)el ( )85‘3\2)( 6$‘Jngl( )

where, in this case, e/ are the coordinates of e respect to (xl) So,
considering the induced coordinates (:ci,yj,yf) of (xl) on TI! (B, B) we
have that

ro(ohlod) T (RTE) = e (x)ed (X) EFFlg (V).

for all (f(, f/, ﬁ) In this way,

or Oel . ~
—— = 20— (X)FFFlgn(Y).
6x|]_1 BCE‘X
X,Y

0
Hence, by using the non-degeneracy of g we have that 5k = 0 if, and only
z
if, )
e’
Ok
With this, (1)” is satisfied if, and only if, the vector field e is constant
respect to (zl), ie.,

=0, Vi. (3.22)

0

2zt

e=\ A = Const. (3.23)
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Next, we will study condition (2)”. Notice that,

aJ _ 8J OFL
ox'  OFl ozt

Using the derivative of J (which we have shown above), we have that

85?5.; = et (F) (F1)" .

Then, (2)” is satisfied if, and only if,
OFL

1 _ 0, Vi, L, M. (3.24)
ox?

Observe that

L A

oFL _ 8F]Mo<z7yj7yi)
k - XK_ o
8$|j;(vy 8 (X,Y,F)
B o oxLo(yi)™' _ [oxRo(ai)™'] 7"
T axK ax K PR oxM ’

X,¥,F) v |X

ie.,
oFL
k M- =0,
ox’
li% y
if, and only if,
o [oxMo(zi)! 0
K T -

8X\5( 8X|)~(

So, (2)” is tantamount to,
XZVI
o = Const, Vi, M.

ol
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This fact implies that,

e (XM> = Const, Ym.

7]
I I_
e=pu —-, = Const.

H ax1 H
Notice that, by using Eq. (3.23)), this implies, indeed, that the canonical
basis (and hence the reference configuration of B) is a (global) system of
homogeneous coordinates on B. So, we extract the following conclusions

(a) Bis (locally) homogeneous if, and only if, the vector field e is constant
respect to the canonical basis of R3.

(b) The homogeneity of B implies that the reference coordinates are
homogeneous coordinates.

(c) B is locally homogeneous if, and only if, B is global homogeneous.

3.2 Cosserat media

The content of this section may be found summarized in the published
article [52] which is included in the collection of articles in which this thesis
consists. We present a similar development to the previous section for
simple media.

Uniformity and homogeneity

Analogously as we did for simple materials in Prelude we should
specify how the structure of Cosserat media change by using groupoids. Let
FB be a Cosserat media with reference configuration &y and mechanical
response W : B X GI(12,R) — V. The rule of change of configurations
permits us to define W not only in configurations but in the
second-order non-holonomic groupoid J! (F'B) over the macromedium B
(see example. In fact, let be j}{’y\lf S j(FB)7 then we define

W (ky¥) =W (X, F),
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where F is the associated matrix to the class of 1—jets at ¢o (X) of
Ppodo <I>31. So, W may be equivalently described as a differentiable
map W : J! (F'B) — V from the groupoid of 1—jets Jt (F'B) to the vector
space V' which does not depend on the image point of the class of 1—jets
of J! (F'B).

Obviously, we may define W over Ji (FB7 FR3), which could be seen as an
open subset of Jt (FRS) given by the class of 1—jets of local isomorphisms
from FB to FR3.

Then, condition of being materially isomorphic is rewritten as follows:
Two material particles X and Y are materially isomorphic if, and only
if, there exists a local principal bundle isomorphism over the identity map
on GL(3,R), ¥, from FU C FB with X € U to FV C FB with Y € V,
where U and V are open neighbourhood of M, such that ¢ (X) =Y and

w <j)1/,n<y)’~f Oj}(,y‘l’) =W (J'%/,N(y)ff) , (3.25)

for all j%,ﬁ(y)k € J' (FB).

For any two points X and Y, we will denote by G (X,Y’) the collection of
all classes of 1—jets j}( y ¥ which satisfy Eq. (3.25). Thus, analogously

to simple media, the set Q(B) = Ux yesG (X,Y) can be considered as
a groupoid over B which is, indeed, a subgroupoid of the second-order
non-holonomic groupoid J* (FB). € (B) will be called non-holonomic
material groupoid of second order associated to a Cosserat continuum FB.
So, as an abuse of notation, we will denote the structure maps of € (B)
like the structure maps of J' (FB). We will also denote @~ ! (X) (resp.
B_l (X)) by Qx (B) (resp. [ (B)). Notice that, the material symmetry
group G (X) at a body point X € B is just the isotropy group of Q (B) at
X.

Proposition 3.2.1. Let F'B be a Cosserat medium. FB is uniform if,
and only if, Q(B) is a transitive subgroupoid of J' (FB).

__ As a consequence of the continuity of W we have that, for all X € B,
G (X) is a closed subgroup of J?! (FB)§

Proposition 3.2.2. Let B be a simple body. Then, for all X € B the
symmetry group G (X) is a Lie subgroup of J' (F3)§
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Next, by composing appropriately with the reference configuration,
smooth uniformity (definition [2.1.20) may be rewritten as follows.

Proposition 3.2.3. A Cosserat medium F'B is smoothly uniform if, and
only if, for each point X € B there is an neighbourhood U around X such
that for all Y € U and ji ¥ € Q(B) there exists a local section P of

Ty O (B) > B,
from € (X) to ]'31/)(\117 where @ x is the restriction of the source map @ to
the beta fibre 0 (B) at X.

One more time, (local) sections of @y (resp. By ) will be called left fields
of material isomorphism at X (resp. right fields of material isomorphism
at X) because they are in a bijective correspondence with the left (resp.
right) fields of material isomorphisms defined in via composition with
the reference configuration ®q.

Therefore, B is smoothly uniform if, and only if, for each two points X,Y €
B there are two open subsets U,V C B around X and Y respectively and
P:UXV = Q(B) C J!(FB), a differentiable section of the anchor map

(&, B) When X =Y it is easy to realize that we can assume U = V and

P is a morphism of groupoids over the identity map, i.e.,

P(2,T) =P (R, T)P(Z,R), VI, R, Z € U.

As in the case of simple materials, we may prove a corollary of
proposition [3:2.5]

Corollary 3.2.4. Let F'B be a Cosserat medium. F'B is smoothly uniform
if, and only if, Q(B) is a transitive Lie subgroupoid of J' (F'B).

Proof. Repeat the proof of corollary [2.3.48 O

From now on, we will assume that the non-holonomic material groupoid
of second order 2 (B) is a Lie subgroupoid of J! (FB).

Let us now present our candidate for definition of (locally) homogeneous
Cosserat media.
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Definition 3.2.5. A Cosserat medium B is said to be homogeneous if it
admits a global diffeomorphism & which induces a global section of (a, B)

in Q(B), P, i.e., for each X,Y € B
P(X,Y) = j}(,y (7o FTo(v)—n(x) ©R),

where T (y)_x(x) : R3 — R3 denotes the translation on R by the vector
Kk (Y)—k (X). B is said to be locally homogeneous if there exists a covering
of B by homogeneous open sets.

Those (local) configurations which generate (local) deformations
satisfying the definition of homogeneity are called homogeneous
configurations or homogeneous coordinates.

Now, suppose that B is homogeneous. Then, if we take the global
homogeneous coordinates (331) on B, we deduce that P is expressed by

opr)  op!
. ik (3.26)

Dt d) — i .9 pd J
P (') = ((w Y ,Pi),éi, ot + oy
If B is locally homogeneous we can cover B by local coordinate systems xl)
which generate (local) sections of (a, B) in Q (B) satisfying Eq. (B.0.17).

Non-holonomic second-order derivations

Firt at all, we will use the Lie algebroid isomorphism D : ATI* (M, M) —
D (TM) (see section to give another interpretation of the second-order
non-holonomic algebroid. As a first approximation to the second-order
non-holonomic case we will restrict the mentioned isomorphism to a
particular case.

Consider the 1—jets groupoid on FM, TI' (FM,FM) = FM and
JY (FM) = FM the Lie subgroupoid of all 1—jets of local automorphisms
on FFM.
Let (ml) and (yj) be local coordinate systems over two open sets U,V C M;
then, the induced coordinate systems over F'M are denoted by

FU : (a:l,:v;)
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FV (yj R y{) .
Hence, (see Eq. ) we can construct induced coordinates over
JL(FM),
Jt (FU,FV): ((m’,:p;) , (yj,yf.) ,y’jl.,yf.“k) .
So, we can consider its associated Lie algebroid AJ! (FM) as a reduced

subalgebroid of the 1—jets algebroid AIT' (FM,FM) and, hence, its
induced coordinates will be

AJY (FU): ((m’,z;) , (vj,vZ?) 7U,Ji’0’vi,k’”g,kl) = (3.27)
= <(xl,x;) , (vﬂvf) ,vijvf',k) )
where,
) S e

vl = (h (270)) 01
In this way, we can restrict the Lie algebroids isomorphism D
AT (FM,FM) — © (TFM) to get another isomorphism between Lie
algebroids, D! : AJY (FM) — D1 (FM), where D! (FM) is the resulting

Lie algebroid from the restriction of the isomorphism.
Let A be a section of AJ! (FM) such that (locally)

A (zl,x;) = <($’,w;) , (Aj,Ag) ,A’ji,Ag’k> (3.28)

Then, the associated derivation is characterized by the following identities

) ;0 ]
i) DA _— = A~ +A] . ——.
0 D% = Mg T Mg,
(i) DA o my 9

— = (Ak nmy —.
5; = M5 ) 7

So, conditions (¢) and (i) characterize the sections of Lie algebroid
D! (FM). This space will be denoted by Der! (FM).
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Remark 3.2.6. We can characterize Der! (F M) in the following way. Let
{(®¢, 1)} be the flow of DA. Then,

_ 9%ix

D%
X 8t|0

, VX € X (FM).

Hence, by uniqueness,
(1) @ =2ix,

where goé\ defines the local flow of the left-invariant vector field associated to
A. Thus, we can say that DA € Der! (FM) if, and only if, its flow consists
of tangent maps of automorphisms of frame bundles (over the identity map).

Finally, we will work with the second-order non-holonomic_algebroid
AJY (FM) (see example . As we know (see examples and
, AJL F M) can be seen as the quotient Lie algebroid by the induced
action of ® over AJ! (FM).

In this way we can consider a relation in ©! (FM) given by the restriction
of the isomorphism D, D' : AJ' (FM) — ©' (FM), and the relation in
AJY(FM), ie.,

Dl (a) ~ DI (b) @ a~b, Ya,bc AT (FM). (3.29)

The new quotience space is denoted by ©! (FM) and it is obvious that
this space inherit the Lie algebroid structure from AJ! (FM). In fact,
considering - _ _

D:AJH(FM) = D (FM), (3.30)

the map which commutes with the projections, the Lie algebroid structure
over D1 (FM) is the unique Lie algebroid structure such that D is a Lie
algebroid isomorphism over the identity map on M. This Lie algebroid will
be called second-order non-holonomic algebroid of derivations on T M.
Let (') be a local coordinate system on an open set U C M. Using
Eq. li we can construct induced local coordinates over AJ? (FM) as
follows:
AJY (FU) = <xi,vi,v;,vfj,v§-7k) .

Thus, the non-holonomic second-order derivation algebroid is characterized
by the following equalities:
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: 8 J J 0
W D ’fﬂaxa Tt pat
i — rk

(i) D o =7 83:

where the local fuctions fﬂ, f,iz and ff do not depend on m;

Observe that, we could restrict D to Aj! (FM) and we obtain a Lie
subalgebroid of D! (FM) which is denoted by d' (FM). Proceeding in the
same way as in the case of J (FM), we obtain a reduced Lie subalgebroid
of ®1 (FM). This Lie algebroid is denoted by ?! (FM) and it is called
second-order holonomic algebroid of derivations on TM. Obviously,
this subalgebroid is isomorphic to holonomic algebroid of second order
Ajl (FM) by restricting D.

The second-order holonomic algebroid of derivations on TM is
characterized by the above equalities satisfying these two additional
conditions

f’LJ = f,Jz ) , k - fk i
Remark 3.2.7. Denote by I' (AJ? (FM)) the set of (AP, R) —invariant

sections of AJ! (FM), i.e., for all A € T (AJY (FM)) and g € Gl (n,R),
the diagram

A

M - AJY(FM)

Ry Ad,
A

FM - AJY(FM)

is commutative, namely

A(@-g) = T ®F (A (@), V3 € FM, ¥g € GL(n,R),
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where @7 : B~ (z) = B~ (T g) is the restriction of &4 to B~ (7).

As we have seen in example [2.3.12] the space of (A®, R)-invariant
sections of AJ! (FM) is isomorphic to T (Ajl (FM))
Next, take A € I' (AJ! (FM))G Then, it satisfies that

1 (@) 0 Rg = g 0 ¢} (¢(T)), Vg € GL(n,R). (3.31)

Now, let (@f)* : X(FM) — X(FM) be the induced linear map over
X (FM) of 2. Let be X € X (FM); then, we have that for all g € Gl (n,R)

{(¥) o ry @ =
= oM @) (Tla(orec@)o-1Ra (X (a (¢ (c@))) -a7"))
= Tagify (o (@07 (x (o (o @) -07"))
= Ty By (91 (@ g7) (R(a (et (c(@-97Y))))
= By (¢t) 1@

Notice that, here R denotes the pullback of Rg : FM — FM.
Conversely, suppose that A € T’ (AJ1 (FM)) satisfies the above equality.
Then, in a similar way, we can prove that A is (A®, R) —invariant. Taking
derivatives in this equality, we have that it is equivalent to

D™ o R} = R} o DM (3.32)

So, we have proved that the space D! (FM) can be seen as the derivations
in ®! (FM) which commute with R} for all g € GI(n,R). These
derivations are called non-holonomic deriwations of second order.

Analogously, the second-order holonomic algebroid of derivations d' (F M)
can be seen as the derivations in 9! (FM) which commute with Ry for all

g € Gl (n,R).
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Observe that, if DA satisfies Eq. (3.32)) then, its base vector field Af €
X (FM) is right-invariant, .i.e.

R;AY = Af, Vg € GL(n,R),

or, equivalently,
T:R, (M (2) = A (5 g),

for all Z € FM. Thus, A? is 7 —related with a (unique) vector field on
M.
Let (zl) be local coordinates on M and A be a section of AJ! (FM) which
satisfies that o S )

A () = (AT AG AL A L)

Then, its associated (A®, R)-invariant section A of AJ! (FM) is given by

A (et ) = (o, AT Ajal, AL AT L)

Hence,
Al (xl,x;) = (mi,x;-,Ai,Afw§-> ,
and its pps—related vector field on M is

& (2') = (2, A7).

Finally, suppose that A is a linear section of §. Then, we can consider
the map A : X (M) — I (AJ! (FM))G such that for each vector field
X € X (M), A(x) is the associated (A®, R)-invariant section of AJ! (FM)

to A (x).
Then, for all f € € (M) and x € X (M), we have

A(fx)=(foprm)A(x).

Hence, considering the associated derivation to A (x) we obtain the
following map

VA X (M) x X (FM) = X (FM), (3.33)

which satisfies
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(i) For all f € €*° (M), x € X (M) and < € X (FM) we have
VAS = (fopm) VLT
(ii) For all FF € € (FM), x € X (M) and S € X (F'M) we have
N A= A =
VRFS=FVY+ A (x)* (F)s.

(iii) For all x € X (M), the base vector field of V§ is A (x)* which is
pa —related to x.

(iv) For all g € Gl (n,R) and x € X (M),

V2o R:=R:oVA.

(v) For all x € X (M) the flow of V§ is the tangent map of an
automorphism of frame bundles (over the identity map) at each fibre.

These kind of objects will be called second-order non-holonomic covariant
derivatives on M. _

Roughly speaking, the isomorphism D gives us a way to interpret a
linear section of § as a map which turn a vector field x € ¥ (M) into a
Ry —invariant derivation over T'F'M with a base vector field which projects
over x. Note that, in this case, this map is not exactly a covariant derivative
but it has a similar shape.

Integrability

We will now introduce the notion of integrability of reduced Lie
subgroupoids of the second-order non-holonomic groupoid.
In order to do that, we will proceed in a similar way that in the case of

FQM. Thus, there exists a canonical Lie groupoid isomorphism over the
identity on R™, L : J! (FR™) 2 R™ x R™ x G’ (n), where R™ x R™ x G’ (n)
is the trivial Lie groupoid of G’ (n) over R™ defined by

L (j;,y\Il) = (z,y,j&o (Fr—yoWo FT,;)) , Vx,y € R™,
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where 7_y and 7, denote the translations on R™ by the vectors —y and
x respectively. Thus, if G is a Lie subgroup of 62 (n), we can transport
R™ x R™ X G by this isomorphism to obtain a reduced Lie subgroupoid
of J! (FR™). This reduced Lie subgroupoid of J! (FR™) will be called
standard flat subgroupoid of J! (FR™) over G.

Let U,V C M be two open subsets of M. We denote by J* (FU, FV)

- -1

the open subset of J! (FM) defined by (E, B) (U x V). Note that if

U=v,J! (FU,FU) is in fact the second-order non-holonomic groupoid
over U, i.e., J! (FU,FU) = J! (FU). Furthermore, we will think about
Jt (FU, FV) as the restriction of the Lie groupoid Jt (FM) equipped with
the restriction of the structure maps (this could not be a Lie groupoid).
We will also use this notation for subgroupoids of J* (FM).

Next, we will introduce the notion of integrability of a reduced Lie
subgroupoid.

Definition 3.2.8. Let j% (F M) be a reduced Lie subgroupoid of J! (FM).
j% (FM) is integrable if it is locally isomorphic to the trivial Lie groupoid
R™ x R™ x G for some Lie subgroup G of G’ (n).

Note that jé (FM) is “locally isomorphic” to R” x R” x G = R™ if for
all z € M there exist an open set U C M with x € U and a local chart,
Yy : U — U, which induces a Lie groupoid isomorphism,

Ty JE(FU) = U x U x G, (3.34)
such that ¥y = (U’U oa, Py OB,@U), where for each j;‘y\I/ € jé (FU)
the image Vs (j3 ,¥) is given by

.1 —1
Jo,0 (F (T—py ) o¥u) o Vo F (% ° Twmm))) :

So, we can claim that j% (FM) is locally isomorphic to R® x R™ x G
if we can cover M by local charts (¢y,U) that induce Lie groupoid
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isomorphisms from jé (FU) to the restrictions of the standard flat over G
to U.

Remark 3.2.9. Let jé (FM) be an integrable subgroupoid of J! (FM),
i.e., locally isomorphic to R™ x R™ x G with G a Lie subgroup of G (n).
Suppose that there exists another Lie subgroup of é2 (n), G, such that
Jé (FM) is locally isomorphic to R™ x R™ x G. Then, it is easy to see that
G and @ are conjugated subgroups of G’ (n), i.e., there exists a frame at
0,g¢€ G’ (n), such that
G=g3'G-3g

However, in this case the converse is not true.

Now, there is a special kind of reduced subgroupoids of J! (FM) which
will play an important role in the following. A trivial reduced subgroupoid

of Jt (FM) or parallelism of JU(FM) is a reduced subgroupoid of
JY(FM), ng (FM), such that for each z,y € M there exists a unique

1—jet j}:’y\lf S J%l (FM), or equivalently, the restriction of (5, B) to
~1 . . . . .

Jz (FM) is a Lie groupoid isomorphism. ) )

So, having a trivial reduced subgroupoid ng (FM) of J'(FM) we can
consider a global section of <E,B>, P MxM - J (FM), such
that P (x,y) is the unique 1—jet from z to y which is in J%l (FM), ie.,
_ -1 _

P = (&, 6) |j€1(FM)' Conversely, every global section of <6, ,8) can be seen
as a parallelism of J! (FM) (we are understanding “section” as section in
the category of Lie groupoids, i.e., Lie groupoid morphism from the pair
groupoid M X M to J! (FM) which is a section of the morphism (E, B))

Using this, we can also speak about integrable sections of (E, B)

Next, we will express a necessary result to interpret the integrability in
another equivalent way.
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Proposition 3.2.10. Let jé(FM) be a reduced Lie subgroupoid of
J! (FM). j%(FM) 1is integrable if, and only if, for all x,y € M there
exist two open sets U,V C M with x € U and y € V and two local

charts Yy : U — U and ¢y : V. — V which induce a diffeomorphism
Yy v Jé (FU,FV) - U x V x G such that for all j}c,y\lf

Uyv (Ga,®) = (Yu (2),%v ), Yu,v (ji,P)) (3.35)

where, Eyy (jalmy\I/) is given by

76,0 (F (T—gy ) oWv)oWo F (%1 Owum)) ~

Proof. First, suppose that jé (FM) is an integrable Lie subgroupoid of

J! (FM). Let be xo,yo € M and ¢y : U — U and ¥y : V — V two local
charts through zg and yo respectively such that there exist ¥y and Uy
satisfying Eq. li over the reduced Lie subgroupoid Jé (FM). We will

also suppose that U NV # 0, U =V = B, (0) and ¥y (x0) = v (yo) = 0.
Then, fixing z € UNV and shrinking V' if it were necessary (keeping y € V),
we may define a new chart over V' as follows:

Py = T_yy () O YU © 1"(/1 O Ty (2) O YV
Notice that, using Eq. (3.34)), for all z,y we have that
Jay (F (dﬁ;l O Ty (2) © wv)) (3.36)

is in %(FM). Now, let be z € U, y € V and jL ¥ € %(FM). Then,
using Eq. (3.36)), we can prove that

3o (F (75,0 00v) 0o F (5" oy (0)))

is in jé (FM). So, the charts 1, and vy induce a diffeomorphism in the

way of Eq. (3.34).
To end the proof, if UNV = @ we can find a finite family of local
neighbourhoods {V;};=1,....x such that



142 CHAPTER 3. MATERIAL ALGEBROID

i) U=Ww1
(i) V =Vi
(iii) ViNnVig1 #0, Vi

Thus, we can find ¥y, as in the previous case. Notice that 1y, induces a
Lie groupoid isomorphism over JL (FV).

Conversely, suppose that for all z,y € M there exist two open sets
U,V C M with z € U and y € V and two local charts vy : U — U
and 1y : V — V which induce a diffeomorphism ¥y : Jé (FU,FV) —

U x V x G such that for all j;y\ll

Vv (Jz,y¥) = (Vv (@), %y 1), Yov (i2,,7)) (3.37)
where, @U,V (j;yy‘l/) is given by

75,0 (F (T—wy @y o¥v)o¥o F (%1 ° Twm))) ~

Let o € M be a point in M and ¢y : U — U and ¥y : V — V be local
charts through zg which induced diffeomorphism

Vyy : J5(FU,FV) - U xV x G.
For each y € U NV, we have
I -1 -1 —1
Yy,v (Jyvyld) =Jo,0 (F (wav(y) oYy oy o TwU(y)))
is in G. Then, for all j1 ¥ € %(F (UNV)), we deduce
70,0 (F (T—wy ) o Pu) o Vo F (% ° Twu<z>)) €6

Therefore, denoting U NV by W, the map

Uy JL(FW) - W x W x G,
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such that Uy = (wW o,y o ,B,WW), where 1y is the restriction of ¥y
to W and for each j}c,y\If € jé (FW) the image Wy, (j}c,yllf) is given by

380 (F (rpmw o¥w) o ¥ o F (v o7y 0)) )

is, indeed, a Lie groupoid isomorphism over 1y, and, hence, jé (FM) is

an integrable Lie subgroupoid of J! (FM).
O

Let P: M x M — J' (FM) be a section of (E, B) Using this result we
can claim that P is integrable if, and only if, for each z,y € M

P(z,y) = j;,y (F (1/)‘;1 ° Ty (y)—yu (=) © wU)) ) (3.38)

for some two local charts (¢vy,U),(¥y,V) on M through = and y
respectively.

Equivalently, using the local coordinates given in Eq. ll P can be
locally written as follows,

?(mi,yj) = ((ac’ yj,5f) ,5g,0) , (3.39)

Let jé (FM) be a reduced subgroupoid of J! (FM) and 7(2) € F°M be
a second-order non-holonomic frame at zg € M. Then, we define

— —2—1 _ —9o _ ~1 720 —2—1 ~1 720 —2
G:={Z, -9-Zo/3€ [Jé] V=7 ~[%]Z 72 (3.40)

Z 0

where [j%] o is the isotropy group of jé (FM) at zp. Therefore, G is a
20

Lie subgroup of G’ (n). This Lie group will be called the associated Lie

group to Jé (FM).

Note that, contrarily to the case of non-holonomic G —structures of second

order, we do not have a unique Lie group G. In fact, let Zg be a
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non-holonomic frame of second order at Zp and G be the associated Lie

p— ~. 2
group; then, if we take L., z, € [Jé] 0 we have
20

—1

0= [(2) " T 7| 0 [(2) T ),

ie., G and G are conjugated subgroups of 62 (n). Notice that, by
construction, if Jé (FM) is integrable by G (i.e. locally isomorphic to

the Lie trivial Lie groupoid of G over R™), G can be constructed using Eq.
(13.40)).

Proposition 3.2.11. A reduced subgroupoid j%(FM) of JL(FM) is
integrable if, and only if, for each point x € M there ewists a (local)

coordinate system (z’) on an open set U C M with x € U such that
the local section,

P (a',y’) = ((o7,07) ,87,0), (3.41)
takes values into j% (FM).

Proof. The proof is similar to the proof of proposition m First, it is
obvious that if Jé (FM) is integrable then, we can restrict the maps \Il[;1

to U x U x {€} to get (local) integrable sections of (a, B) which takes values
on jé (FM).

Conversely, for each x € M there exists an open set U C M with z € U
and P: U x U — j% (FU) an integrable sections of (E, B) given by

P (@) = dby (F (5" 0 Tou-vui) ©¥0) ) -

where ¥y : U — U is a local chart at .
Then, we can construct the map

Ut U x U x {e} — JL(FU),
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defined as follows

vy (@8 =7 (v5' @),95" W), Va,y €T

Now, Let 20 € U be a point at U, 73 éjé’zg (F (1,[151 OTwU(ZO)>) cFU

be a non-holonomic second-order frame at zp and G be the Lie subgroup
=2 e

of G” (n) satisfying Eq. 1} Then, we can define

Uy 2 J5(FU) - U x U x G,

20

where for each jl . W e [ é] and z,y € U we define
20

_ —2—-1 =2
ot (m,y, Zoo -];O’ZO\II-ZO) =

=Jouz'w) (F(vton)) o sk Zol

1
ity (F (=5 00))
Hence the map Uy : U x U x G — jé (FU) is an isomorphism of Lie
groupoids induced by ¥r;. To prove that it is well defined we only have to
take into account that

Touz ) (F(va'on)) % =
B jio,w,;%y) (F (wl?l”y—wwo)ow))
= ?(zo,%l (y)) € JL(FU), VyeT.
O

Next, we want to define the notion of second-order non-holonomic
prolongation in J! (FM). In order to do this, we will define the projections

ﬁ? and I1? which will be closely related with the maps f)% and ﬁ% (see
appendix by the Equalities given in remark|3.2.28] Thus, we define
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. JYFM) — (M, M)

Jry®  — U(X)[XTY

where X € F'M is a frame at x. It is easy to show that ﬁi is well-defined
and, locally,

—9 ) o S o
IT; ((J»") , (yj,y§> 7yfl-,yf7k) = (fc’vy],y{)-
On the other hand we consider

3. JY(FM) — T (M, M)
Jrg ¥ dag¥

where 1 is the induced map of ¥ over M. Then, locally
13 ((xi) , (yj,yf) y]zyfk) = (x’yjyﬂ) -

Notice that ﬁ? and ﬁ% are, indeed, Lie groupoid morphims over the
identity map on M. Then, let P : M x M — J! (FM) be a section of
(a, B) in J! (FM) the projections P = ﬁ? 0P and Q = I12 o P are sections
of (a, B) in TI' (M, M).

Next, we will invert this process and, to do this, we will get inspired
from remark [A.0.17] Let P,Q : M x M — II' (M, M) be two sections of
(ar, B) in TI' (M, M) such that

Q(x,y) = ji ytay, Yo,y € M.
Thus, we constuct the following map

Potwy: FU — FV
jé!f(o)f — fP(f (0):¢zy (f (0))) 'jé,f(())f
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where 93y : U — V. Analogously to remark |[A.0.17}, P o1y is a local
principal bundle isomorphism with ¥z, : U — V as its induced map over
M. In fact, the inverse is given by

36,90)9 = [P (¥2y (9(0)),9 ()] - 45 40)9-

Furthermore, let (w’) be a local coordinate system on an open set U C M

and (:ri, x;) its induced coordinates over FU, then we have

Ty (o,0) = (Yo (27) P (&, 0y (27) ),
where for each another local coordinate system (y7) on an open set V C M
P (a'y’) = (o0, P (e 07)).-
Thus, we define
PLQ): MxM — JYHFM)
@)~ b, (Poum) (342

where we are considering the equivalence class in J! (FM). Notice that
P1(Q) does not depend on Yy because of Q does not depend on .
P (Q) will be called second-order non-holonomic prolongation of P and Q
and satisfies that

(i) For all z,y € M andjé’foFM,

I} 0 P! (9) (2,y) =

= [P, Yy (@) 56 f (§6..F)
= fP(m,y) .

1

(ii) For all z,y € M,

ﬁ% o Tl (Q) (a:’ y) = jalf,yd]wy =0 (1’,@/) .
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In fact, let be (xl) and (yj) local coordinate systems on open sets U,V C
M and (xﬂx?) and (yj,yj) its induced coordinates over FU and FV

k3

respectively, then we have
Q) (o) = ((«',97, P) QL RL,) s
where
P(a*y)) = (mi,yj,Pf) ;9 y)) = (rzyJQZ>

Furthermore, for each k = 1,--- ,n, we obtain

9 (P! o (Idy, ¥u))
(937"; -

o 1o} (IdU7 wzy)
[(z,y) oxk

|z
= dPl,, (" (@ @) Qf (=m))
= d(P), () +d(P), @) Q@)

a(p ,
- E)x])y +d(Pg)z|y QL (z,9) . QY (2,1)) »

|z

= dP/

where we are fixing the first (resp. the second) coordinate when we
write (PZJ) (resp. (Plj) ). Then, by definition of induced coordinates,
z y

Rg i is given by

o (/)
y l

Toak +Qy, (z,v)

|x

(1),
%y

Rz’k (l’,y) =
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‘We will denote this expression by

. op aPJ
ik T Pk

Then, any section P (J:i,yj) = <($i7yj,PZ-j) ) {,R{ k) of (&B)
J! (FM) which projects onto P (xi,yj) = (zi,yj, Pl]) and Q (azi,yj) =
($i, y, QZ) via ﬁ? and 1:1% respectively is a prolongation if, and only if,

. op! aPJ
i,k ok

(3.43)

Thus, we have established the notion of prolongation in the second-order
non-holonomic groupoid, and we can give the following definition.

Definition 3.2.12. Let P! (Q) be a non-holonomic prolongation of second
order in J' (FM). P! (Q) is said to be integrable in J' (FM) if Q is an
integrable section of IT' (M, M).

Notice that, wusing the introduced coordinates, an integrable
prolongation can be seen locally as follows

. P or! op/
PO (YY) = ((xvyf,Pg),az,aﬁayk)

Thus, as in the case of second-order non-holonomic frame bundle,
we have two remarkable sections: integrable sections and integrable
prolongations. So, it is easy to give the following result (similar to
proposition which will help us to understand why the integrable
prolongation are not necessarily integrable as sections.

Proposition 3.2.13. Let P be a section of (E,B) in JL(FM). P is

integrable if, and only if, P = P1(Q) is a second-order non-holonomic
integrable prolongation and P = Q. In particular, a second-order
non-holonomic integrable prolongation P (Q) is integrable if, and only if,
PL(Q) takes values in j' (FM).
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Thus, second-order non-holonomic integrable prolongations can be seen

as a natural generalization of integrable sections of (a, B) (see proposition

Ezm)

Notice that, analogously to Eq. (A.10), we can prove the following
result.
Proposition 3.2.14. Let P be a section of (&,B) in J! (FM). P is a
second-order non-holonomic integrable prolongation if, and only if, for all
z0,Yo € M there exist two open sets U,V C M withxg € U andyo € V and

two local principal bundle isomorphisms ¥ : FV — FV and ® : FU — FU
such that

P(x,y) =Juy (W7 0 Fryy g 0 ®), V(z,y) €U x V. (3.44)
Proof. Suppose that P = P! (Q) is a non-holonomic integrable prolongation

of second order. Take zg € M and 73 € F°M with P2 (73) = zp such
that the section of F'M given by

Qz0 (0) = 2(20.9) - 7% (%) »

is integrable.
Considering the section of F'M which satisfies that

_o (52
Puy (4) = P (20,9) - 7% (Z0)
we can define B
P =P (Qx),

which is a non-holonomic integrable prolongation of second order on M.
Finally, we can prove that for all x,y € M, we have

P(a,y) =P(y)[P(a)").

This will be explained with more detail in the last section (see Eq. (3.59)).
Now, let be z,y € M. We use Eq. (A.10) to ensure that there exist two
open sets U,V C M with zg € U and yo € V and two local principal
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bundle isomorphisms ¥ : FV — FV and ® : FU — FU such that for all
(z,y) €U XV,

Pl (Qz0) () = 4d,y (271 0 Fry(y))

Pl (Qz0) (#) = 46,0 (V71 0 Fry))
Therefore,
P(2,) = ay (V7 0 Fry(y)—p(a) © @)
for all (z,y) €e U x V.
Conversely, take xo,yo € M; then, there exist two open sets U,V C M

with zo € U and yo € V and two local principal bundle isomorphisms
U :FV — FV and ® : FU — FU such that

Pz, y) =Jay (W0 Fry)—g) 0 ®), V(z,y) €U x V.

Now, we only have to take as local charts the induced maps of ¥ and ®
over M to prove the result. In fact,

gyl OFTw(y)_qg(z) o®="7Po (¢71 O Toh(y)—¢(z) © ¢)’

for all (z,y) € U x V, where

?:ﬁfo?

Now, we will extend this concept to reduced subgroupoids.

Definition 3.2.15. Let j%(FM) be a reduced subgroupoid of J! (FM).
j% (FM) is an integrable prolongation if can be covered M with local
integrable prolongations which take values in j% (FM).

Proposition 3.2.16. Let j% (FM) be an integrable prolongation.
jé (FM) is integrable if, and only if, j% (FM) is contained in j* (FM).
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Notice that, deﬁnition@cam be expressed as follows: For any point
x € M there exists a local coordinate system (:137‘) over an open set U C M
which contains x such that there is a local section

o S\ . 3P} 9P’
PL(Q) (2,47 = ((wzjygfg) s 8y2>7 (3.45)

which takes values in jé (FM).

Remark 3.2.17. Analogously to remark|A.0.20} let jé (FM) be areduced

subgroupoid of J! (FM). We can prove that j% (FM) is an integrable
prolongation if, and only if, for each point £ € M, there exists a local
isomorphism of principal bundles, ¥y; : FU — FU, with & € U such that
induces an isomorphism of Lie groupoids given by

Yy : J5(FU) - U xU x G,
where Ty (7} ,H) = (Yu (z),%u (y), Tv (jL,H)) and

Tu (7 H) = bo (F(Tovy) 0 Yoo Ho Wy o F (1 ()
with ¥y is the induced map of Wiy over the base manifold.
So, in a similar way to proposition we may prove the following:
Proposition 3.2.18. Let jé (FM) be a reduced Lie subgroupoid of
JY(FM). j% (FM) is an integrable prolongation if, and only if, for all
z,y € M there exist two open sets UV C M with x € U andy € V and

two local isomorphisms Wy : FU — FU and Uy : FV — FV which induce
the following isomorphism of Lie groupoids:

Yy : J5(FU,FV) - U xV x G, (3.46)
where Yy,v (j2 ,H) = (Yu () ,vv (), Yu,v (ji,H)) and
Tow (it yH) =380 (F (rpy ) 0 ¥v o Ho Wy o F (14, )

with Yy and Yy are the induced map of Yy and ¥y, over the base manifold
respectively.
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Hence, we have that: j% (FM) is an integrable prolongation if, and only
if, for any two point x,y € M there exist two local coordinate systems (a;‘)
and (yj) over z and y respectively such that there is a local section

) . J J
P1(Q) (2, ¢7) = ((mi,yj7Pi]> 51, 20 | OF > , (3.47)

TV 9k gyk
which takes values in jé (FM).

Now, we will translate these results to the associated Lie algebroid.
Thus, we will express the notions of integrability over the second-order
non-holonomic algebroid over an manifold M. We will begin defining the
notion of integrability of a reduced Lie subalgebroid. In order to do that,

we will denote by g2 (n) the associated Lie algebra of G’ (n).

Definition 3.2.19. Let AJ%(FM) be a reduced Lie subalgebroid of

AJY (FM). AJ%(FM) is integrable by G if it is locally isomorphic to the

trivial algebroid TR™ @ (R™ x §) where @ is the Lie subalgebra of g2 (n).
We will consider G as the unique Lie subgroup of G’ (n) whose

associated Lie algebra is g.
Note that AJ% (FM) is locally isomorphic to TR"™ & (R™ x g) if for all

x € M there exists an open set U C M with z € U and a local chart,
Yy : U — U, which induces an isomorphism of Lie algebroids,

AUy ATL(FU) - TU & (U x )., (3.48)
where AUy is the induced map of the isomorphism of Lie groupoids ¥,
which is given by ~ -

Uy JL(FU) - U xU x G,
such that ¥y = (U’U oa, Yy o, @U)7 where for each j;‘y\I/ € jé (FU)
the image Vs (43 , V) is given by

3o (F (rvpw) o ¥0) 0o F (¥ 0Ty (w)) ) (3-49)
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for some Lie subgroupoid j% (FU) of J! (FU).

So, for each open subset U C M, Ajé (FU) is integrable by a Lie
subgroupoid jé (FU) of J'(FU). Using the uniqueness of integrating
immersed (source-connected) subgroupoids (see proposition [2.3.41)),
AJ1 (FM) is integrable by a Lie subgroupoid of J! (FM) which Wlll be

denoted by Jé (FM). Obviously, AJ% (FM) is integrable if, and only if,
j% (FM) is integrable.

Analogously to the case of the 1—jets groupoid, a parallelism of AJL (FM)
is an associated Lie algebroid of a parallelism of Jt (FM). Hence, using
the Lie’s second fundamental theorem m a parallelism is a section of
f, where f is the anchor of AJ! (FM) (understanding “section” as section
in the category of Lie algebroids, i.e., Lie algebroid morphism from the
tangent algebroid TM to AJ' (FM) which is a section of the morphism
E), and conversely. In this way, we will also speak about integrable sections

of .

Let (zi) be a local coordinate system defined on some open subset
U C M, then, we will use the local coordinate system defined in Eq. (2.50)),

AJY(FU) - (:p v ,v],'uj,v]’k) (3.50)

which are, indeed, induced coordinates by the functor from Lie groupoid
to Lie algebroids (see theorem [2.3.26)) of local coordinates on J! (FU).

Notice that each integrable section of (E, B) in J! (FM), P, is a Lie

groupoid morphism. Hence, P induces a Lie algebroid morphism AP
TM — AJ' (FM) which is a section of § and is given (see Eq. (2.46))) by

AP (vg) = Tu Py (vz), Yz € TeM, (3.51)
where P, : M — Jla (FM) satisfies that

Po (y) =P (y,x),Vz,y € M.
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So, taking into account Eq. (3.39)), locally,
P (zt,y7) = ((zl yj,éf) ,527,0) ;
and we have that each integrable section can be written locally as follows

—(,; 0 ; 0
A?(x,axi):((:p,@ﬁ),0,0).

Now, using proposition [3.2.11] we deduce the following analogous
proposition.

Proposition 3.2.20. A reduced subalgebroid Aj% (FM) of AJY (FM) is

integrable by G if, and only if, there exist local integrable sections of #
covering M which takes values on AJ% (FM).

‘Equivalently, for each point € M there exists a local coordinate system
(xz) over an open set U C M with z € U such that the local sections

;0 ;0
Alat,—— ) = % %57:0),0,0),
(+3) = ((50) 09)
takes values in Aj% (FM).

Next, we will have to introduce the notion of prolongation over the
induced Lie algebroid AJ! (FM). In this way, taking into account that
ﬁf and TI? are morphisms of Lie groupoids we can consider the induced
morphisms of Lie algebroids Aﬁ?, ATL? : AJY (FM) — ATT* (M, M).
Thus, it is easy to induce the construction of the second-order
non-holonomic prolongation over AJ! (FM). Given two section of f

AP, AQ: TM — ALY (M, M),

we define the second-order non-holonomic prolongation associated to AP
and AQ as follows,
AP (AQ) = A (P (Q)).
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Then, AP! (AQ) projects via Aﬁ? (resp. AII3) over AP (resp. AQ).

Using that the functor A preserves integrability (see section, APl (AQ)
is said to be integrable if AQ is integrable (equivalently Q is integrable).
Therefore, if AP' (AQ) takes values in Aj' (FM), AP (AQ) is an integrable
prolongation if, and only if, it is integrable.

Finally, we can introduce the following definition.

Definition 3.2.21. Let Ajé(FM) be a Lie subalgebroid of AJ! (FM).

Ajé (FM) is a non-holonomic integrable prolongation of second-order if
we can cover M by local non-holonomic integrable prolongations of second
order which take values in AJé (FM).

Remark 3.2.22. Thus, Aj% (FM) is a non-holonomic integrable
prolongation of second-order if, and only if, j%(FM ) is a non-holonomic

integrable prolongation of second-order. Notice that, if jé (FM) is a
non-holonomic integrable prolongation of second-order then, we can cover
M by open sets U and second-order non-holonomic integrable prolongations
PL(Q):UxU — j% (FU). However, we cannot take AP! (Q) because these
sections are not morphisms of Lie groupoids.

To solve this, we fix zo € M and define

P (z,y) = P (D) (20,) - [P (Q) (z0,2)] 7",
for all z,y € U. Then, these family of sections are morphisms of Lie

groupoids and non-holonomic integrable prolongations of second-order.

Now, express this condition in local coordinates. Let P : M x M —
JY (FM) be a section of (6, B) in J1 (FM) and (x%) be a local coordinate
system on M such that

(o) = (o7, P)) QL RL,)

/9 5 P’ 8Ql OR,
A? xlvi = '1‘177771 7717 ’ )
Ox! Ox!’ Ox! ozl Oxt

Then,
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where we are differentiating fixing the first coordinate (see Eq. (3.51))).
Next, take two section of #, AP and AQ, in AII' (M, M) such that

) .9 op!
Aap (i, 2 = (o8, 2 Zn
(ac ’Zhl) <$781l’ 81l>

J
Ag(mi,i): o, 2 940
ox! ozl Ox!
Hence,

) 9 oPl\ 8@l
1 7 _ 7 7 7 J
AP (AQ) (m ,—axl> = <<x ol Dl ) ol 7Ri,kl , (3.52)

where

i 2P/ QI P! Lo 02P! '
LEL T Gl ook ozl oy™ k gzloym

To understand why we obtain this local expression we have to take
into account that we are fixing the second coordinate to get the induced
map AP (AQ). Finally, using Eq. (852), AP (AQ) is integrable if,
and only if, there exists a local system of coordinates (zl) such that

.0
AP (AQ) (xz, W) can be expressed as follows
z

;8 oP/ >*P) 92p]
a0, e ] (3.53)
Ozl Ox! Oxloxzk ~ Oxloyk
. s . . . ~1
So, we can rewrite definition|3.2.21|in the following way: Let AJa (FM)

be a Lie subalgebroid of AJ!(FM). Ajé (FM) is a non-holonomic
integrable prolongation of second-order if for each @ € M there exists
a local coordinate system (:vl) over x such that the local section

.0 _
1 i
AP (AQ) (z ,@) of §,

) P 9*P)
A A vl B vy i sy = il I
Ozl Ox! Oxloxzk ~ Oxloyk
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take values in Ajé (FM).

Characterization of homogeneity

In this subsection we will use the results obtained in the previous
subsections to interpret the (local) homogeneity of Cosserat media in several
different ways. So, let F'B be a Cosserat medium with W : J! (FB) — V
as mechanical response. Consider Q (B) the corresponding non-holonomic
material groupoid of second order. Then, B is locally homogeneous if, and
only if, for each point X € B there exists an open subset U C B with
X € U and a local diffeomorphism & over U such that the (local) section
P:UXU— J(FB) given by

P(2,Y) =jgy (R 0 Fry(y)_n(z) ©F),

where T, (y)_x(2) : R3 — R3 denotes the translation on R3 by the vector

% (Y) — K (Z) takes values in Q (B) (see definition .

So, using proposition m we immediately have

Proposition 3.2.23. Let B be a Cosserat medium. If B is homogeneous
then Q(B) is a second-order non-holonomic integrable prolongation. In
fact, Q(B) is a second-order non-holonomic integrable prolongation if, and
only if, B is locally homogeneous.

Therefore, we deduce that B is locally homogeneous if, and only if, Q (B)
can be locally covered by (local) sections of (a, B) in Q(B) as follows:

_ N . 8opPl  op
P (z%,y7) = <(wl,yJ,PZ> .67, M; + 8y2> .

Next, let us consider the induced subalgebroid of the second-order
non-holonomic material groupoid, AQ (B). This Lie algebroid will be
called second-order non-holonomic material algebroid of B.
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Take © € I' (AQ (B)). So, the flow of the left-invariant vector field Xe,
{#9}, can be restricted to Q (B).
Hence, for any g € J! (F'B), we have

W (62 (g-2(@(9)) =W (9). (3.54)

Thus, for each g € J! (FB), we deduce

W (X6 0) = 5o (W (£ ©)) = 50 OV (@) =0

- Ot
Therefore,
TW (Xe) = 0. (3.55)
Conversely, suppose that Eq. (3.55) is satisfied. Then,
0 (] _ 71
70, (W ((pt (g))) =0, Vg€ J' (FB), Vs.

Thus, taking into account that

W (¢ (9) =W (9),

we havi
o W(s&?(g)>=W(9),

ie.,

© €T (AQ(B)).

As a consequence, the second-order non-holonomic material algebroid
can be defined without using the non-holonomic material groupoid of
second order. Thus, we can characterize the homogeneity and uniformity
using the material Lie algebroid. Taking into account that the fact of being
an “integrable prolongation” can be equivalently defined over the associated
Lie algebroid (see remark we get the following result:

Proposition 3.2.24. Let B be a Cosserat continuum. If B is
homogeneous, then, AQ(B) is an integrable non-holonomic prolongation
of second order. Conversely, AQ(B) is an integrable non-holonomic
prolongation of second order implies that B is locally homogeneous.
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Using the local expression (3.53)), this result can be expressed locally as
follows.

Proposition 3.2.25. Let B be a Cosserat continuum. B is locally
homogeneous if, and only if, for each body point X € B there exists a
local coordinate system (m’) over U C B with X € U such that the local

section AP (AQ) (mi, %) of t,

. 8 oP/ 8?p;  9%P)
Ty 7 A 707 a.l9 kL + a.79. kL )
Ozl Oxl oxloxk  Oxloyk

takes values in AQ (B).

Finally, we will use the Lie algebroid morphism 2 3.30] to give another
characterization of the homogeneity. Indeed, let be A : TB — AJ' (FB) a
linear section of . Then, using remark A can be seen as a map

VA X (B) x X (FB) — X (FB),

where, for all (x,3) € X(B) x X (FB), f € C®°(B) and F € C>® (FB)
satisfies that

(i) VA= (fomp) VLS.

Y OB e — oBe L A (N ()<

(i) VQFS=FVS+A X)) ()<
(iii) The base vector field of V§ is A (x)* which is w5 —related to x.
(iv) For all g € GI(3,R),

A * * A
Vi oR; =R oV

(v) The flow of V§ is the tangent map of an automorphism of frame
bundles (over the identity map) at each fibre.
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Let (xz) be a local coordinate system on B such that

~ (i 9 NN EN
A (:DZ,@) = (mlvﬁvAiluA,ilﬁAi,kl .

Then, VA s locally characterized as follows

~ 0 0 0
: A _ k k
1) v 0 9ri Aﬂ'j ozk + Al,ij 8:1:;“
ozI
PN e} 0
.o A _ l
) V% et = Nkl
— J
Oxk

In this way, if A = AP! (AQ) is a non-holonomic prolongation of second
order we have that

Apl(ag) O 9QF 9 g O

I R YR bid gk

OxJ

(i v

Apl(ag) O 9Pl 9
9 ozt Oxk oxl’
W J J

L3 T 9rd Ozt Oxi Oxm ' Qxidxm’

Hence, A is an integrable non-holonomic prolongation of second order if an
only if

. oAPl(AQ) O 0
v — = L —
@ 0 ozt Lig 833;“
OxJ

Apl(ag) O 9Pl 8
8w§. oxk Bzé’

(i) v47

dak
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where - -
o _ o op

LT 9xigat | Oxidxt

Using this we can give the following result:

Proposition 3.2.26. Let B be a Cosserat continuum. B is locally
homogeneous if, and only if, for each material particle X € B there exists
a local coordinate system (ml) over U C B with X € U such that the local
non-holonomic covariant derivative of second order V satisfies

o] 1e]
) V =Rk
) 2 Oxt Lij 8mf
OzJ
S} oP! 8
(ii) V P = -

i Ok ol
. 3:1:; ox 890]-

where
e 82Plk aQPlk
LT 9zidzt | 9Ozt

takes values in D (AQ (B)).

Let A : TB — AJ! (FB) be a linear section of f and VA its associated
covariant derivative. We can construct (Zl)l (Zg) where
A=A oA ; DAy =AM20A.
— — ~ N\ A
Then, (A1)1 (Az2) has an associated map v(d1) (82) . g (B) x X (FB) —
X (F'B) which satisfies (i), (44), (i), (iv) and (v). So, A is a prolongation
if, and only if,

On the other hand, using that for all x € X (M), V§ is Rj—invariant we
have that V§ preserves right-invariant vector fields on F'M.

Then, we can project VA onto a covariant derivative on M , V1, in the
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following way: Let x,< be two vector fields on M and ¢© the complete lift
of ¢ over FM (see [15]). Then, ¢¢ is right-invariant which implies that

Vggc is right-invariant. So, Vﬁcc projects onto a unique vector field on
M. This vector field will be Vig. It is straightforward to prove that V! is
a covariant derivative over M; indeed, let (mz) be a local coordinate system
on B such that

/.9 9 o
A (x17 @) = (1’17 @VAZNAfil’AZ,kl) :
Then, V! satisfies that

d Fo)
vl = Ak 3.56
o ozt 2] 8$k ( )
OxJ

Hence, suppose that A is a non-holonomic prolongation of second order.
A is an integrable prolongation if, and only if, V! is locally trivial, i.e.,
the Christoffel symbols are zero. There is an alternative way to construct
V1. Using the Lie algebroid morphism D, we can construct a covariant

derivative on M, VZ2, such that
vAz = vl

Remark 3.2.27. To summarize, we have introduced a new framework
(groupoids and Lie algebroids) to study Cosserat media. In this arena,
we have been able to express the homogeneity in several different (but
equivalent) ways: Over the non-holonomic material groupoid of second
order, over the associated Lie algebroid (which can be contructed without
using the material groupoid) and over the Lie algebroid of derivations.
Finally, using the interpretation over the algebroid of derivations, we have
developed a method to know if a covariant derivative is a non-holonomic
integrable prolongation without using coordinates.

Homogeneity with non-holonomic
G —structures of second order

Let us compare definition [2.1.23] of homogeneity respect to a reference
crystal with our definition of homogeneity [3:2.5] It is important to recall
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that the definition m of homogeneity does not depend on a reference
crystal. So, these definitions cannot be equivalent (notice the difference
with simple media . However, there are a close relation. In fact,
B is homogeneous (resp. locally homogeneous) if, and only if, there

exists a reference crystal 7(2) such that B is homogeneous (resp. locally

homogeneous) with respect to 73.
To prove this, we will begin defining the following map

g F(F2M) - Tap) (jl(FM))
P ~ g

such that L B .
SP(z,y) = P(y)- [P (x)] 7", Va,y € M,

where we are considering the equivalence class in J? (FM).

Remark 3.2.28. Notice that the following equalities relate ﬁf (resp. f[%)
with p? (resp. §2)
N T2 5 —
(i) Dy 0oG=Go0p?
(i) If oG =907

where § : T (FM) — I'(4,5) (IT' (M, M)) has been defined in Eq. (3.13)
as follows:

SP(z,y) = P(y) - [P (2)] 7", Va,y € M.
Before working with second-order non-holonomic prolongations, we

are interested in knowing when an element of F(a ?) (jl (FM)) can be
inverted by G. First, we consider P € T’ (FQM); then for all z,y,z € M

Q\P(y,z) 9\P(r’ y) ZQ\P("E,Z), (357)
i.e., GP is a morphism of Lie groupoids over the identity map on M from
the pair groupoid M x M to J!'(FM). Therefore, not all element of
F(a B) <j1 (FM)) can be inverted by § but we can prove the following

result:
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Proposition 3.2.29. Let P be a section of J' (FM). There exists a
section of F°M such that
P =7, (3.58)

if, and only if, P is a morphism of Lie groupoids over the identity map
from the pair groupoid M x M to J' (FM).

Proof. We have already proved that Eq. implies that P is a morphism
of Lie groupoids over the identity map from the pair groupoid M x M to
J! (FM). Conversely, if Eq. is satisfied we can define P € T' <F2M>
as follows

P(x) =P (20,2) Zo,

where 2(2) S F°M with e 73) = zp is fixed. Then, using Eq. (3
have

GP =7D.

However, there is not a unique P such that GP = P. In fact, let P and
Q be sections of F>M such that

SP=5Q.
Then, there exists g € G’ (n) such that
ﬁ = @ : ?7

where we are choosing representatives of the equivalence class to do the
jet composition (see remark [3.2.32)).

Notice that the sections of (E, B) which are morphisms of Lie groupoids

over the identity map from the pair groupoid M x M to J* (FM) are,
precisely, the parallelisms.
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Next, let us prove that G : T' (f2M> — F(a ) <j1 (FM)) preserves

prolongations. In fact, let P! (Q) € F(FZM) be a second-order

non-holonomic prolongation of P and @, then
SPY(Q) = 5P (5Q), (3.59)
To prove the last equality, we use that
PHQ) @) = 5L, pa) (Po2),

where Q () = j(l)}zsz (see remark [A.0.17)). Then,

by (Fo) st (P552) ™ = iy (575 (o))

and, as we know,
SQ (2,y) = jzy (Yy oy ').

Then, taking into account that G preserves integrability (see section
, we can assume that G preserves integrable sections and integrable
prolongations of F~ M.

Conversely, we want to study if we can invert integrable sections (resp.
non-holonomic integrable prolongations of second-order) in J! (FM).
Notice that both kinds of sections can be written as second-order
non-holonomic prolongations and, in this way, we will study when we can
invert non-holonomic prolongations of second-order. ~

So, let P! (Q) be a second-order non-holonomic prolongation in J' (FM).
Using Eq. and remark [3.2.28] if we can invert P! (Q) then, there
exist P,Q € I (F M) such that

SPH(Q) =7 (9).

Therefore, analogously to proposition [3.2.29] P and Q have to be Lie
groupoid morphisms from the pair groupoid M x M to IT' (M, M).
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Proposition 8.2.30. Let P! (Q) be a second-order mon-holonomic
prolongation in J' (FM). There exists a second-order mon-holonomic

prolongation in F>M such that
SP'(Q) =2 (),

if, and only if, P and Q are morphisms of Lie groupoids from the pair
groupoid M x M to TI* (M, M).

Now, notice that, by construction, every integral section of IT' (M, M) is
a morphism of Lie groupoids from the pair groupoid M x M to IT! (M, M).
So we can state the following result:

Corollary 3.2.31. Let P1(Q) be a second-order non-holonomic
prolongation in J* (FM).

(i) If P! (Q) is integrable then, there exists an integrable section ofFQM,
PY(Q), such that B
SPH(Q) =7'(9).

(ii) If P1(Q) is a mon-holonomic integrable prolongation of second
order then, there exists a second-order non-holonomic integrable
prolongation of F2M, P1(Q), such that

SP(Q) =7 (9),

if, and only if, P is a morphism of Lie groupoids from the pair
groupoid M x M to TI* (M, M).

This result could induce us to think that if P satisfies
GP =91 (Q),

then, P is a second-order non-holonomic prolongation but this is not true
and we will prove it in the following remark.

Remark 3.2.32. Let P and Q be sections of FQM such that

SP =35Q.
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Then, for all z,y € M,

Py) P 1=Q1 @&,
ie., . B . B

Q) '1-Ply)=Q) ']-Px), (3.60)
where to do the above jet composition we are choosing a representative of

the equivalence class. Thus, denoting § = [Q (y) " ']- P (y) € G (n) (which
does not depend on the point because of Eq. (3.60)) we have

P=Q-g, (3.61)

where, again, we are choosing representatives of the equivalence class to do
the jet composition.
Conversely, if it satisfies Eq. (3.61) we immediately have that

SP =3Q.
Hence, we have shown that for each section of fQM, P,
=1 (=5 = _ =2 = =2
5 (5P)={P5/5eC )} =P -G ().

Let P! (Q) be a second-order non-holonomic prolongation on F°M and

S G’ (n). Is P*(Q) - g a second-order non-holonomic prolongation? If
the answer is negative, when can we ensure that P! (Q)-g is a second-order
non-holonomic prolongation?, and, what about non-holonomic integrable
prolongations of second order and integrable sections?

First, notice that

@) P2 (PH(Q)(z)-g) =P (=) pi(9)-

(i) 73 (P*(Q)(2)-9) = Q ()51 (9)-

Then, denoting ﬁ% (9) by g1 and ﬁ% (9) by ge, if P! (Q)-g is a non-holonomic
prolongation of second order, it satisfies that

PHQ)g=(P g1)" (Qg2).

=
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So, let (131) be a local coordinate system over a point x € M such that

. o . opP!
PL@ () = <<xap;) ,Qé-,chaxi) ,
where _ o _ -
P (zl) = (ac’,P;) , Q (r’) = (m’,Q;-) .

Furthermore, using this coordinates, g can be seen
g=((0,43),4%,a},) .

Then P! (Q) - g has the following local expression

6P7’€ T S

ol A% ) -

On the other hand, the local expression of (P - g1)! (Q - g2) is the following

((m P;’Ag.) LQiAL, Plal + QL

L L L 8137’f T AS
((ml,Pleé') 7Q;A€j»Qé ol AjA’k) .

Hence, P1(Q) - g is a second-order non-holonomic prolongation if, and
only if, C“;‘,k =0 for all 4, j, k.
If we denote 73 by je,,a¥ € G’ (n), P(Q) ?ﬁ is a second-order
non-holonomic prolongation if, and only if, ¥ is locally constant at the
matricial part, i.e.,

U (2, 1d) = (¢ (z), A), Yz € U.

Then, as a consequence, P! (Q) is a second-order non-holonomic integrable
prolongation implies that P (Q) - g is a second-order non-holonomic
integrable prolongation if, and only if, a;. x = 0 for all 4,j,k. On the
other hand, P! (Q) is an integrable section implies that P1(Q) -gis an
integrable section if, and only if, a;. r = 0 and A; = A’j for all 4, j, k.

So, in contrast with the simple media case, if P € F>M is such that GP is
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a non-holonomic integrable prolongation of second order in J! (FM) (resp.
integrable), then, we cannot ensure that P is a second-order non-holonomic
integrable prolongation (resp. integrable) but there exists g € G’ (n) such
that P - g is an integrable prolongation (resp. integrable) (see corollary

E21),

Finally, as for the simple media case, we can generalize the map S to
a map which takes non-holonomic G'—structures of second order on M
into reduced subgroupoids of J! (FM). Let Wg (M) be a non-holonomic

G —structure of second order on M, then we consider the following set,
g(wE(M)) = {Ly . [Lgl] / LCCvLy € wa(M)},

where we are considering the equivalence class in Jt (FM). We will denote
§ (wg (M)) by JL(FM). JL(FM) is a reduced subgroupoid of J! (FM).
In fact, taking a local section of We (M),

Py : U= wg(U),
the map given by

Fy: JY(FU) — FUxU
Loy = (Low-[Pu(@)],2)

is a diffeomorphism which satisfies that Fy (j% (FU)) =wg (U) xU.
Analogously to the case of parallelisms, we can prove that every reduced
subgroupoid can be inverted by § in a non-holonomic G—structure of second

order on M. Yy o _,
Fix 20 € M and Zg € F°M with 52 (Zo) = 2. Then, we define

G175 0 Zo /T € [V =70 - [BE]7 o [

20
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= 170
where [Jﬁ] i,

is clearly a Lie subgroup of G* (n).

Then, we can generate a second-order non-holonomic G—structure over M

in the following way

is the isotropy group of jé (FM) over zy. Therefore, G

_ =2 _ = =
a(M) = {Lsw-Z0-G/G€G, Lagu € J5(FM),_ }

= =2
= JL(FM), - Z,.
Notice that j% (FM), and wg (M) are clearly isomorphic.

Next, let g (M) be an integrable second-order non-holonomic (resp.

integrable prolongation) G—structure on M. Using proposition
proposition and the fact of that G preserves integrable sections
(resp. integrable prolongations) we have that jé (FM) is integrable (resp.
an integrable prolongation).

Conversely, let jé (FM) be an integrable (resp. integrable

prolongation) Lie subroupoid of J! (FM). Then, we may construct an
integrable (resp. integrable prolongation) second-order non-holonomic
G—structure W (M) such that

S (wg (M) = JL (FM). (3.63)
To do this we just have to use proposition [3.2.10| (resp. proposition
3.2.18) and define it locally. However, not all second-order non-holonomic
G—structure wich satisfies Eq. (3.63) is integrable.

Remark 3.2.33. Let wWg (M) be a second-order non-holonomic
G —structure on M and &g (M) be another second-order non-holonomic
G—structure on M such that

S ([@g (M) =3 (a5 (M),
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i.e., for all j;l X@,jél y© € wg (M), there exist jil Xi’,ji Yé € wa (M)
) ) ’ 1
such that o
iky (@0®7) =jky (60871).
Then,
Jhoa (67 08) =il 4 (371 00),
with A € Gl(n,R). Indeed, for all jél ¥ € wg (M), there exists

jél,x"i” € &g (M) such that

jél,A (é71 o 6) :j;LA (\'Iilfl o\II) ,
So, denoting by g = jel1 A ((:)*1 o @) Xes (n), we have
o (M) = 65 (M) -3, (3.64)
where to do the above jet compositions we are choosing a representative of
the equivalence class.
On the other hand, if Eq. (3.64) is satisfied it is obvious that
§ (@g (M) =5 (9 (M)) .

Hence, we have shown that, for each non-holonomic G—structure of second
order W (M) we have

57 (5@g (M)

_ =2
{wg(M)-g/geG (n)}
_ —2
= Wg(M)-G (n).
Notice that Eq. (3.64) implies that the isotropy groups are conjugate,
namely ~ B
G=g ' Gy
So, these structures are second-order non-holonomic conjugated
G—structures.

However, like in remark [3.2.32) not all second-order non-holonomic
G—structure wg (M) with G (wg (M)) integrable (resp.  integrable
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prolongation) is integrable (resp. integrable prolongation) but, there
exist § € G?(n) such that Wg (M) - g is integrable (resp. integrable
prolongation).

Now, we are in position to prove the above announced results. Let be
. =2 —2
B a Cosserat continuum and a crystal frame Zg € F"B at Zy. Then,
we have defined the second-order non-holonomic Gy—structure of uniform
references as follows

_ -2
‘*’50 (B) = QZo (B) ~Zy,
ie.,

g (wao (93)) —Q(B).

Therefore, there exists g € G’ (n) such that the second-order
non-holonomic Go—structure wg (B) - g is a second-order non-holonomic

integrable prolongation if, and only if, Q(B) is a second-order
non-holonomic integrable prolongation. So, using proposition and
proposition [3.2.23] we have the following result:

Proposition 3.2.34. A Cosserat continuum B is homogeneous (resp.

locally homogeneous) if, and only if, there exists a reference crystal 73
such that B is homogeneous (resp. locally homogeneous) with respect to

2

Zy.
Hence, we our notion of homogeneity of a Cosserat medium B (which
does not depend on a reference crystal) is equivalent to the existence of

a configuration ® such that B is homogeneous over the reference crystal

&, 2,® " (in terms of the non-holonomic G—structures of second order).
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Chapter 4

Characteristic distributions and
material bodies

From the existence of structures of simple bodies B in which the material
groupoid Q (B) is not a Lie subgroupoid of the groupoid of 1—jets IT* (B, B)
arises the need to develop more “differentiable tools”. More generally, we
will start studying the case of a general subgroupoid I' of a Lie groupoid
T" to get results which may be applied to material bodies as well as other
interesting examples.

4.1 Characteristic distribution

As we have said, sometimes it could be necessary to work with a groupoid
which does not have a structure of Lie groupoid. In fact, the constitutive
theory of continuum mechanics is an example (see section , In this
case, the set of material isomorphisms has the structure of subgroupoid of
a particular Lie groupoid: the 1—jets groupoid on a manifold. However,
this groupoid is not necessarily a LIE subgroupoid of the 1—jets groupoid.
This will be discussed in the next section in some detail.

In this section will work with a general subgroupoid of a given Lie

175



176 CHAPTER 4. MATERIAL DISTRIBUTIONS

groupoid. Almost all the results are published in (which is one the
papers whose results are part of this thesis). However, there are here
more results of what have been exposed in . In fact, the development
presented here is strictly more general due to corollary

Let I' = M be a Lie groupoid and T be a subgroupoid of I' (not necessarily
a Lie subgroupoid of I') over the same manifold M. We will denote by @,
B, € and 7 the restrictions of the structure maps of I to T (see the diagram
below).

P e—

.. . . . . . =T
where j is the inclusion map. Now, we can construct a distribution AI'
over the manifold I" in the following way,

g €T s AT, <T,T,

such that Afg is the fibre of AT at g and it is generated by the (local)
left-invariant vector fields © € X, (T') whose flow at the identities is totally
contained in T', i.e.,

(i) © is tangent to the B—fibres,
©(9) € Ty~ (B(9)),
for all g in the domain of ©.
(i) © is invariant by left translations,
©(9) = Te(a(g))Lg (O (e(a(9))),

for all g in the domain of ©.
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(iii) The (local) flow ¢§ of © satisfies

@f (e(x) €T,
for all x € M.

Notice that, for each g € I', the zero vector 0, € TyI" is contained in the

fibre of the distribution at g, namely AFZ (we remit to the last section for
non-trivial examples). On the other hand, it is easy to prove that a vector
field © satisfies conditions (i) and (ii) if, and only if, its local flow ¢ is
left-invariant or, equivalently,

Lg oLp? = 9@? oLy, Vg,t.

Then, taking into account that all the identities are in T' (because it is a
subgroupoid of I'), condition (iii) is equivalent to the following,

(iii)> The (local) flow ¢ of © at 7 is totally contained in T, for all g € T.

Thus, we are taking the left-invariant vector fields on I' whose integral
curves are confined inside or outside I'. It is also remarkable that, by
definition, this distribution is differentiable. Remember that a distribution
is differentiable (see appendix if for any point x and for any vector v,
of the distribution at z there exists a (local) vector field © tangent to the

distribution such that,
O (z) = vg.

The distribution AT is called the characteristic distribution of T.
For the sake of simplicity, we will denote the family of the vector fields
which satisfy conditions (i), (ii) and (iii) by €. The local vector fields of C
will be called admissible vector fields.

Remark 4.1.1. Our construction of the characteristic distribution
associated to a subgroupoid T' of a Lie groupoid I' can be seen as a
generalization of the construction of the associated Lie algebroid to a given
Lie groupoid (see section. o



178 CHAPTER 4. MATERIAL DISTRIBUTIONS

The structure of groupoid permits us to construct two more new objects
associated to the distribution AfT. The first one is a smooth distribution
over the base M denoted by AT". The second one is a “differentiable”
correspondence AT which associates to any point x of M a vector subspace
of T()I'. Both constructions are characterized by the commutativity of
the following diagram

where P (E) defines the power set of E. Therefore, for each x € M, the
fibres satisfy that

AT, = AT.,
AT = T, a (ATS)

The distribution AT is called base-characteristic distribution of . It
is remarkable that all the distributions introduced are not, necessarily,
regular.

Notice that, taking into account that AfT is locally generated by
left-invariant vector field, we have that for each g € T,

=T =T
Alg = Te(a(e)) Ly (Afem(g») )

i.e., the characteristic distribution is left-invariant. In particular, the
characteristic distribution and the base-characteristic distribution are
characterized by the differentiable correspondence AI' by using that

7T e
ATy =T, (a(g))Lg (ATa(g)) -
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‘We could have used Grassmannian manifolds instead of power sets in the
above diagram for the distributions but we prefer power sets because of
the simplicity.

To summarize, associated to I’ we have three differentiable objects AT,

AT and Afﬁ. Now, we will study how these objects endow T’ with a sort
of “differentiable” structure. Consider a left-invariant vector field © on I'
whose (local) flow <p? at the identities is contained in I'. We want to prove

that the characteristic distribution AT is invariant by the flow (pt@, ie.,
for all g € " and ¢ in the domain of Lp!(? we have
e =T =T
Ty (ATy ) = AT o (). (4.1)
Indeed, let be vy = Z(g) € AT, with Z € €. Then,

Tg‘ﬂ? (vg) = Tg‘Pt@ (E(9)

I
Yoy
S
o]
o
S
@ [m
—
S
NP
N2

where ©Z is the flow of .
Consider the (local) vector field T on I' given by the pullback of = by ¢,
i.e., for each h

T () ={(¢9) (0 = T,0,4)9f (2 (S 1))

Then, the flow of T is ¢ 0 ¢F 0 v®, and, therefore, YT is an admissible
vector field. Furthermore,

Ty (vg) =T (so? (9)) :

Hence, ngote (Ang) - Afi;?(g)- We can prove the converse in an
analogous way.

Thus, the characteristic distribution AT s locally generated by a family
of vector fields €, and it is invariant with respect this family. Remember
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now the classical Stefan-Sussman’s theorem [B.0.17] which deals with
the integrability of singular distributions (see appendix [B| for a detailed
presentation of this result).

Theorem 4.1.2 (Stefan-Sussmann). Let D be a smooth singular
distribution on a smooth manifold M. Then the following three conditions
are equivalent:

(a) D is integrable.

(b) D is generated by a family C of smooth vector fields, and is invariant
with respect to C'.

C 18 € tangen 1strioution o] a smoo stnguiLar joiLration .
D is the t t distribution D7 th singul liation F

There is still another theorem to deal with the integrability
of generalized distributions which could be confused with the
Stefan-Sussmann’s theorem, the Hermann’s theorem m that states
that any locally finitely generated differentiable involutive distribution on
a manifold is integrable.

So, the distribution AT is the tangent distribution of a smooth singular
foliation F. The leaf at a point g € I' is denoted by F (g). The collection
of the leaves of F at points of T is called the characteristic foliation of T.
Note that the leaves of the characteristic foliation covers T' but it is not
exactly a foliation of T' (because T is not manifold).

The following assertions can be easily proved:

(i) For each g € T,
F(g) C TP,

Indeed, if g € T, then

(ii) For each g,h € T such that a (g) = S (h), we have

Fg-h)=g-F(h).
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The property (i%) is proved by arguments of maximility. On the other hand,
the property (i) can be proved by checking the charts of the leaves given
in the proof of the Stefan-Sussmann’s theorem (see the proof of theorem
IB.0.17). It is remarkable that property (i) means that each leaf of the
foliation F which integrates AT is contained in just one S8—fibre, i.e., for
each g € T the leaf J (g) satisfies that

B(h)=B(9),

for all h € F (g). Notice also that, one could expect that J (g) = TP by
this is not true in general (see examples in section [4.2]).
So, we have proved the following result.

Theorem 4.1.3. Let I' =% M be a Lie groupoid and T be a subgroupoid of
T (not necessarily a Lie groupoid) over M. Then, there exists a foliation
F of T' such that T" is a union of leaves of F.

In this way, without assuming that T is a manifold, we prove that T is
union of leaves of a foliation of I'. This gives us some kind of “differentiable”
structure over .

Let us consider a (local) left-invariant vector field ©® € C. Then, the flow of
© restrics to the fibers, i.e., © is a left-invariant vector field in I" such that,

OF €X (? (g)) ) (4.2)
for all g in the domain of ©. Reciprocally, left-invariant vector fields
satisfying Eq. are admissible vector fields. _

It is important to note that we are working with the case in which I' is a
subgroupoid of I" over the same manifold. In fact, we could do not have to
impose it.

Corollary 4.1.4. LetT' = M be a Lie groupoid and T be a subgroupoid of
T (not necessarily a Lie groupoid). Then, there exists a maximal foliation
F of T' such that T" is a union of leaves of F.

Proof. Denote by N to the subset of M given by a (f) =8 (f) Then, N
is not necessarily a submanifold of M. _
Let us now define the following subgroupoid I'j; over M,

Ty =Tpy-nyurl,
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where I'p;_n is the set of all the elements of I' from points of M — N
to points of M — N with M — N as the collection of points of M outside
N. Observe that all the identities at points of M are in I'p;. It is also
remarkable that T'j; is now a subgroupoid of I' over the same manifold M.
Then, we apply theorem to T'ps to get the characteristic foliation F
of I such that T'p; is a union of leaves of F.

Let z € M be a point which is not at N. Then,

F(e(x)) €Ty CTy—n.
Hence, the foliation F of T satisfies that T is a union of leaves of . O

Let fi/f be another subgroupoid of I' over M extending T' such that
there are not elements in f?w based at points of N which are not in T, i.e.,
for all g € f?u such that a(g) € N it satisfies that g € T. Equivalently,
there are not elements g € f?\/f with B3 (g) € N outside T. Notice that this
is a natural imposition if we want that the characteristic foliation restricts
to I'.

Then, there exists a set A of elemens of I' from points of M — N to points
of M — N containing the identities satisfying that

(i) To, =AUT
(i) e(M-N)CACTy-N

Denote by @1‘?/[ and Cps to the admissible vector fields associated to fi/[
and T'js respectively. Then, by using (i) and (ii) we have that

e C ey

Therefore, all the leaves of the characteristic foliation associated to fi/[
are contained in the leaves of the characteristic foliation associated to I'p;.
Then, the leaves associated to I'j; are maximal and this is the reason
because we chose the extension ;.

One could think that, maybe, the resulting leaves inside N do not depend
on the choice of the subset A but this is not true (see example below).



4.1. CHARACTERISTIC DISTRIBUTION 183

Example 4.1.5. Consider M = R%, I' = R? x R? and I" = B1 (0) x B (0),
where Bj (0) is the closed ball of centre 0 and radius 1 (what implies that
N =a(T) =8 (T) = B1(0)). Then, consider
Th, = AUT,
with the set A defined as follows,
A=¢ (§1 (O)C) = {(z,z) : = ¢ B1(0)},

with B (0)° the complementary set of Bj (0) in R2.

So, for each point outside N we only add the identity at the point. Then,
in this case, an admissible vector field has to be zero at points outside N.
By continuity, the admisible vector fields are also necessarily zero at the
boundary of Bj (0), i.e., at the sphere S (1) of centre 0 and radius 1 in
R2. On the other hand, inside the open ball B; (0) any local vector © field
induce an admissible vector field as follows,

' (z,y) = (©(x),0) (4.3)

for all z,y in the domain of ©. Therefore, the characteristic foliation F 4
of f?w is given by

(i) For all point z € S (1),

Fa(z,y) ={s} x{y},
for any y € R2.
(ii) For all point z € B; (0),
Fa(z,y) = B1(0) x {y},
for any y € R2.

On the other hand, let us take the extension considered in the proof of

corollary ie.,
fM = El (O)C X El (O)C] L El (0) X El (0)} s
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Then, taking into account that Bj (0)¢ is an open subset of R?, any (local)
vector field at By (0)° induces an admissible vector field by Eq. .
Analogously, any (local) vector field at By (0) induces an admissible vector
field for Tpy.

Let © be a (local) vector field with domain U such that U NS (1) # 0. It
is easy to see that if © is tangent to the sphere .S (1) then, © induces an
admissible vector field for T'j; by using Eq. 4 So, the characteristic

distribution AFL has dimesion larger than 1. On the other hand, there
are vector fields which are not admissible vector fields, for instance,

0w = (55:0),

where (rl) is the (global) canonical system of coordinates of R?, is not an
admissible vector field. Therefore, necessarily,

dim ((ATwm)(, ) = 1.

for any € S (1) and y 67R2. Thus, we have proved that the characteristic
foliation F associated to I'ps is given by

(I) For all point z € S (1),
F(z,y) =5 (1) x {y},
for any y € R2.
(ITI) For all point = € B (0),
F(z,y) = B1(0) x {y},
for any y € R2.

In this way, these extensions (Tpr and f?\/[) generate strictly different
characteristic leaves inside I'.
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For a general subgroupoid T' of a Lie groupoid I', we will call
characteristic distribution of T to the characteristic distribution of T'j;
and it will be denoted by AT”. The collection of the leaves of F at points
of T is again called the characteristic foliation of T.

As you could imagine, from the construction of the characteristic
distribution, we obtain some condition of maximality.

Corollary 4.1.6. Let S be a left invariant foliation of I' such that T s a
union of leaves of G. Then, the characteristic foliation F is coarser that G,
i.e.,

G(9) CF(9), VgeT. (4.4)

Proof. Taking into account corollary we may assume that I is a
subgroupoid of I" over the same manifold M. Let D be the family of
(local) vector fields tangent to the foliation G. Then, the left-invariance
of G implies that any vector field © € D is tangent to the S—fibres. So, we
may define a new left-invariant vector field ©j, such that for each g,

OL (9) = Te(a(g)) Ly (O (e (a(9)))) -

Denotes the family of left-invariant vector fields induced by the vector field
in D by Dy. Then, D}, generates the tangent distribution to §. In fact, for
each z € M, Te(x)g (e(x)) is obviously generated by the evaluation of the
vector fields of Dy, at the identity e (x) (the evaluation of the vector fields
of Dy, at the identity € (z) results exactly in the vectors than the evaluation
of the vector fields of D at the identity e (z)). Thus, the left-invariance of
g proves that Dy, generates the tangent distribution to I
Finally, using that T is a union of leaves of § we have that Dy C € and,
therefore, Eq. is satisfied.

|

__Particularly, T is a submanifold of I' for all x € M if, and only if,
T =F (e(x)) for allz € M.

Notice that, in an analogous way to theorem[4.1.3] we can prove that the

base-characteristic distribution Afu is also integrable. Thus, we will denote
the resulting foliation which integrates the base-characteristic distribution
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over the base M by F. For each point x € M, the leaf of F through x will
be denoted by F(x). F will be called the base-characteristic foliation of T.
Let us apply these results to a particular example. Let M be a manifold and
M x M the pair groupoid (example[2.2.6). Then, any transitive subgroupoid
of M is the pair groupoid N X N of a subset N C M. Then, using corollary
we have the following result.

Theorem 4.1.7. Let M be a manifold and N be a subset of M. Then,
there exists a mazimal foliation F of M such that N is union of leaves.

Proof. Let N x N =% N be the transitive pair groupoid of N. We will
consider the subgroupoid

(N x N,y =[(M—N)x (M—N)]U[N x N] = M,

of M x M = M. So, we may consider F and J its characteristic foliation
and base-characteristic foliation respectively.
Then, for each x € N we have that

F(z,z) C N x {z}.

In fact, it satisfies that

F(z,z) = F(z) X {z}. (4.5)

Hence, N is the union of the leaves of the base-characteristic foliation at
points of N and we already have our foliation. O

Let us now explain the condition of maximality of the foliation. Let §
be another foliation of M such that N is union of leaves. Then, for each
(z,y) € M x M we may define

S(z,y) =9 (z) x {y}.

Hence, the family § = {S (z, Y)} (w,y)eM x 0 defines a left invariant foliation
of M x M such that [(M — N) x (M — N)] is union of leaves. Thus, the
maximality condition of the characteristic foliation (corollary implies
that § C &, i.e., there is no another coarser foliation of M which divides
N into union of leaves.
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Notice that the maximal foliation given in theorem permits us to
endow N with differential structure which generalizes the structure of
manifold. Indeed, N is a submanifold of M if, and only if, N consists of
just one leaf of the foliation.

Let © be an admissible vector field of the subgroupoid
[(M—=N)x (M- N)JU[N x Nl = M. Then, the projection

0 =TaoBoe,

on M is a vector field on M such that its flow at point of N is confined in
N. Conversely, any vector fields § whose flows at point of N is inside N
may be lifted to an admissible vector field ® by imposing that

O (z,y) = (0(x),0) € Ty M x TyM, Yx,y € M. (4.6)

Thus, the foliation given in the theorem [£I.7] can be described by the
vector fields on M whose flow at points of N is contained in N.

Example 4.1.8. Let ~ be an equivalence relation on a manifold M, i.e.,
a binary relation that is reflexive, symmetric and transitive. Then, define
the subset O of M x M given by

0:={(=zy) : z~y} (£.7)

Then, O is a subgroupoid of M x M over M. In fact, this is equivalent
to the properties reflexive, symmetric and transitive. For each x € M, we
denote by Oz to the orbit around x,

0s:={y : =~y}.

Notice that the orbits divide M into a disjoint union of subsets. However,
these are not (necessarily) submanifolds.
On the other hand, the base-characteristic foliation gives us a foliation J
of M such that

F(z) C Og, Vz € M.

This foliation is maximal in the sense that there is no any other coarser
foliation of M whose leaves are contained in the orbits (see theorem [4.1.13
and corollary [4.1.14)).
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Another example give rises to the so-called material distributions. This
example will be presented in the next section.

Remark 4.1.9. We can construct another distribution D on I' generated
by the (local) vector fields whose flows are confined inside or outside T.
So, we will obtain a foliation G of T" such that T is covered by some of the
leaves.
We could expect that the leaves at the identities G (e (z)) are subgroupoids
of I'. However, this is not necessarily true. Because of this fact, we work
with AT instead of D (see theorem .

o

Next, we will prove that the leaves of F have even more geometric
structure. In fact, we will find a Lie groupoid structure over each leaf
of F. To do this, we will prove the following technical proposition.

Proposition 4.1.10. LetI' = M be a Lie groupoid and T be a subgroupoid
of I' with § and J the characteristic foliation and the base-characteristic
foliation of I", respectively. Then, for all x € M, the mapping

A F(e(a)) | F(e(z)) = F(x),
is a surjective submersion.

Proof. First, let us notice that
z€a (?(e (:v))) NF(z) £ 0.

Next, consider a family {@i,Ej}i:h“,r,j:h”,s of left-invariant vector

fields in € such that {T,(;)o (©%(e(x)))}i=1,...,r is a basis of Afi and
; — . . =T

{07 (e(x)),E7 (e (x))}i=1,...,r,j=1,...,s is a basis of AT ()

Notice that the family {Ta o ©%o¢, TaoZ7 o €}i=1,...,r,j=1,...,s of vector

fields on M is tangent to the base-characteristic distribution AT, So, their
flows at = are contained in J (z).
Furthermore, the map

1 r 1 T
aopf oeo--oaops (6(96))ZO<<90?1 0 0pp (e(w)))7
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defines a local chart of ¥ (x) containing =, where gogz is the (local) flow of

©? for each i. Following this argument, one can prove that « (? (e (x))) is

an open subset of F (z).
Then, F(z) is the disjoint union of open subsets. Using that F(x) is
connected we have that

a(Tle@)) =7 (@),

e, aF( () 18 surjective. Hence, A F(e(a)) 1S 2 submersion.

O

Let be x € M and © € X(F(x)). Then, by using local sections
of aF((y)), We can extend (locally) © to a (left-invariant) vector field

on F(e(z)). In this way, © is a local vector field tangent to the
base-characteristic distribution if, and only if, it satisfies that

@‘g’(z) € X (F(x)), (4.8)

for all  in the domain of ©.
As a corollary, we have the following interesting result.

Corollary 4.1.11. Let I' = M be a Lie groupoid and T be a subgroupoid
of T'. Then, the manifolds F (e (z)) Na~! (x) are Lie subgroups of I'E for
allx € M.

Proof. Let be h,g € T (e(x)) Na~! (z). Then,
Flhog)=h T(g)=hF(c(x) =T (h) = F(c ).
O

Another interesting consequence is that we can improve corollary

Corollary 4.1.12. Let G be a foliation of T' such that T is a union of
leaves of G and B
S(g9) CTPW), vgeT.

Then, the characteristic foliation F is coarser that G, i.e.,

S(9) CF(g), VgeT.
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Proof. Let us consider D as the family of (local) vector fields tangent to
the foliation §. Fix g € T" and vy € T45 (g). We may assume that there
exists © € D such that

O(9) = vg. (4.9)
By wusing proposition [4.1.10f we may have a local section o4 of
g Fe(ale)) * 9 F(e(a(g))) = F(a(g)) with o4 (a(g)) = g. fo, we will
define the following (local) left-invariant vector field Y99 on g-J (e (a (g)))
characterized by

T79 (€ (1) = Ty 4 Loy (51 (© (75 (1)) (4.10)
Thus, the flow of Y9 is given by
o7 () =h (oq (@ (m) ) - 6f (04 (a (R)).
Hence, Y799 generates an admissible vector field. Furthermore,
T (9) = ©(9) = vg,
ie., vg € Afz;. O

Notice that, taking into account this result, we may “relax” conditions of
the family of admissible vector fields. In fact, the characteristic distribution
is generated by the (local) vector fields © € X;,. (I') such that

(i) © is tangent to the S—fibres,
©(g) € T,I°,

for all g in the domain of ©.

(i)  The (local) flow ¢ of © satisfies
e (@ €T,

for all g € T.
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Let us now construct an algebraic structure of a groupoid over the leaves
of F. We will consider the groupoid I' (F(x)) generated by J (e (x)) by
imposing that for all g,h € F (e (x)),

Notice that,

Therefore,

F
On the other hand, let be t € F (e (a <E))) Then,

s(ﬁ.z) 0] :E?(e (a(ﬁ))) = TF(e()).

i.e., h-t € F (e (z)) and, hence, f can be written as Rt -gwithg € F (e (z)).
Thus, we have proved that

5 (e(a () T,

for all h € T (e (x)). In fact, by following the same argument we have that

(T (@) = Uy ooy T (e (@ @), (4.11)
i.e., T'(F(z)) can be depicted as a disjoint union of fibres at the identities.
Let us now show that I' (F(z)) is, in fact, a subgroupoid of I'. Consider

two arbitrary elements g,h € T (F (z)) with « (ﬁ) = B(g). Then, we may
assume that we are in one of the following options:

(i) g,h € F(e(z)). Then,

§<g.§) = h-F(@=h-F(e(a))
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T (e(2))
5 (1))
Hence, h-g € JF (e (ﬁ (ﬁ))) CT (T (x)) (see Eq. )

It is important to note that T (F (z)) may be equivalently defined as
the smallest transitive subgroupoid of T' which contains F (¢ (z)). Observe
that the S—fibre of this groupoid at a point y € F (z) is given by F (e (y)).
Hence, the a—fibre at y is

Fl(e(y) =ioF(c(y).

Furthermore, the Lie groups T (e (y)) NTy are exactly the isotropy groups
of I' (¥ (z)). All these results imply the following one ( ):
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Theorem 4.1.13. For each © € M there exists a transitive Lie
subgroupoid T (F (z)) of T with base F (z).

Proof. Let be g € T (¥ (z)). Then, by proposition [4.1.10} the restriction

F L (gL

Bg—1(4) T (¢7hH = F(2), (4.12)
is a surjective submersion, where F! (g97') = i0TF(g7'). Using this
fact, we will endow with a differentiable structure to T (F(z)). Let be
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g €T (F (x)). Consider oy : U — F! (¢71) a (local) section of ,3‘:771(
such that o4 (8(9)) = g.

On the other hand, let {©;}!_, be a finite collection of vector fields in C
such that {©; (e (a(g)))}i_; is a basis of Afzw(a(g)y Then, a local chart
©® : W x U — T over g can be given by

g=1)

0O (t1,. ity 2) = 09 (2) - [0 0+ 002" (e (a(9)))]

where Lpt@i is the flow of ©%. By using that {©% (e (a (g)))}7_, is a basis of

AfeT(a(g)), we have that ¢® is an immersion. Also, it satisfies that
o _
p° (WxU)CT.

So, these charts give us an atlas over T (F (x)) which induces a Hausdorff
second contable topology on T (F (z)) such that T (F (z)) is an immersed
submanifold of I". To end the proof we just have to use Eq. to prove
that the source and the target mappings are submersions.

O

Thus, we have divided the manifold M into leaves F (X)) which have a
maximal structure of transitive Lie subgroupoids of T'.

Corollary 4.1.14. Let § be a foliation of M such that for each © € M
there exists a transitive Lie subgroupoid T (z) of T' over the leaf G (x)
contained in I'. Then, the base-characteristic foliation F is coarser than
9, i'e'7

F(x) CG(z), Ve € M.

Futhermore it satisfies that
I'(2) CT(F ().

Proof. Let G be a foliation of M in the condition of the corollary. Then,
we consider the family of manifolds given by the S—fibres I'(z)*. By
left translations we generate a foliation of I' into submanifolds. By using

corollary we have finished.
O
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As a particular consequence we have that 7? is_a transitive Lie
subgroupoid of T' if, and only if, M = F(x) and T = T (F(z)) for some
x e M.

Let us give another consequence. Define the equivalence relation ~ on M
given by

z~y < Jgel, a(g) ==, B(9) =v.
Then, example provides another foliation G of M.

Corollary 4.1.15. The base-characteristic foliation JF based on the
groupoid I' is contained in the foliation G based on the equivalence relation

~,

Proof. For each x € M, it satisfies that F (z) x F (z) defines a transitive
Lie subgroupoid of M x M over F (z). So, using corollary [4.1.14] we have
done. |

Notice that the main difference between the foliation § and ¥ is that,
with F, we are not only requesting “regularity” on the base manifold M but
on the groupoid T. In particular, assume that T is a transitive subgroupoid
of I'. Then, § consists in one unique leaf equal to M. However, if T is
not a Lie subgroupoid of T' the characteristic foliation F is not given by
the S—fibres and, hence, the base-characteristic foliation ¥ does not have
(necessarily) one unique leaf equal to M.

4.2 Uniformity and homogeneity

In this section we will apply the results of the previous section to the
case of simple materials. Particularly, let B be a simple body with
W : II' (B, B) — V as the mechanical response (see section [2.1)). Then, we
may define the so-called material groupoid Q2 (B) (see Prelude which
is a subgroupoid of the groupoid of 1—jets II! (B B). So, it makes sense
to apply here the development of the section 4 The development of this
section is summarized in the published artlcles . which are part of
the thesis.

Let © be an admissible left-invariant vector field on II' (B,B), i.e.,
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©® (e(X)) € Q(B) for all X € B. Then, for all g € II! (B, B), we have
that

TW(©(9)) = 320 (W (+°@))
_ 3%0 (W (g~§0? (e ( (9)))))
- %0 (W (9)) = 0.

Therefore, analogously to the case of the material algebroid (see Eq. (3.12])
in section |3.1)), we have that

TW (©) =0 (4.13)

The converse is proved in the same way.

So, the characteristic distribution AQ (fB)T of the material groupoid is
generated by the (left-invariant) vector fields on TI' (B,B) which are in
the kernel of TW. This characteristic distribution will be called material
distribution. The base-characteristic distribution AQ (B)* will be called
body-material distribution. Let us recall that the left-invariant vector fields
on IT! (B, B) which satisfy Eq. are called admissible vector fields and
the family of these vector fields is denoted by C.

Denote by J(e(X)) and F(X) the foliations associated to the material
distribution and the body-material distribution respectively. For each
X € B, we will denote the Lie groupoid Q(B) (F (X)) by Q(F (X)) (see
theorem .

Graded uniformity

Notice that, strictly speaking, in continuum mechanics a sub-body of a
body B is an open submanifold of B but, here, the foliation F gives us
submanifolds of different dimensions. So, we will consider a more general
definition so that, a material submanifold (or generalized sub-body) of B
is just a submanifold of B. A generalized sub-body P inherits certain
material structure from B. In fact, we will measure the material response
of a material submanifold P by restricting W to the 1—jets of local
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diffeomorphisms ¢ on B from P to P. However, it is easy to observe that
a material submanifold of a body is not exactly a body. See for a
discussion on this subject.

Then, as a corollary of theorem and corollary we have the
following result.

Theorem 4.2.1. For all X € B, Q (F (X)) is a transitive Lie subgroupoid
of I' (B, B). Thus, any body B can be covered by a mazimal foliation of
smoothly uniform material submanifolds.

Notice that, in this case “maximal” means that any other foliation H
by smoothly uniform material submanifolds is thinner than ¥, i.e.,

H(X) CF(X), VX € B.

So, by using the material distributions we have been able to prove a
very intuitive result: Let B a general (smoothly uniform or not) simple
material. Then, B may be decomposed into “smoothly uniform parts” and
this decomposition is, in fact, a foliation of the material body.

We can ask now the same question for (not generally smooth) uniformity.
To solve this problem, we will take advantage of the development made in
examplem In fact, consider a simple body B and define the equivalence
relation ~ on B given by

X~Y & FxyeQ(B).

Thus, two material particles are related if, and only if, they are materially
isomorphic. Doing this, we are playing down what happens with the set of
material isomorphisms, we are only worried about the points on the body.
Thus, example m provides another foliation G of M.

Therefore, by using corollary we obtain the similar result which we
were looking for.

Theorem 4.2.2. Any simple body B can be covered by a mazimal foliation
of uniform material submanifolds.

In this case the maximality has the same meaning and the foliation will
be denoted by §. Notice that corollary provides a very intuitive
results in this context: The uniform leaves are generally bigger that
smoothly uniform leaves.
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Remark 4.2.3. Imagine that there is, at least, a 1—jet g € QX (B) for
some X € B such that B
g & T (e(X)).

Then, we are not including g inside any of the transitivie Lie subgroupoids
Q(F (X)). Thus, these material isomorphisms are being discarded.
Nevertheless

F(9)=9-T(e(al9), (4.14)
and, indeed, F (e ( (g))) is contained in Q (F (e (g))), i.e., using Eq. ,
S

we can reconstruct F (g).

Finally, using the body-material distribution, we will be able to define
a more general notion of smooth uniformity. This notion was introduced
in [39]. We will end up using the foliation by uniform subbodies to interpret
it over the material groupoid.

Definition 4.2.4. Let be a body B and a body point X € B. Then, B
is said to be uniform of grade p at X if AQ (3)11}( has dimension p. B is
uniform of grade p if it is uniform of grade p at all the points.

Note that, smooth uniformity is a particular case of graded uniformity.
In fact, B is smoothly uniform if, and only if, B is uniform of grade 3.
Equivalently, B is uniform of grade 3 if, and only if, AQ (B)g( has dimension
3 for all X € B, i.e., there exists just one leaf of the material foliation equal
to B. Hence, the material groupoid 2 (B) is a Lie subgroupoid of TI! (B, B)
whose B—fibres integrate the material distribution.

Corollary 4.2.5. Let be a body B and let X € B be a body point. B is
uniform of grade p at X if, and only if, the uniform leaf F(X) at X has
dimension p.

Corollary 4.2.6. Let B be a body. B is uniform of grade p if, and only
if, the body-material foliation is regular of rank p.

It is important to highlight again that the body-material foliation has
certain condition of maximality (see theorem . In fact, suppose
that there exists another foliation H of B by smoothly uniform material
submanifolds. Then, for all X € B we have that

H(X)C F(X), VX € B.
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So, we have the following results:

Corollary 4.2.7. Let be a body B and let X € B. B is uniform of grade
greater or equal to p at X if, and only if, there exists a foliation H of
B by smoothly uniform submanifolds such that the leaf H(X) at X has
dimension greater or equal to p.

Corollary 4.2.8. Let B be a body. B is uniform of grade p if, and only
if, the body can be foliated by smoothly uniform material submanifolds of
dimension p.

Homogeneity

This section is devoted to deal we the definition of homogeneity. As
we already know, a body is (locally) homogeneous if it admits a (local)
configuration ¢ which induces a left (local) smooth field of material
isomorphisms P given by

':P(Y, X) = ]}1’,X ((]571 OTp(X)—p(Y) © (]5) s (415)

for all body point Y in the domain of ¢ and a fixed X € B (see
definition [2.1.10)). Roughly speaking, a body is said to be homogeneous
if we can choose a section of the material groupoid which is constant
on the body. As we have said before, local homogeneity is clearly more
restrictive than smooth uniformity. In fact, in this case, the smooth fields
of material isomorphisms (see definition are induced by particular
(local) configurations.
However, in a purely intuitive picture, homogeneity can be interpreted as
the absence of defects. So, it makes sense to develop a concept of some kind
of homogeneity for non-uniform materials which measures the absence of
defects and generalizes the known one. In the literature we can already
find some partial answer of this question ( |935] for FGM’s and [34}{39] for
laminated and bundle materials).

Recall that the material distributions are characterized by the
commutativity of the following diagram
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T
mt (8,8) —2 2, p (111 (B, B))
T
. aom) T
//’//// #
g ATD) P (TB)

As we have proved in the previous section, the body-material foliation
F divides the body into smoothly uniform components.
Let us now provide the intuition behind the definition of homogeneity of
a non-uniform body. A non-uniform body will be (locally) homogeneous
when each smoothly uniform material submanifold F(X) is (locally)
homogeneous and all the uniform material submanifolds can be straightened
at the same time.
Thus, we need to clarify what we understand by homogeneity of
submanifolds of B.

Definition 4.2.9. Let B be a simple body and N be a submanifold of B. N
is said to be homogeneous if, and only if, for all point X € N there exists
a local configuration ¥ of B on an open subset U C B, with N C U, which
satisfies that

-1 -1

vz (W7 e Tyzy—wir) 0 ¥)s
is a material isomorphism for all Y,Z € N. We will say that N is locally
homogeneous if there exists a covering of N by open subsets U, of B such
that Ua NN are homogeneous submanifolds of B. N is said to be (locally)
inhomogeneous if it is not (locally) homogeneous.

Notice that, the definitions of homogeneity and local homogeneity for
smoothly uniform materials (definition [2.1.10) are generalized by this one
whether N = B or N is just an open subset of B.

Now, taking into account that F = {F(X)}xecs is a foliation, there is
a kind of compatible atlas which is called a foliated atlas (see appendix
. In fact, {((z%) ,Ua)}a is a foliated atlas of B associated to F whenever
for each X € U, C B we have that U, := {—e <zl <e¢,...,—e < z3 < ¢}
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for some € > 0, such that the k—dimensional disk {zf*! = ... = 23 = 0}

coincides with the path-connected component of the intersection of
F(X) with U, which contains X, and each k—dimensional disk
{m§+1 = Cga1,---,T5 = c3}, where cpi1,...,c3 are constants, is
wholly contained in some leaf of F. Intuitively, this atlas straightens
(locally) the partition F of B.

The existence of these kinds of atlases and the maximality condition over
the smoothly uniform material submanifolds F (X) induces us to give the
following definition.

Definition 4.2.10. Let B be a simple body. B is said to be locally
homogeneous if, and only if, for all point X € B there exists a local
configuration ¢ of B, with X € U, which is a foliated chart and it satisfies
that

1 -1

vz (W7 e Tyzy—y(v) 0 ¥) s
is a material isomorphism for all Z € UNTF(Y). We will say that B is
homogeneous if U = B. The body B is said to be (locally) inhomogeneous
if it is not (locally) homogeneous.

It is remarkable that, as we have said above, all the uniform leaves
F (X) of an homogeneous body are homogeneous. Therefore, the definition
of homogeneity for a smoothly uniform body coincides with definition
Notice also that, the condition that all the leaves F(X) are
homogeneous is not enough in order to have the homogeneity of the body
B because there is also a condition of compatibility with the foliation
structure of F.

Let us recall a result presented in section given in
(see also or |92|) which characterizes the homogeneity by using
G—structures.

Fix g, be a frame at Zp € B. Then, assuming that B is smoothly uniform,
the set
Q(B)z, Go=1{9-90 : TEQ(B)z, },

where - defines the composition of 1—jets, is a Gg—structure over B where

Go =2y - G(Z) Zo.
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Proposition 4.2.11. Let be a frame gy € FB. If B is homogeneous then
the Go—structure given by Q2 (B) - g, is integrable. Conversely, Q(B) - g,
is integrable implies that B is locally homogeneous.

Thus, the next step will be to give a similar result for this generalized
homogeneity. Because of the lack of uniformity we have to use groupoids
instead of G—structures.

Let S:= {S(z) : = € R"} be a canonical foliation of R" (see example

, i.e., for all z = (:El, . ,m") € R™ the leaf S (z) at x
S(@) = (v oy e ") sy ER i=1,.,p),

for some 1 < p < n.
Remember that for any foliation § on a manifold @ there exists a map

dimg : Q = {0,...,dim (Q)},
such that for all x € Q
dimg () = dim (G (z)) .

It is important to remark that in the case of S the dimension dimg
characterizes the foliation S. Thus, with abuse of notation, we could say
that the map dimg is the foliation.

Let S be a canonical foliation of R™ with dimension p = dimg. Then, as
a generalization of the frame bundle of R™, we define the p—graded frame
groupoid as the following subgroupoid of TI* (R™, R™),

I, (R™,R"™) = {j; ,1 € I' (R",R") : y € S(x)}.

Notice that the restriction of H}? (R™,R"™) to any leaf S(z) is a transtive
Lie subgroupoid of TTI! (R™,R™) with all the isotropy groups isomorphic
to Gl (n,R). However, the groupoid Hé (R™,R™) is not necessarily a Lie
subgroupoid of IT* (R?,R™). In fact, HZI, (R™,R™) is a Lie subgroupoid of
T (R™,R™) if, and only if, S is regular foliation.

A standard flat G—reduction of grade p is a subgroupoid HIG’p (R™, R™)
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of Hzl, (R™,R™) such that the restrictions H&p (S(z),S(x)) to the leaves
S (z) are transitive Lie subgroupoids of TI' (R™,R™) on the leaf S (z). Tt is
remarkble that in this case all the isotropy groups of H};’p (S(z),S(x)) are
conjugated.

Clearly, all the structures introduced in this section can be restricted to
any open subset of R™.

Let ¢ : U — U be a (local) configuration on U C B. Then, % induces a
Lie-groupoid isomorphism,

Iy: oY (U,U) — 1 (U,0)
j}(’y(ﬁ = j}p(x)’w(y) (¢ o ¢o 7/)71)

Proposition 4.2.12. Let B be a simple body. If B is homogeneous the
material groupoid is isomorphic (via a global configuration) to a standard
flat G—reduction. Conversely, if the material groupoid is isomorphic (via
a local configuration) to a standard flat G—reduction, then B is locally
homogeneous.

Notice that, in the context of principal bundles, a G—structure is
integrable if, and only if, there exists a local configuration which induces
an isomorphism from the G—structure to a standard flat G—structure.
Observe also that this results in a natural generalization of the proposition
In fact, implicitly, we are generalizing the notion of integrability

Finally, we will use the material distribution to give another
characterization of homogeneity.
Let B be a homogeneous body with ¢ = (x’) as a (local) homogeneous
configuration. Then, by using the fact that 1 is a foliated chart, we have
that the partial derivatives are tangent to AQ (B)ﬁ, i.e., for each X € U

€ AQ (B, |
al’l \X ( )X
for all 1 <1 <dim (F (X)) = K. Thus, there are local functions Agj such

that for each | < K the (local) left-invariant vector field on IT! (B, B) given
by

ERa

awl ,l ayz )



4.3. EXAMPLES 203

is tangent to A (B)T7 where (xi,yj, yf) are the induced coordinates of
(zi) in I1! (B, B). Equivalently, the local functions Agl satisfy that

Wl/ Ag’la—w,:o,
ox ’ 8yf

for all 1 <1 < K. Next, since for each two points X,Y € U the 1—jet given
by j}( v (w_l O Ty (V)= (X) © 1/;) is a material isomorphism, we can choose

A =0.

0

Proposition 4.2.13. Let B be a simple body. B is homogeneous if, and
only if, for each X € B there exists a local chart (mz) on B at X such that,

ow

— =0 4.16
o o, (116)
for all I < dim (F (X)).

Notice that Eq. implies that the partial derivatives of the
coordinates (z%) up to dim (F (X)) are tangent to the material distribution
and, therefore, the coordinates are foliated. So, Eq. gives us
an apparently more straightforward way to express this “generalized”
homogeneity.

4.3 Examples

We will devote this section to apply the notions of graded uniformity@
and homogeneity for non-uniform bodies. In particular, we will
present two (family of) examples: an homogeneous non-uniform body and
an (generally) inhomogeneous non-uniform body.

We will see that, in some of them, the material groupoid is not a Lie
groupoid (this kind of examples justify the study of groupoids without
structure of Lie groupoids). We shall also give the decomposition of the
material by smoothly uniform material submanifolds provided by the
characteristic distribution. In these examples we will also show that the
leaves F (¢ (X)) are contained in the S—fibres of Q(B) but they do not
coincide in general.
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Example 1

Let B be a simple material body for which there exists a reference
configuration g from B to the 3—dimensional open ball B;. (0) of centre 0
and radius 7 > 1 in R3 which induces the following mechanical response

W: I (B, (0),Br(0)) — gl(3,R)
I y® = LX) (F-FT — 1),

such that

1 if t<1

f@)= .
l14+e 71 if t>1

where gl(3,R) is the algebra of matrices, F is the Jacobian matrix of
¢ at X with respect to the canonical basis of R® and I is the identity
matrix. Here, the (global) canonical coordinates of R are denoted by
(XI) and X = (XI,X2,X3) with respect to these coordinates. In these
coordinates, we allow the summation convention to be in force regardless
of the placement of the indices. We also identify the coordinate system in
the spatial configuration with that of the reference configuration.

Notice that f is constant up to 1 and strictly increasing thereafter. For
this reason, one can immediately conclude that B, (0) is not uniform. In
fact, there are no material isomorphisms joining any two points X and Y
such that

2 2
FUAXIP) £y 17
So, let us study the derivatives of W in order to find the grades of
uniformity of the points of the body B, (0). We obtain

oW - .
orr = 11X 1) (8 7+ 6L 7
oW of

=2x1
ox1 ot

(F;;F;‘{ - M)
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We are looking for left-invariant (local) vector fields © on
1! (B, (0), B (0)) satisfying

e (W4) =o. (4.17)

Let (XI,YI,F}') be the induced coordinates of (XI) on
' (B, (0), By (0)). A left-invariant vector field © can be expressed
as follows,

e (X’,YJ,F}) = ((XI,Y‘],F}) ,5X’,0,F£5PIL).
Hence, O satisfies Eq. if, and only if|
o W) = f(IXIP) (FLF +FLFi) 6Pk
Tss1OF (i i i) —
+ 2XT6xT 2 (FicF) — ) = 0.

Let us focus first on the open given by the restriction || X ||2< 1. Then,
the above equation turns into the following,

(Fi'F& + FzF}Q) sPL =0 Vi,j=1,2,3 (4.18)

for every Jacobian matrix F' = (Fi) of a local diffeomorphism ¢ on B, (0).
Since the bracketed expression is symmetric in L and M for every i and
j, it follows that dP is a skew-symmetric matrix. We remark that this
condition does not impose any restriction on the components X/ of the
admissible vector fields on the base vectors 9/0XT. In other words, any
family of local functions {6X7,6PL} on the open restriction {|| X ||2< 1}
of the body B, (0), such that P = (6PI€[) is a skew-symmetric matrix,
generates a vector field

o (X", v’ Fj) = ((x",v7,F]),6x",0, FlsPF),
which satisfies Eq. (4.17). It follows that the body characteristic

distribution of the sub-body Bj (0) is a regular distribution of dimension
3. Therefore, this sub-body is uniform, as one would expect from the
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constancy of the function f thereat. Note also that the part lost when
projecting the characteristic distribution onto the body, namely the
skew-symmetric matrices 6 P, consists precisely of the Lie algebra of the
orthogonal group. This is nothing but the manifestation of the fact that
our sub-body is isotropic.

Next we will study the open subset of B, (0) such that || X ||2> 1. For
this case, Eq. (4.17) is satisfied if, and only if,

19f

FAIXN2) (FLF], + FLFiy ) 6Pk +2X 70X 5 FicFie =

2xTsx! g(s”
ot

The function on the left-hand side of this equation is homogeneous of
degree 2 with respect to the matrix coordinate F', but the function on the
right-hand side does not depend on F. Consequently, the above equation
can be identically satisfied if, and only if,

6X’% =0, VI (4.19)

Notice that, the map f is strictly monotonic (and, hence, a submersion) at
the open subset given by the condition || X ||2> 1. Then, for any point X
in this open subset we have that

Tx f~H (£ (Il X |I?) = Ker (Tx f),

i.e., the tangent space of the level set f=! (f (|| X ||2)), which is the sphere
Y |2=|| X ||?, consists of vectors V = (V1, V2 V3) such that

v _
9ty x| 2

In this way, a vector field © satisfies Eq. (4.17) if, and only if, §P is
skew-symmetric and the proyection T'a 0 © o € is tangent to the vertical
spheres || Y ||2= C. Therefore, for each point X = (X1, X2 X3) with



4.3. EXAMPLES 207

X1 > 0, the uniform leaf is given by the sphere || Y ||?=| X ||?. As a
consequence, the uniform leaf at the points satisfying || X ||>= 1 is, again,
the sphere || Y ||2= 1.

We conclude that the body is uniform of grade 3 for all points
X = (X',X2%,X3) € B, (0) such that || X ||?°< 1, and it is uniform
of grade 2 otherwise. It should be remarked that the sphere | X ||?= 1
is uniform of grade 2, even though its points are materially isomorphic to
those in the subset with || X ||2< 1 (see ﬁgure.

Figure 4.1: Material foliation of B, (0)

Finally, the material body B, (0) is locally homogeneous. In fact, let us
consider the spherical coordinates (r,0, ¢) of B, (0). Then,

awiﬂ‘_awiﬂ‘_o
0 vy

i.e., by using proposition4.2.13] B, (0) is homogeneous and the coordinates
(7,0, ) are homogeneous coordinates.
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Example 2

We will consider a perturbation of the model introduced by Coleman
and Wang called simple liquid crystal introduced in section This
kind of materials could be called laminated simple liquid crystals.

In this case we will consider a simple body B together with a reference
configuration 91 from B the open ball B; = B, (0) in R3 of radius r and
center 0 € R3. Furthermore, v induces on B; a mechanical response W
determined by the following objects:

(i) A fixed vector field e on Bj such that e (X) # 0 for all X € B;.

(ii) Two differentiable maps r,J : II* (B1,B1) — R in the following
way

=7 (iky8) = 9 (V) (Txo (e (X)) Txé (e (X)) + || X |1
— 7 (i y @) = det (F)

where F' is the Jacobian matrix of ¢ with respect to the canonical
basis of R? at X, g is a Riemannian metric on By and || - || the
euclidean norm of R3.

(iii) A differentiable map W : R2 — V, with V a finite-dimensional
R—vector space.

Thus, these three objects induce a structure of simple body by considering
the mechanical response W : IT! (B1,B1) — V as the composition
W=Wol(rlJ).

Let us now fix the canonical (global) coordinates (XI) of R3. Then, these
coordinates induce a (canonic) isomorphism TB; = By x R3. By using
this isomorphism any vector Vx € T'xB1 can be equivalently expressed as
(X7 Vi) in By x R3. For the same reason, r can be written as follows:

r(ve) =9 () (Fleb (0, Flet () + 1 X |2,
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where e (X) = (X, ef (X)) € By x R3. Both expressions will be used with
the same notation as long as there is no confusion.

Now, we want to study the conditions characterizing the material
distribution AQT (B1). In particular, we should study the admissible
left-invariant vector fields © on ' (B1, By), i.e.,

e (W) =0. (4.20)

Notice that, for each U = (Uf) € gl (3,R) and v = (v%) € R we have
that,

or

) )=
X\t o
=2g(Y) <FjeL (X),F? Det UM> + 20l xE
L Clox )
. or ) )
W G, =29 (Fie™ (X),Uf et (x))
8
(iii) —— (U)=det(F)Tr (F1.U
OF ;1 Lo ( )

We are denoting the coordinate X ¥ (X) by X¥.
Let (XI, Y7, YIJ) be the induced local coordinates of the canonical
coordinates (XI) of R3 in IT!' (B, B1). Then, © can be expressed as follows,

o (X" y7,F) = ((x", v/, F]),6x",0, FloPF).

Hence, © is an admissible vector field if, and only if,
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+2 5 g (V) (Fe" (X) FLaP; (X) M (X))
lik y ¢

oW ;
———17 (sP{ (X)),

li% vy @

for all j}( y® € ! (B1,B1). So, a sufficient but not necessary condition
would be that, for each 1—jet of local diffeomorphisms j}( y® on By, it
satisfies

() Tr (sPf (X)) =0

el

(2) Denoting L% = XM (X)+ 6PE (X)eM (X), then

g(Y) (FgeL (X),Fl (Lg()) = —oxL(x)xt

In order to turns this conditions into necessary conditions we will assume
that W is an immersion and, hence, (1) and (2) are equivalent to the above
equation.

In this way, B is smoothly uniform if, and only if, for each vector Vx at
X there exists a family of local functions {§X7, (5P}} at X satisfying (1),
(2) and

sxT(x)y=v1 v

where Vy = (X,VT) € By x R3.
Let us focus on the second condition: Suppose that <VI,X> # 0. Then,
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fixing the spatial point X € B; the map depending on the matrix
coordinates FY,

g(Y) <FgeL (X),F} <6‘9;L VM 4P (X)) eM (X))) (4.21)
| X

is equal to —8X% (X) XL which does not depend on the matrix
coordinates FZ-J and it is not zero. However, the map li depends
bilinearly on F}. So, (4.21)) cannot be constant (respect to £/ ) and different
from zero at the same time. Therefore, we could conclude that B; is not
smoothly uniform.
This fact opens the possibility of studying the graduated uniformity of these
materials. Notice that, as we have proved, any admissible vector field ©
satisfies that

sxb(x)xt =o, (4.22)

where © (XI,YJ,F}> - ((XI,YJ,F{> ,5X,0,F£5PIL> respect to the
coordinates (XI,YJ,Flj> on IT! (By,B1).
Let X € By be a point of the body different to 0. Then, the map given by
I - ||? restricted to By has full rank at X. In fact, the level set of || - |2 at
|| X ||? is given by the sphere S (|| X ||) of radius || X || and centre 0 and it

satisfies that
TxS (|| X |)) = Ker (Tx || - [|*) -

So, the tangent space of the sphere S (]| X ||) at X consists of the vectors
Vx = (X, VI) € B1 x R? satisfying

vixL =o (4.23)

Then, any vector Vx satisfying Eq. (4.23) can be expanded by a (local)
vector field 85 on S (|| X ||) such that

6% (X) = Vx.

It is an easy exercise to prove that 0 can be extended to a vector field
6 on an open neighbourhood U of B; which is tangent to all the spheres
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intersecting U. Then, expressing 6 in the canonical coordinates (XI) as
follows
9()(1) - (XI,5XI) ,

the functions §X° satisfy Eq. (14.22]). Therefore, by using the
non-degeneracy of the Riemannian metric g, it is enough to realize that
there exist infinite families of local maps JPIJ at X from the body to R
satisfying that

1)” 5P} = 0.

(2)” e’

%L oXL = —gP]ek, vy,

Therefore, the local vector fields given by,
e (XI,YJ,F}') - ((X’,YJ,F}') ,JXI,O,FgéplL),

satisfy Eq. and §X!(X) = Vx. Then, we have already proved
that the grade of uniformity of any point X at B; different from 0 is 2
and the smoothly uniform submanifolds are given by the spheres S (|| X ||).
Then, obviously, the grade of uniformity of 0 is 0 and the smoothly uniform
submanifold at 0 is {0}. Therefore, ignoring the origin point, By is a
“laminated” body covered by smoothly uniform submanifolds of dimension
2 with a kind of structure similar to liquid crystals. Notice that the picture
of this material is similar to the previous one (figure [4.1)) but the “solid
core” is just a point. However, in this case, the homogeneity is not ensured.
Let us now test the (local) homogeneity of B. In this sense, by using again
proposition [4.2.13] we should study the existence of a system of (local)
coordinates (z') at each X € B such that,

OW

— =0,

ozt
forall [ <2if X #0and I =0if X =0.

Let (xz) be a system of local coordinates of B;. Using the chain rule we
have that,

(4.24)

oW oW or oW aJ
8zt~ Or ozt 9J Ozt
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Therefore, the immersion property of w implies that (x’) are
homogeneous coordinates if, and only if,

or
1)* — =0.
(2)* aJ

dal
forall I <2if X #0 and [ =0 if X = 0. Hence, the study of homogeneity
depends only on the properties of r and J.
For each j}( v® € ' (B1,B1)

r(ikve) = 90 Txe(e(X), Txd (e (X)) + || X |1
, . k !
el (X) el (X) 99" 9¢

G () X |2

where, in this case, e/ are the coordinates of e respect to (xl) So,

considering the induced coordinates (Ii, yﬁy{) of (xl) on TT! (B1,B1) we
have that for all <X, Y, F),

o N-1l .
ro(mﬂyﬁy?) (X,Y,F)
) !

where X = (mi)_l ()2) and Y = (mi)_l (?) In this way,

or

det . o axr
22 I (X) FFElgy (V) +2xT .

ok ozk J xk
lik, y® |x |x

So, let us study the equation,

or

dzk
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Again, the dependence of the matrix variable on the left side of the
equations take us to the necessary equation,

oxLt

k
Bz‘lx

X! 0

Hence, by using the non-degeneracy of g we have that - 0 if, and only

Oxk
i,
) B
0X
L
=0 4.25
Dk (4.25)
(i1)
det i
5oF =0, Vi (4.26)
Thus, (1)* is satisfied if, and only if,
de? oxXr
¢ —o, X" -0, Vi, 1<2. (4.27)
Ox! Ox!

These two equations can be translated by stating that the functions e’ are
constant on the spheres and the partial derivatives e are tangent to the
x

spheres.
Next, let us study condition (2)*. Notice that,

7o (xivy":yf)fl} (x.7,F) =
= J (jz(zi)—l(x)y(y]’)—l()—/)) ((yj)—l og@o (xz))>
= (T 0)7) I (F) (V(xi)*l(fc) (wi)) ,
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where F = Vj(q; and ()2, Y, F‘) is in the codomain of (aci, yﬂy{). Then,

ﬂ = 0 if, and only if,

ozt
9 (J (V N3 (a:i))) =0. (4.28)
axT (@) (X)
So, denoting (mi)_l (X) by X, Eq. 1} is equivalent to
2k
_ O 0, vk, M.
ox1 8X|1‘)/1(

Therefore, (2)* is can be expressed as follows,

02zt

Sxkaxar =0 Vi M, VK <2. (4.29)

We conclude with this that B1 (locally) homogeneous if, and only if, there
exists a local system of coordinates (:pl) which satisfies that the functions

el = e (xl) are constants on the spheres, the partial derivatives s are
z

tangent to the spheres and it satisfies Eq. (4.29).
Therefore, in general, B; is not (locally) homogeneous. In fact, let us
consider the following vector field

o
The factor Ta)TL is added to get that the vector field e does not vanish.

Assume that there exists a local system of homogeneous coordinates (xl)
on Bj. Notice that,

ozt 9 ozt 9
=(x¥ . _
¢ ( ) OXK ozi T OXL dgi
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i.e., the coordinates e’ respect to the coordinates (acl) are given by

& ozt ozt . .
XK + r@XL . Then, it should satisfy that for each | < 2
det 7] x Oz’ 2%z’
= — (X
ol Py ( XK ) T oRlax T
oXK 9z 4 xK 2%zt " 92zt
= r
ozt 9Xk Ozt XK oxto XL
; 92zt 92"
= &4+ xK =
LA SeaxK T aalaxT
Notice that,
92zt o ox’ R ( i)*l
= T
oxtoxXL oXL \oxL
_ 9%zt oxXK —o
T OXEKQXL gzl
This is a consequence of Eq. (4.29). So,
oe’ _
ozt
if, and only if,
; 02zt
§i=-—xK_—— 4.30
! oxlo XK (4.30)
Notice that, Eq. (4.30) implies that for i # [,
& 82xi —0
drldXK
Thus, considering X = (0,0, ¢) with ¢ # 0 we have that
92zt 9%zt oXK
519v3  AvEKAx3 Al
BaclﬁXlX OXK8X|X lex
_ 9%zt 9X3 _
0X39X3, Azl

X 77X
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0%z’ X3
Then ﬁ =0or al = 0. Observe that, by Eq. 1} for each
|x Tlx

1<2

92zt ox3
= ox%0x3, aal,
Ix 9% x
3
So, the expression ~—7— cannot be zero. For the same reason, for i < 2,
| ¢
92a?
“vanwg is different to 0. Therefore, the above equation cannot be
0X30X X

satisfied and the laminated simple liquid crystal B; induced by this vector
field e is not homogeneous.
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Appendix A

Principal bundles: Frame
bundles

In this appendix we do a review of the most important results and
definitions related with the classical notion of principal bundle focusing
the study on the necessary knowledge to understand the thesis. Convenient
sources for a more complete exposition of principal bundles are [56]and [87].
Special attention is paid to the notions of frame bundles and integrability
of its reduced subbundles. In 1950 C. Ehresmann (see |23H26]) formalized
the notion of principal bundles and studied many frame bundles associated
in a natural way to an arbitrary manifold: non-holonomic and holonomic
frame bundles. We also remit to [5], [12], [15] and [47] for a detailed study
on these topics.

Definition A.0.1. Let P be an n—manifold and G be a Lie group which
acts over P by the right satisfying:

(i) The action of G is free, i.e.,
T-g=x<g=e¢,

where e € G is the identity of G.

219
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(ii) The canonical projection p : P — M = P/G, where P/G is the space
of orbits, is a surjective submersion.

(iii) P is locally trivial, i.e., P is locally a product U x G, where U is
an open set of M. More precisely, there exists a diffeomorphism
®: p~1(U) - U x G, such that @ (u) = (p(u), ¢ (u)), where the
map ¢ : p~ ! (U) — G satisfies that

d(u-g)=¢(u)- g, YueU, Vg€ QG.

® is called a trivialization on U.

A principal bundle may be analogously defined by a left action. Along
the memory, we will not distinguish between a principal defined by
right action and a principal bundle defined by a left action.

A principal bundle will be denoted by P (M, G), or simply p: P — M
if there is no ambiguity as to the structure group G. P is called the total
space, M is the base space, G is the structure group and p is the projection.
The closed submanifold p~1 (x), x € M will be called the fibre over x. For
each point u € P, we have p~! (z) £ uG, where p(u) = z, and uG will
be called the fibre through u. Every fibre is diffeomorphic to G, but this
diffeomorphism depends on the choice of the trivialization.

Now, we want to define the morphism of this category.

Definition A.0.2. Given P (M,G) and P’ (M’,G’) principal bundles,
a principal bundle morphism from P (M,G) to P’ (M’,G’) consists of a
differentiable map ® : P — P’ and a Lie group homomorphism ¢ : G — G’
such that

In this case, ® maps fibres into fibres and it induces a differentiable map
¢ : M — M’ by the equality ¢ (z) = p(® (u)), where u € p~ 1 ().
If these maps are embeddings, the principal bundle morphism will be called
embedding. In such a case, we can identify P with ® (P), G with ¢ (G)
and M with ¢ (M) and P (M, G) is said to be a subbundle of P’ (M',G").
Furthermore, if M = M’ and ¢ = Idy, P(M,G) is called a reduced
subbundle and we also say that G’ reduces to the subgroup G.
As usual, a principal bundle morphism is called isomorphism if it can be
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inverted by another principal bundle morphism. It is obvious that the
property of being principal bundle morphism is preserved by compositions
and, indeed, principal bundles next to principal bundle morphims give rise
to a category denoted by PB.

Example A.0.3. Let M be an n—dimensional manifold and G be a Lie
group, then we can consider M X G as a principal bundle over M with
projection pri : M X G — M and structure group GG. The action considered
here is given by,

(z,9) h = (z,gh), Yz € M, Vg,h € G.

This principal bundle is called a trivial principal bundle. Equivalently,
G x M may be considered as a principal bundle multiplying by the left.

Using this example we can rewrite the condition of locally trivial: In the
conditions of definition P is locally trivial if, and only if, it is locally
isomorphic (in the sense of principal bundles) to the trivial principal bundle
pri: M x G — M with ¢ equal to the identity on G (see deﬁnition.
Note the strong resemblance to the notion of trivial Lie groupoid in example
m This fact could gives us a clue about the close relation between
transitive Lie groupoids and principal bundles.

Now, we will introduce an important example of principal bundle, the frame
bundle of a manifold. In order to do that, we will start presenting the
following definition.

Definition A.0.4. Let M be an n—dimensional manifold. For each point
x € M an ordered basis of T M is called a linear frame at x.

Remark A.0.5. Alternatively, a linear frame at x can be viewed as a linear
isomorphism T : R" — T, M identifying a basis on T, M as the image of
the canonic basis of R" by =.

o

‘We may use theory of jets to give a third way to interpret a linear frame.
Let us give a very brief introduction to the notion of 1—jets of differentiable
maps.

Let €*° (M, N) be the space of differentiable maps from M to N and fix
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z € M. Then, we may define an equivalence relation ~; on €* (M, N) in
the following way: For each two maps f,g € C° (M, N),

frag & f(@)=g(@) AN Tof=Tsg,

where Ty f, Twg : To M — T(4) N are the induced maps on tangent spaces
at x of f and g respectively. The equivalence class of f respect to ~g is
called 1—jet of f at x and is denoted j;’yf with y = f ().

The proof of the following characterization is obvious.

Lemma A.0.6. Let us consider two differentiable maps f,g : M — N
such that, for a fized x € M, f(x) = g(z). Then, j%,yf = j}c’yg if, and
only if, for all i,j

Oy’ o f) _ (9y’°g)

Ox? ozt
|z |z

for some local coordinates (x’) and (yj) on M and N respectivelly.

Let j}vyyf and j;zg be two 1—jets of the differentiable maps f : M — N
and g : N — S at the points ¢ € M and y € N. Then, we define the
composition - of jalmyf and j;’zg as the 1—jet of the composition g o f at
z, ie.,

Jy,29 Jryl =daz(90f).

Now, a linear frame Z : R® — T, M at « € M (see remark [A.0.5) may be
considered as a 1—jet jé’zqﬁ at z of a local diffeomorphism ¢ from an open
neighbourhood of 0 in R™ onto an open neighbourhood of « in M such that
¢ (0) = z by imposing that Th¢ = T. Here we are identifying ToR™ with
R™ via the canonical isomorphism.

Thus, we denote by FM the set of all linear frames at all the points of
M. We can view F'M as a principal bundle over M with structure group
Gl (n,R) and projection pps : FM — M given by

pr (46 20) = @, Vib d € FM.

Notice that any g € GIl(n,R) may be canonically identified by a 1—jet
jé,oF of an isomorphism F' from 0 to 0. So, the right action associated to
this principal bundle of Gl (n,R) over FM is given by the composition of
1—jets.
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This principal bundle is called linear frame bundle or simply frame bundle
of M. Let (:L”‘) be a local coordinate system on an open set U C M. Then

we can introduce local coordinates (zi, xé) over FU C F'M such that
o 2 (33.0) =2 (@)

o (i) = 2522

for all jé‘z¢ € FU with (r‘) the natural canonical (global) coordinates on
R™. Notice that, by using these coordinates is straightforward to prove
that pps is a surjective submersion. In fact, (x’,a:?) induces the local
trivialization from FU to U X Gl (n,R). Indeed, this coordinates endows to
the space IT! (R™, M) of all 1—jets of all differentiable maps f : R® — M
at the point 0 with f(0) = z of a differentiable structure of manifold such
that F'M is an open subset.

Let ¢ : M — N be a diffeomorphism from M to N. Then, we can defined
the first prolongation of ¢ as the isomorphism Fv : FM — F N of principal
bundles over 1 given by

Fb (g ®) = db.y (W0 @), (A1)

for all jéyng) € FM with y = ¢ (z). Notice that F is right invariant, i.e.,
for all g € Gl (n,R) we have that

FY (5.0 - 9) = FY (30.20) - 95

for all jé’qu € F'N. It is also remarkable that the inverse of F'y is given by

the first prolongation of the inverse of ; (F’l,[))71 = Fy~1. We denote by
e1 the frame jé’OIan € FR™, where Idgn is the identity map on R™.

Definition A.0.7. A G-—structure over M, wg (M), is a reduced
subbundle of FFM with structure group G, a Lie subgroup of Gl (n,R).
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Now, we shall introduce the notion of integrability of a G—structure.
Note that there exists a principal bundle isomorphism [ : FR" — R"™ x
Gl (n,R) over the identity map such that

1(35.20) = (z, (JBj0)) » Vib¢ € FR™,

where J@|g is the Jacobian matrix of ¢ at 0. Indeed, we can consider the
global section,

R* — FR™

T j&xm

v

where 7, denote the translation on R™ by the vector z. So, a 1—jet jé’x¢>
can be written in a unique way as a composition of s (z) and a matrix of
Gl (n,R).

We have thus obtained a principal bundle isomorphism FR™ = R" X
Gl (n,R) over the identity map on R™. Then, if G is a Lie subgroup
of Gl(n,R), we can transport R™ x G by this isomorphism to obtain a
G—structure on R™. These kind of G—structures will be called standard
flat on R™.

Definition A.0.8. Let wg (M) be a G—structure over M. wg (M) is said
to be integrable if we can cover M by local charts (U, ¢y ) such that the
restriction of the maps l|p,, (v) © Fcpfjl to wg (M) are isomorphisms onto
the trivial principal bundle ¢y (U) x G for some Lie group G.

Particularly, wg (M) is integrable if, and only if, for all point x € M
there exists a local chart (U, ¢r7) through x such that for all jé’y'zj) € wg (M)
with y € U

J6,0 (T—py ) 0 PU o) €G, (A2)

where 7_, () denote the translation on R™ by the vector —py (y).

Any {e}—structure on M, with e the identity of G, will be called parallelism
of M. It is easy to show that any parallelism is, indeed, a global section of
pv  FM — M. So, we will speak about integrable sections. Notice that,
any parallelism P : M — F'M is locally written,

P(z') = (2", P)).
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On the other hand, using Eq. (A.2) we have that (locally) any integrable
sections can be locally written as follows

-1 —1
Plu = o, (WU °T<pu<z>) ;

with (U, ¢y ) a local chart on M. So, denoting ¢y by () and using the

induced coordinates <:Ei, x;), we can write that
P (:c’) = (x’,ég) .
So, by using right translations, we can easily prove the following result

Proposition A.0.9. A G—structure wg (M) on M is integrable if, and
only if, for each point x € M there exists a local coordinate system (xl)
on M such that the local section,

P (w’) = (331,5;) , (A.3)
takes values into wg (M).

Notice that, one could think that P can be defined globally but, however,
this is not true. This result about integrability of G—structures can be

found in .

Let U : FR™ — F'M be a local isomorphism of principal bundles such that
its codomain contains e; and the induced isomorphism on Lie groups is the
identity, i.e.,
V(z-g) =V (&) g, VI € Dom (¥) C FR",
for all g € Gl (n,R). We denote by ¢ : R® — M the local diffeomorphism
induced by ¥ on the base manifolds. We recall that
thoprn =ppo V.

The collection of all 1—jets jél +¥ is a manifold which will be denoted
by F°M. Of course, j;l =¥ can be canonically identified with a linear
frame at the point 7 since T, ¥ : R*+7* & T, FR™ — TxFM is a linear
isomorphism. Hence, we have that F~M C F (FM).

There are two canonical projections ﬁ% . F°M — FM and 5% M > M
given by:
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« (3l 2v) =7

o’ (jil,f‘I’) =pm (T) =2
where pps : FM — M is the canonical projection of the frame bundle F M.

=2, . -
Of course, we have p2 = pps o ﬁ%. We can show that F" M is a principal
bundle over FFM with canonical projection ﬁ% and structure group,

—92 . —92 _o—1
Gi(n):={j}, o, VEF R/ V(er)=e1} =77 (e1).

Notice that é? (n) is a Lie subgroup of Gl (n +n?,R) acting on M by
composition of jets.

We also have that FQM is a principal bundle over M with canonical
projection p2 and structure group

—2 . =2 _o—1

G (n):={je, sV EF R/ ¢ (0) =0} =7"" (0),

which, again, acts on M by composition of jets.

The principal bundle F2M will be called the non-holonomic frame bundle
of second order and its elements will be called non-holonomic frames of
second order.

Remark A.0.10. Notice that there exists a canonical projection ﬁ% :
F°M — FM defined by

p1 (4, %) = 46,0

Observe that ﬁ% is a principal bundle morphism from F°M to FM
according to the diagram

it
M - FM
o M
M

FM > M
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o
As we have done with FM, having a local coordinate system (xl)

on an open set U C M, we can introduce local coordinates (:pﬂxé)

over FU C FM and, therefore, we can introduce local coordinates
((:c’,x;) ,xfj,xfjk,x;:’k,z;’kl) over F (FU) such that

o o (51, 2V) =o' (our (@)

o o8 (31, 2v) == @)

i (-1 ,1,): 8(:5'”.’0\11)

® T \Jer,z ord
le1
) 7] (:L‘I o \I/)
-1 _
o ol (34,27) = o
kleq
0 (:z:Z o ‘1!)
i 1 _ J
® Tk <]817E ) - 3Tk|61
o (.’El o \I/>
o 20 <j1 7\1,) NI )
7.kl e1,T ark-

Plex
where (ri,r;-) are the induced coordinates on FR™ of the canonical
. ; . . —2
coordinates (rl) of R™. Hence, if we restrict to F"U we have that

i
ozl = 0
i i
® Tj = T0p
. . =2
So, the induced coordinates on F"U are

((1‘173;;) 7$fj7$;‘,k> . (A.4)
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Then, locally

® PN (CEZ,Z‘;> = LUi
® PFM ((m ﬂj) ’z,j’”,jk’%k’mg‘,k1> = (2’ ’zj)
—2 i i i (i i
e p7 ((:p ,a:j) 795,1'733]‘,1@) = (:v ,acj>
. ﬁQ b, xl ), at, ad =zt
2g) a3 gk

. ﬁ% ((xﬂxé) ,:cfj,x;k> = (xl,xfj)

Notice that, like in the case of FR™, there exists a canonical isomorphism
1:FR* 5 R" x G (n). In fact, let us define a global section 5 : R"™ —
F2R" as follows,

5(2) =342, ey, FTas
where 7, denote the translation on R™ by the vector . Then, the expression
of 5 in coordinates is,

5(2') = ((=",67) ,95,0) -

So, a non-holonomic frame of second order j;l =¥ at a point z € R™ may
be written in a unique way as

jél ,E\I} = §(x) -9,

where g € G (n) such that i(jél E‘ll) = (z,g). We have thus obtained
the principal bundle isomorphism 1 : F°R" = R" x G~ (n). Now, if G is a
Lie subgroup of 52 (n), we can transport R™ X G by this isomorphism to

obtain a G—reduction of FQR".

Definition A.0.11. Let G be a Lie subgroup of G’ (n). A second-order
non-holonomic G—structure wg (M) is a reduced subbundle of F°M with
structure group G.
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Hence, the g—reduction of F°R™ obtained above is a second-order
non-holonomic G—structure on R™ which will be called the standard flat
second-order non-holonomic G—structure.

Next, we will introduce the notion of integrability of a second-order
non-holonomic G— structure.

Definition A.0.12. Let Wg (M) be a second-order non-holonomic
G—structure on M. wg (M) is said to be integrable if it is locally isomorphic
to the trivial principal bundle G x R™ via local charts on M, or equivalently,
it is locally isomorphic to the standard flat G—structure on R™.

What we mean by “locally isomorphic” is that for each point z € M,
there exists a local chart through z, ¢y : U — U such that induces an
isomorphism of principal bundles given by

Yy :wg (U) > U x G,
where
vo (it #) = (v @)L 50 (F 7y 0 00)) 0 ¥)

with pps (T) = z. Notice that, analogously to the case of integrable
G—structures, we can express the isomorphism Wy; as follows

‘IJU :ZOF(FQDU).

Remark A.0.13. There exists an alternative definition of second-order
non-holonomic frames (see |77]). Consider a differentiable map ¢ : U —
F'M defined on some open neighbourhood of 0 in R™ such that pps o ¢ is
an embedding. Then the 1—jet j6,¢(0)¢ is a non-holonomic frame of second
order at © = pps (¢ (0)). In fact, given ¢ we define a local principal bundle
isomorphism ® : FR™ — F'M over U given by

®(r,R) = ¢(r) R,
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where r € R™ and R € Gl (n,R). Thus, j;l +® defines a non-holonomic
frame of second order at x. Conversely, having a local principal bundle
isomorphism ® : FR™ — F'M over an open set U, we define ¢ as follows:

¢ (r) =2 (re),

where r € R™ and e € Gl (n,R) is the identity.
o

Any second-order non-holonomic {€}—structure on M, with € the

identity of G’ (n), will be called non-holonomic parallelism of second-order.
It is easy to show that any non-holonomic parallelism of second-order is,
indeed, a global section of the second-order non-holonomic frame bundle

M. So, we can consider integrable sections. Let (mz) be a local

coordinate system on an open set U C M and ((x’,x;) ,xfj,x;‘.’k> be

the induced coordinates on F°U. So, a non-holonomic parallelism of
second-order P is written locally

P(a') = (" P}) P} RLy)

Therefore, we have that (locally) any integrable sections can be written as
follows o o _

P (z') = ((:ﬂl,éﬁ) ,5;,0) .
respect to a particular local coordinates (xz) Indeed, we can show that

Proposition A.0.14. Let wWg (M) be a second-order non-holonomic
G—structure on M. We (M) is integrable if, and only if, for each point
x € M there exists a local coordinate system (:1:1) on M such that the local
section,

P (z') = ((=*,5%),6%,0), (A.5)
takes values into wg (M).

Notice that, in a similar way to the case of the integrable G—structures
in the frame bundle, Eq. (A.5) is equivalent to the following: for each
z € M, there exists a local chart (¢r7, U) over z such that for all z € U

Plz) =4, = <F (wgl o T¢U<z))) , (A.6)
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where 7, (;) denotes the translation on R™ by the vector ¢y ().

Next, we shall describe a particular subbundle of F°M. Consider the
non-holonomic frames of second order given by jel1 z (Fv), where v :
R™ — M is a local diffeomorphism from 0 to pps (T) = z € M. These
kind of frames are called holonomic frames of second order. The set of
all holonomic frames of second order is denoted by F2M and it is called
second-order holonomic frame bundle. The restrictions of ﬁ% and p? to
F2M are denoted by pf : F2M — FM and p? : F?2M — M. p% endows
to F2M with a principal bundle structure with structure group G% (n),
which is the set of all 1—jets of local isomorphism of the form F1), where
¥ : R® — R" is a local diffeomorphism with F¢ (e1) = e1 (equivalently,
jé,0¢ = el)'

p? 1 F2M — M is also a principal bundle which structure group G? =

2\ —1
(p?) " (0).
We deduce that p? (resp. p?) is a principal subbundle of 53 (resp. p°). So,
restricting the isomorphism 7 : F°R* ~R" x G~ (n) we have that

[:F?R">=R" x G% (n).

Then, for each Lie subgroup G of G2 (n) we obtain a G—reduction of F2R™
which is isomorphic to R™ x G.

Definition A.0.15. Let G be a Lie subgroup of G2 (n). A second-order
holonomic G—structure wg (M) is a reduced subbundle of F2M with
structure group G.

Hence, the G—reduction of F2R™ obtained above is a second-order
holonomic G—structure on R™ which will be called the standard flat
second-order holonomic G—structure.

Note that each second-order holonomic G—structure wg (M) can be
seen as a second-order non-holonomic G—structure. So, the notion of
integrability will be the same.

A holonomic parallelism of second order is a second-order holonomic
trivial structure or, equivalently, a global section of p? : F2M — M. So,
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we will also speak about integrable sections of F2M.

Observe that, by definition, any integrable non-holonomic parallelism of
second order is in fact holonomic.
Summarizing we have the following sequence of Lie subgroups:

G2(n) C G (n) C GI(n,R) x Gl (n+n2,R),

G2(n) C G} (n) C Gl (n+n%R),
and the following sequence of principal bundles:
F2M Cc F°M C F (FM),
over F'M and 72
F2M C F°M,
over M.
Let (z)* be a local coordinate system on an open U C M. Then, we can

induce local coordinates over F2M <<xl,x;) ,mij,x;. k) (see Eq. )
Then, if we restrict to F2M we have that

i . U
Ti = ; Tj g =Ty ;-
Thus, we may obtain local coordinates on F2M denoted as follows:
(xzf‘%w;k) s Ty =g =T (A7)

Let us now define the so-called non-holonomic prolongations of parallelisms
of second order. To do this, we shall describe a method to prolongate a
pair of ordinary parallelisms in order to obtain a non-holonomic parallelism
of second order.

Let M be a manizfold and P be a section of the second-order non-holonomic
frame bundle F~"M. Then, P (xl) = ((mZ,P;) ’P,g’Ré',k) induces two
sections P and @ of FM (i.e. induces two ordinary parallelisms on M) by
projecting P via the two canonical projections ﬁ% and ﬁ%, ie.,

P=pioP, Q=pioP.
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So, we obtain
P (:1:’) = (xZ,PJl) , Q (:1:1) = (mi, Pfj) .
Conversely, let P,Q : M — FM be two sections of F'M. Hence, P (resp. Q)

defines a family of n (where n is the dimension of M) linearly independent

vector fields {P1,---, Pn} (resp. {Q1, -+ ,Qn}).
We define a horizontal subspace Hp(,) at the point P (z) by translating
the basis {Qq (z)} at z into a set of linearly independent tangent vectors

at P (z),
{TxP (Qa (x))}
Locally,
; 1o} ; 1o} ; oPT 0
TP | Qg (z) o ) =Qu (@) 57— +Qu (@) o5
‘ < * Oai, N Oalp,, 1 Oal, 0at py)
where,
i 9 i 9
Po(z) =P, (2) 55, Qal(z)=Q4(z) ;-
ébclgc 83:‘38

By completing this set of linearly independent tangent vectors to a basis
of Tp(;) F'M we obtain a second-order non-holonomic frame at x. We have

so obtained a section of F- M (i.e. a non-holonomic parallelism of second
order on M), which is denoted by P! (Q).

Definition A.0.16. A non-holonomic parallelism of second order P is said
to be a prolongation if P = P! (Q) where P and Q are the induced ordinary
parallelisms.

The local expression of P! (Q) becomes

1 i i pi i laPJ?
P (Q)(x): (:IJ,PJ-)7 j:ka . (A.8)

*, RY k)v is a second-order

Hence, a section ofsz, P(af) = <($17 P]Z) » &gy I

non-holonomic prolongation if and only if
i
8Pj

o (A.9)

'3 _ l
ik = Qk
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Remark A.0.17. Now, we will describe another way to construct P! (Q)
which is going to be useful. Let P,@ : M — F'M be two sections and we
denote

Q (x) = o,z -
Then, for eacha=1,--- ,n

Qo (m) = ToYx <6fa > s

|0

which implies that

2P (Qa () = To (P o ) (88 ) :

|0
Taking into account this equality we construct the following map

Poy : FU — FV
Joof = P (v)-jgo(T—vof).

where ¥y : U — V. It easy to show that P o1, is an isomorphism of
principal bundle over 9, with inverse given by

1 1 ) —1 1
Jo,w9 EFV ]wa;1<w)Tw;1(w) [P (w)] J0,w9-
Thus, we can define,

P: M — F'M
v oo gl g (Pove)
which satisfies
(i) PioP(z) =Poty(e1) = P(x)

(ii) A3 0 P(z) = j} ot = Q (2)
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) e L
N ) gpi = dpP? 1 .o
393{“0 7| o 8:171“0 Tl o (Qk (x) > 5 Qk (x))
Then, by definition of induced coordinates, Ré', & is given by
o or i 2T
R} 1 (z) = Qy (2) p

E

Therefore P = P! (Q).

Notice that, if @ is integrable, then there exists local coordinates (xl)
on M such that

i ST
and hence,
1
]
Ik T gpk”’

where P1(Q) = (xi,P;, ;,R; k) In such a case, P! (Q) is said to be

integrable. However, in general P! (Q) is not integrable as a paralellism

(see proposition |A.0.18)).

In this case for each z € M, there exists a local chart (1, U) over z such

that for all x € U
1 -1
Jey, @ (PO (wU OT¢U($)))

= «7&175 (P o 1/151 o FTi/)U(z))

PH(Q) (x)

In fact, for each j&vf € Fyy (U) we have

Po (65" 0Ty () (18.0f) =
= P(vg" 0t uu @) -dbo(ruo )

= <Po¢51 o FTwU(I)> (jé’vf)



236 APPENDIX A. PRINCIPAL BUNDLES

Thus, let P!(Q) be a non-holonomic integrable prolongation of
second-order; then, for each z € M, there exists a local principal bundle
isomorphism V¥ from an open set FU C FM with z € U to an open subset
of FR™ such that for all z € U

p! (Q) (Z‘) = jc}l,f (\Iiil o FT’LI)(I)) ) (A-lo)

where 1 is the induced map of ¥ onto the base manifolds. On the other
hand, using v as a local chart we can prove that Eq. implies that
P! (Q) is a non-holonomic integrable prolongation of second order.

This equality reminds us Eq. , for second-order non-holonomic
integrable sections. Indeed, a second-order non-holonomic integrable
prolongation P! (Q) satisfying Eq. is integrable if and only if we
have

-1 _ .1
IZe1 0y ¥ = Ier oy T

for all x, where €ly(z) = jé’w(m)m,(z). Thus, a second-order
non-holonomic prolongation is integrable if and only if takes wvalues
in the holonomic frame, i.e., the only integrable prolongations in F2M
are the integrable sections.

In general, we can think about the second-order non-holonomic
integrable prolongations as an intermediate step beetwen sections and
integrable sections. The following result is obvious.

Proposition A.0.18. Let P be a section of F°M. P s integrable
if and only if P = P1(Q) is a second-order non-holonomic integrable
prolongation and P = Q. In particular, a second-order mon-holonomic
integrable prolongation Pl (Q) is integrable if and only if P = Q.

This result provides us examples of second-order no-holonomic
integrable prolongations which are not integrable. Indeed, any prolongation
of two different ordinary parallelisms is not a second-order no-holonomic
integrable prolongation.

Now, to end this appendix, we will define the concept prolongation for
non-holonomic G—structures of second order.
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Definition A.0.19. Let wg (M) be a second-order mnon-holonomic

G—structure. W (M) is a non-holonomic integrable prolongation of
second-order if we can cover M by local non-holonomic integrable
prolongations of second order which take values in we (M).

Notice that Definition can be expressed as follows: For any point
x € M there exists a local coordinate system (1’1) over an open set U C M
which contains x such that the local section on U

) . op!
1 7\ _ 7 7 ST J
is contained in Wg (M).

As we have noticed, a second-order non-holonomic G—structure which is
contained in F2 M is integrable if and only if it is an integrable prolongation.

Remark A.0.20. Let Wg(M) be a second-order non-holonomic
G—structure. Then, we could define a non-holonomic integrable
prolongation of second order in a similar way to integrable G —structures.
In fact, using Eq. , we can prove that wg (M) is a non-holonomic
integrable prolongation of second-order if, and only if, for all point x € M,
there exists a local isomorphism of principal bundles whose isomorphism
of Lie groups is the identity map, ® : FU — FU, with x € U such that it
induces an isomorphism of principal bundles given by

T :wg(U) > U xG,
where Y (j;1 3@) = <¢v (), T (jél’fi‘)) and

T (jélsz(b) = jél ,Z0 (F (T—w(z)) o¥o (I)) )
with ¥ the induced map of VU over the base manifold and pps (Z) = 2.
Thus, Wz (M) is a non-holonomic integrable prolongation of second-order

if it is locally isomorphic to the trivial principal bundle R x G by a more
general class of local charts (see definition [A.0.12]).
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Proposition A.0.21. Let wg (M) be a second-order non-holonomic
G—structure. If wg (M) is integrable, then weg (M) is a non-holonomic
integrable prolongation of second-order.

Not all non-holonomic integrable prolongation of second-order is

integrable (see proposition |A.0.18).

It directly follows that if @z (M) is a second-order non-holonomic
integrable prolongation, then the projected G—structure by ﬁ% is integrable.



Appendix B

Foliations and distributions

This part of the appendix is devoted to give a clear introduction foliations
and distributions. All the results and definitions exposed here can be
found in [71] and [20] (see also [84]).

Intuitively speaking, a foliation of a manifold M is a decomposition of M
into immersed submanifolds, the leaves of the foliation, which, in some
way explained below, fits together nicely. These leaves are not necessarily
of the same dimension.

Definition B.0.1. A smooth singular foliation or simply foliation on a
smooth manifold M is a partition F := {F (z)} of M into a disjoint union
of smooth immersed connected submanifolds ¥ (x), called leaves, which
satisfies the following local foliation property at each point © € M: Denote
the leaf that contains = by F(x), the dimension of F(z) by k and the
dimension of M by n.

Then there is a smooth local chart of M with coordinates (yl7 .. .,y”)
in a neighborhood U of z, U = {—e < y! < ¢,...,—€ < y" < ¢},
such that the k—dimensional disk {y**! = ... = y™ = 0} coincides with
the path-connected component of the intersection of F(x) with U which
contains x, and each k—dimensional disk {ykJrl = Ck41,---Y" = cn},
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where cg41,...,cn are constants, is wholly contained in some leaf of J.
This (local) chart is called the foliation chart of F at x. A foliation atlas
of dimension k is an atlas of M given by foliation charts. The dimension of
the foliation F is a map dim : M — {0, 1,...,n} such that, for each z € M,
dim (z) is the dimension of the leaf F (x) at .

If all the leaves of a singular foliation F have the same dimension, then one
says that F is a regular foliation. Furthermore, in this case de dimension
of ¥ is a constant map and, hence, is identified with a number k£ equal to
dimension of the leaves of F.

Let M be a manifold and F be a foliation on M. Consider a
foliation chart of M at a point z € M with coordinates (yl, .. .,y") in a
neighborhood U := {—e < y! <¢,...,—e < y™ < €} of . Then, the subset
Up := {y**+! = ... = y” = 0} of U given by the condition of that the last
n — k coordinates are 0 is an open subset of the leaf F (z) (with the induced
topology) which contains to z. Indeed, we may define a local chart of F ()
at x over Ug by restricting the map (yl, el yk), where k is the dimension
of F(z), to Up. If F is a regular foliation, the restriction of the map
(yl, R yk) to each of the subsets Uc, ... ,¢;, = {yFt! = Cht1,---Y" =cn},
with ¢; constant for all ¢ = k + 1,...n, defines a local chart of the leaf in
which Ug, ,....c;, = {4*t! = cpy1,...y™ = cn} is contained.

Definition B.0.2. Let M be a smooth manifold and F be a foliation of
M. The space of leaves M/F is the quotient space of M, obtained by
identifying two points of M if they lie on the same leaf of J.

Now, we will define a category associated to the foliations of the smooth
manifolds. Thus, we need define the objects and the morphisms.

Definition B.0.3. A foliated manifold is a pair (M,F), where M is a
smooth manifold and JF a foliation of M. If the foliation J is regular, the
pair (M, F) will be called regular foliated manifold.

A morphism between foliated manifolds f : (M,F) — (INV,8) is a smooth
map f: M — N which maps leaves of JF into the leaves of S.

Thus, since it is obvious that the composition of morphisms between
foliated manifolds is again a morphism between foliated manifolds, we may
construct a category of foliated manifolds. We will denote this category
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by FM.

Note that, in the particular case of a regular foliated manifold (M, F),
the foliation F determines a foliation atlas such that the change-of-charts
diffeomorphisms of foliation charts ¢;, ¢; are of the form

piow; (@) = (95 (2,9) , hij (1)), (B.1)

with respect to the decomposition R = R* x Rk,

Conversely, Let {(U;, i)} be an atlas of a manifold M such that the
change-of-charts diffeomorphisms of ¢;, ¢; satisfy Eq. (B.1). Then,
each U; is divided into plaques, which are the connected components of
the submanifolds <p;1 (]Rk X {y})7 y € R % and the change-of-chart
diffeomorphisms preserve this division. The plaques globally amalgamate
into leaves. Thus, {(U;, ¢;)} determines a unique regular foliation.

So, we have proved the following result:

Proposition B.0.4. Let M be a manifold with an atlas {(Ui,i)}s-
{(Ui,¢i)}i is a foliation atlas associated to a wunique regular
foliation F of M if, and only if, the changes of coordinates satisfy FEq.

.

In this way, we can give another equivalent definition:

Proposition B.0.5. A regular foliation F of a manifold M can be
equivalently described in the following way: An open cover {U;} of M
with submersions s; : U; — R*™F (where k is the dimension of F) such
that there are diffeomorphisms (necessarily unique)

Yij * Sj U; N Uj) — s (U; N Uj) s
with Yij © Sj\U,'ﬁUj = Si\UiﬁUj .
Note that, by unicity, the diffeomorphisms v;; satisfy the cocycle condition

Yij © YVik = Vik-

Proof. If (Uy, s4,7ij) is a triple on M satisfying condition of above, using
the rank theorem, we can construct an atlas {(Vj, ¢;)}; so that each Vj is a
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subset of an Uq; and there exists a diffeomorphism t; : sa; Vj) — Rk,
such that

Yj 0 Sa; = Pr2 0 @j,

where pro : RF x R""% 5 R" % is the projection on the last
(n — k) components. This atlas is a foliation atlas. In fact,
if (z,y) € p; (Ui NU;) C Rk x R~k

praogjop; ! (z,y) = (wj 0 5a; 0%-_1) (z,y)

<w] O'Yajai O Say O‘P;l) (Ivy)

<'¢'j O Yajay Ow;1> (v) -

Conversely, if {(Uj,¢;)} is an atlas such that the change-of-chart
diffeomorphisms are of the form of Eq. (B.1), we take s; = pra o ¢; and
O

vij = hij (see Eq. (B.1)).

A triple (U;, s;,7ij) satisfying conditions of proposition is called
the Haefliger cocycle representing F.

Example B.0.6. The space R™ admits a (regular) foliation of dimension
k, for which the foliation atlas consists of only one chart, the identity map
Id : R™ — R¥ x R"~k_ Then, the leaves are

S(z0,90) = {(z,y0) € RF x R""F . z € R¥},

for each (z0,y0) € R¥ x R**. Generally, consider a map f : R* —
{0,1,...,n} such that if f (:(;1, R z") = k it satisfies that

f(y17~~.,yk,$k+l,...,xn) = k.

Then, there exists a unique foliation S of R™ with f as the dimension map.
In fact, the leaves of this foliation are given by

S(mi,...,w") ::{(yi,zj) Yt eR, i=1,...,k},

where f (xl, e x“) = k. This foliation will be called trivial o canonical
foliation of R™ associated to f.
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Now, we will give a result which justify the name of canonical foliation.

Proposition B.0.7. Let M be a manifold and F be a partition into subsets
of M. Denoting by F (x) the subset of the partition F which contains to
x € M, we have that F is a foliation if, and only if, there exists a canonical
foliation S of R™ such that we can cover M by local charts of ¢ : U — R"
satisfying that

S(¢ (@) N (U) = o (F (@) N V),

forallyeU.
Proof. The proof follows from the definition. O

In a more categorical way we can summarize the above result as follows:
a partition F of a manifold M is a foliation if, and only if, (M, F) is locally
isomorphic (in the categorical sense) to some canonical foliated manifold
(R™,S).

Example B.0.8. Any submersion 7w : M — N defines a regular foliation
of M whose leaves are the connected components of the fibres of w. The
dimension of the leaves is equal to the codimension of N. An foliation atlas
is derived of the rank theorem. Foliations associated to the submersions
are also called simple foliations. The foliations associated to submersions
with connected fibres are called strictly simple.

Note that, it is easy to prove that a simple foliation is strictly simple
precisely when its space of leaves is Hausdorff.

Example B.0.9. Let (M,F) and (N, 8) be two foliated manifolds. Then
there is the product foliation F x 8 on M x N, which leaves are the products
of leaves of ¥ and 8. Furthermore,

T(Fx8)=TF&TS.

Example B.0.10. Let f : N — M be a smooth map and F a regular
foliation of M of dimension k. Assume that f is transversal to F. Then we
can get a foliation f~! (F) on N as follows.
Suppose that F is given by the Haefliger cocycle (Uj, s;,7i;) on M. Put
V; = f~1(U;) and s}, = s; 0 fiv,- Note that, for each 2 € N such that
fx)el;

TCCS{i = Tf(x)sl o Txf,
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is surjective. In fact, T (;)s; is surjective and trivial on Ty F (see proof
of the proposition (B.0.5))). Thus, using that

Tof (TuN) 4 Tp(yT = Ty(ay M,

it is easy to prove that Ty sg is surjective.
The foliation f~1 (F) is now given by the Haefliger cocycle (V,-7 s;,’yij) on
N. We have that

codim (ffl (F)) = codim (F),

and,
T(f~1 (@) = (TH ™ (T9).

As a consequence, N is foliated by connected components of f~! (F(x)),
where F (z) are the leaves of F.

Example B.0.11. Let ¢ : G x M — M be a smooth action of a Lie group
G on a smooth manifold M. We say that the action of G on M is foliated
if dim (G;) (where G is the isotropy group on z) is a constant function
of z. In this case the connected components of the orbits of the action are
the leaves of a regular foliation of M.

Let (M,J) be a foliated manifold. Then, the tangent spaces of the
leaves of the foliation defines a map which associates to any point x of
M a subspace of the tangent space T, M. So, we obtain what is called a

distribution on M (see example |B.0.14)).

Definition B.0.12. A singular distribution or simply distribution D on
a smooth manifold M is the assignment to each point x of M a vector
subspace Dy, called fibre at x, of the tangent space T M. If the dimension
of Dy is constant the distribution is called a regular distribution.

The distribution D is called smooth if for any point x of M and any vector
vg € Dy, there is a smooth vector field © defined in a neighborhood U, of
x which is tangent to the distribution, i.e.,

© (y) € Dy, Vy € Uy,

and such that © (z) = vg.
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Let D be a regular smooth distribution on a manifold M. Fix a point
x at M and consider a basis {vl}; of tangent space T M. Then, for each
v there exists a (local) vector field X? tangent to the distribution D such
that ©% (z) = v}. By using the inverse function theorem and shrinking (if
it is necessary) the domain of the vector fields ©%, we prove that a regular
distribution D is smooth if, and only if, D is locally finitely generated (see
Definition [B.0.21)).
Following the inertia of this memory, we should define a kind of morphism
to construct a category. Let Dy and D2 be two different distributions over
the manifolds M7 and Mas respectively. A morphism of distributions from
D; to Da is a pair of maps (P, ¢), with ® : D1 — D2 and ¢ : M1 — Mo,
commuting according to the diagram

P
D1 > D2

M, TM,

M2 > Ml

where mg : TQ — Q defines the canonical projection of the tangent bundle
of a manifold Q. Thus,

7TA120<I):¢O7TA[1.

These kind morphisms permits us to construct the category of distributions
which will be denoted by D. Obviously, ¢ is characterized by ® and, hence,
the morphism will be sometimes denoted by .
A morphism (P, ¢) from D; to Ds is said to be smooth if for any vector field
© tangent to Dj it satisfies that ® o © is a differentiable map from M; to
T Ms. Thus, the category of smooth distributions, denoted by 8D, consists
of the smooth distributions next to smooth morphisms of distributions.

A natural notion associated to the concept of distribution is the following
one.
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Definition B.0.13. An integral submanifold of a distribution D on a
manifold M is a connected immersed submanifold N of M such that for
every y € N the tangent space Ty N is a vector subspace of Dy. An
integral submanifold N is called mazimal if it is not contained in any
other integral submanifold and it is said to be of mazimum dimension if
its tangent space at every point y is exactly D,.

We say that a smooth distribution D on a manifold M is an integrable
distribution if every point of M is contained in a maximal integral
submanifold of maximum dimension.

Example B.0.14. Let (M,) be a foliated manifold, then we may define
the tangent distribution associated to F, denoted by D7, given by the
following correspondence

x€Mw— DI =T,5(2).

It follows directly from the local foliation property that the tangent
distribution is a smooth distribution.

Let f: (M,3) — (N,8) be a morphism of foliated manifolds. Then, the
restriction of the tangent map T'f to D7 induces a smooth morphism of
distributions between D¥ and DS.

Example B.0.15. Let C be a family of local smooth vector fields on M
such that its domains cover M. Then it gives rise to a smooth singular
distribution D€: for each point z € M, Dg is the vector space spanned by
the values at x of the vector fields of C' whose domains contain to z. We
say that DC is generated by C.

Also, associated to this example we have the following definition.

Definition B.0.16. A distribution D is called invariant with respect to
a family of (local) smooth vector fields C' if it is invariant with respect to
every element of C: if © € C' and (p? : Uy — U_; denotes the local flow of
©, then we have

T:c‘Pt@ (Dz) = Dg,?(xy vV € M,

whenever zp? is defined.
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Finally, the following result, due to Stefan and Sussmann ,
gives an answer to the following question: what are the conditions for a
smooth singular distribution to be the tangent distribution of a singular
foliation?.

Theorem B.0.17 (Stefan-Sussman). Let D be a smooth singular
distribution on a smooth manifold M. Then the following three conditions
are equivalent:

(a) D is integrable.

(b) D is generated by a family C of smooth vector fields, and is invariant
with respect to C'.

(¢) D is the tangent distribution DY of a smooth singular foliation .

Proof. (a) = (b)
Let C be the family of all (local) vector fields which are tangent to D. The
smoothness condition of D implies that D is generated by C. Furthermore,
if © is an arbitrary vector field tangent to D, then D is invariant with
respect to ©. In fact, let  be an arbitrary point in M, and denote by F ()
the maximal invariant submanifold of maximum dimension which contains
T.
Then by definition (the condition of maximum dimension), for every point
y € F (z) we have,

Ty? (LE) = Dy:

which implies that the vector field © restricted to F (z) is tangent to F (),
i.e., the restriction of © to F(z) gives rise to a vector field of F(z). In
particular, the local flow ¢ of © can be restricted to F(z) (this fact
follows from the maximality condition on F(x)).
Finally, using that © is tangent to F (z) we have

ngo? (Dz) = Tz@? (ToF (x)) = T@?(z)g(x) = Dy;?(zy
() = (o)

Suppose that D is generated by a family C' of smooth vector fields, and is
invariant with respect to C. Let x be an arbitrary point of M, denote by
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k the dimension of D, and choose k vector fields ©1,...,0, of C such

that ©1 (x),...,0 (z) span D,. Denote by w?l, .. .,cp?" the local flow
of ©1,...,0 respectively. The map
(S] O
(b th) o 981 00 0 (2), (B.2)

is a local diffeomorphism from a k-dimensional disk to a k-dimensional
submanifold containing = in M. The invariance of D with respect to
C implies that this submanifold is an integral submanifold of maximum
dimension. Gluing these local integral submanifolds together (wherever
they intersect), we obtain a partition of M into a disjoint union of connected
immersed integral submanifolds of maximum dimension, and thus, we may
construct our foliation.

(©) = (a)

If D = DY is the tangent distribution of a singular foliation ¥, then the
leaves of J are maximal invariant submanifolds of maximum dimension for
D. O

Definition B.0.18. An involutive distribution is a distribution D such
that if ©1, ©2 are two arbitrary vector fields which are tangent to D, then
their Lie bracket [©1, O3] is also tangent to D.

Using the Stefan-Sussman theorem it is clear that if a singular
distribution is integrable, then it is involutive. Conversely, for regular
distributions we have:

Theorem B.0.19 (Frobenius). If a smooth regular distribution D is

involutive then it is integrable, i.e., it is the tangent distribution of a reqular
foliation.

Proof. We only have to use Eq. (B.2)) again to prove this result. O

Note that, if in Frobenius theorem we omit the word regular, then it is
false. As a counterexample we may construct the following distribution,
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Example B.0.20. Consider the following singular distribution D on R2
given by
T(w,y)RZ if x>0

(x,y) = %)

—) if x<0
0%|(z,)
Observe that D does not have constant dimension (Dim (D(z,y)) = 2if

x> 0 and Dim (D(z,y)) =1 if  <0). Furthermore, it is trivial that D is
involutive.

Finally, for each > 0, a maximal integral manifold of maximum dimension
of D which contains to (z,y), for all y € R, is given by

Rt := {(z,y) € R? : 2 > 0}.

Also, for each (0,y0), a maximal integral manifold of maximum dimension
of D which contains to (0,y0), L, must verifies that

7]

Y, LNRT =0.
81:'(0

Dim (L) = 1, T(O,yO)L = (
1Y0)

Since that the point (0,yo) must belong to L, L has to be of the form
Li={(z,y0) €R?: 2 <0},

which is not possible since the leaf of D through a point is a manifold
without boundary. Thus, D is smooth involutive but not integrable.

Now, in order to repair this problem we are going to give the following
definition

Definition B.0.21. A smooth distribution D on a manifold M is called
locally finitely generated if for any z € M there is a neighborhood U of
z such that the € (U) —module of smooth tangent vector fields to D in
U is finitely generated: there is a finite number of smooth vector fields

X1,..., X in U which are tangent to D, such that any smooth vector field
Y in U which is tangent to D can be written as
Y = fiX;,

with f; € €= (U).



So, the situation in the finitely generated case is better:

Theorem B.0.22 (Hermann). Any locally finitely generated smooth
involutive distribution on a smooth manifold is integrable.

See to study this theorem in more detail.

250



Summary, Conclusions and
Future works

In this thesis we have presented an algebraic/geometric approach to
the study material bodies: (Lie) groupoids, Lie algebroids and smooth
distributions are used in this context to characterize the uniformity,
smooth uniformity and homogeneity of a material body.

Simple materials
For a simple body B we have considered two possibilities:
(1) Q(B) is a Lie subgroupoid of the Lie groupoid IT* (B, B).
(2) Q(B)is a just an algebraic subgroupoid of the Lie groupoid IT! (B, B).

In the first case, we characterize the homogeneity in terms of the material
groupoid and algebroid. These results are equivalent to those obtained
previously using G—structures [31].

In the second case, we have introduced the material distributions
AQT (B) to endow the material groupoid Q(B) of a kind of “maximal
pseudo-differentiable” structure which generalizes the structure of Lie
subgroupoid of the Lie groupoid IT! (B, B).
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Theorem B.0.23. There exists a maximal foliation F of B such that all
X € B, there is a unique transitive Lie subgroupoid Q (F (X)) of II* (B, B)
over F(X) consisting of material isomorphisms. Thus, any body B can be
covered by a mazimal foliation of smoothly uniform material submanifolds.

This result proves the intuitive property of that any simple body B
can be uniquely divided by a maximal foliation of (smoothly) uniform
generalized sub-bodies.

Graded uniformity is presented as a “measure” of uniformity. Roughly
speaking, B is uniform of grade p at a particle X if there exists a maximal
smoothly uniform generalized sub-body of B which contains X. In this
sense, a simple body B is smoothly uniform if, and only if, B is uniform of
grade 3 at all the particles.

A notion of homogeneity for non-uniform bodies is also introduced by
using the material distributions and its associated material foliations. In
a purely intuitive sense, a simple body is homogeneous if all the leaves
of its unique material foliation given in theorem are homogeneous
and (locally) all these leaves can be straightened at the same time. This
homogeneity is characterized in several different ways mimicking the
known homogeneity. We used some of these characterizations on particular
examples.

Pure mathematical results

We generalize this development to the context of general groupoids. In
particular, for an algebraic subgroupoid I' of a Lie groupoid I' = M. So,

we construct the so-called material distributions: AFT over I' and Afu
over M. These distributions turn out to be integrable and, therefore, there

are foliations F and 7 integrating ATT and AT respectively.

These distributions endow the groupoid T of a “pseudo-differentiable”
structure which generalizes the structure of Lie subgroupoid of the Lie
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groupoid I' = M. Here, we use these tools in the pair groupoid obtaining
the following interesting theorem:

Theorem B.0.24. Let M be a manifold and N be a subset of M. Then,
there exists a mazimal foliation F of M such that N is union of leaves.

With this, any subset of a smooth manifold can be endowed with a
differentiable structure generalizing the structure of manifold. Indeed, N
is a submanifold of M if, and only if, the foliation described in theorem
m has one unique leaf contained in N equal to N.

Cosserat media

Consider F'B a Cosserat medium such that the second-order non-holonomic
material groupoid Q(B) is a Lie subgroupoid of the Lie groupoid
J! (FB). Then, we have given a new definition of homogeneity of
the Cosserat continuum. This definition is characterized by using
the second-order non-holonomic material groupoid and its associated
second-order non-holonomic material algebroid AQ (B) in the following
way:

Proposition B.0.25. Let B be a Cosserat continuum. If B s
homogeneous, then, Q (B) (resp. AQ(B)) is an integrable non-holonomic
prolongation of second order. Conversely, Q(B) (resp. AQ(B)) is an
integrable non-holonomic prolongation of second order implies that B is
locally homogeneous.

This result is translated to the context of covaraint derivatives obtaining
that the Cosserat continuum is homogeneous if can be covered by some kind
of “integrable” covariant derivatives.

Proposition B.0.26. Let B be a Cosserat continuum. B is locally
homogeneous if, and only if, for each material particle X € B there exists
a local coordinate system (CEZ) over W C B with X € U such that the local
non-holonomic covariant derivative of second order V satisfies

o 0

Oz’ J oz

(i)Va = ;i,

oxJ
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8:53. T Bz 8:172.

(ii) V 9
Erd
where
Rk B 82Plk aQPlk
LT gridxt | Oxidxt
takes values in D (AQ (B)).

Finally, we relate this definition with the known one respect to
second-order non-holonomic G—structures.

Proposition B.0.27. A Cosserat continuum B is locally homogeneous if,
and only if, there exists a reference crystal 7§juch that B is homogeneous
(in the sense of second-order non-holonomic G—structure) with respect to
=2
Zg.

Future work

Thus, we conclude that, by introducing new tools to the constitutive
theory of materials we have obtained results describing the structure of
non-uniform bodies. The above results permit us to explore many ways for
future researches. We shall mention here a few among them;

Cosserat media. In section we have studied new
characterizations of homogeneity of the so-called Cosserat
media which is a model which may be applied to materials
with microstructure like bones of rocks. However, we have always
worked with the homogeneity for smoothly uniform materials.
So, from the beginning we were assuming that the second-order
non-holonomic material groupoid is a Lie subgroupoid of the
second-order non-holonomic groupoid.

Therefore, a new goal of research is to study how could we implement
the notion of material distributions to this context in order to give a
general treatment of this kind of materials.
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Polar theories and higher-grade materials. For simple bodies
the first gradient of a deformation at a particle is enough for the
description of the material response of the body. But theories like
Polar Field theory (see |44] and [11] for some application) add the
necessity of higher-order gradients.

In general, an elastic material is completely characterized by
constitutive relations which satisfy that, at each particle, depends
only on the value of the successive gradients of the deformation at
the particle. The order of the highest gradient which appears in the
description is called the grade of the elastic material. In this sense, we
may again define a material groupoid as the collection of all material
isomorphisms. Therefore, the general theory developed in [51] could
be applied to this case.

Global theory of materials. The space of configurations of
a material body B has a (non unique) structure of differentiable
manifold of infinite dimension [49,[58]. Therefore, one could try to
define a mechanical response on this space which generalizes the
structure of simple body and higher-grade body. With this, an infinite
dimensional groupoid would be defined to make a similar development
extending the others.

Material evolution. Material evolution can be considered as the
time-like counterpart of material uniformity. In particular, instead
of comparing two points at the same instant of time, the theory of
material evolution concerns itself with the comparison of the point
along the time [38].

In this case, the material groupoid of the material evolution may be
defined as the largest groupoid which leaves the mechanical response
invariant. Again, theory of groupoids, algebroids and distributions
may be useful for the description of the time-like transformations of
a material body.
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Resumen, Conclusiones y
Trabajos futuros

En esta tesis hemos presentado un enfoque algebraico/geométrico del
estudio de los cuerpos materiales: grupoides (de Lie), algebroides de
Lie y distribuciones diferenciables son utilizadas en este contexto para
caracterizar la uniformidad, uniformidad diferenciable y homogeneidad de
un cuerpo material.

Materiales simples
Para un cuerpo simple B hemos considerado dos posibilidades:

(1) Q(B) es un subgrupoide de Lie del grupoide de Lie TT! (B, B).

(2) Q(B) is simplemente un subrupoide del grupoide de Lie TI* (B, B).

En el primer caso, caracterizamos la homogeneidad en términos del
grupoide material y el algebroide material. Esto resultados son equivalentes
a aquellos obtenidos previamente usando G—estructuras |31].

En el segundo caso, hemos introducido las distribuciones materiales
AQT (B) para dotar al grupoide material Q(B) de un tipo de
estructura “maximal pseudo-diferenciable” que generaliza la estructura de
subgrupoide de Lie del grupoide de Lie IT! (B, B).
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Theorem B.0.28. Eziste una foliacion mazimal F de B tal que para
todo X € B, existe un unico subgrupoide de Lie transitivo Q(F (X))
de TI' (B, B) sobre F(X) compuesto por isomorfismos materiales. Asi,
cualquier cuerpo B puede ser cubierto por una foliacién mazimal de
subvariedades materiales diferenciablemente uniformes.

Este resultado prueba la propiedad intuitiva de que cualquier cuerpo
simple B puede ser unicamente dividido por una foliacién maxiamal de
sub-cuerpos generalizados (diferenciablemente) uniformes.

La uniformidad graduada es presentada como una “medida” de
uniformidad. Asi, B es uniforme de grado p en la paricula X si existe un
sub-cuerpo generalizado maximal diferenciablemente uniforme de B que
contiene a X. En este sentido, un cuerpo simple B es diferenciablemente
uniforme si, y sélo si, B es uniforme de grado 3 en todas sus particulas.

Una nocién de homogeneidad para cuerpos no-uniformes es también
introducida usando las distribuciones materiales y sus foliaciones asociadas.
En un sentido puramente intuitivo, un cuerpo simple es homogéneo si
todas las hojas de su tunica foliacién material dadas en el teorema m
son homogéneas y (localmente) todas estas hojas puede ser enderezadas
al mismo tiempo. Esta homogeneidad es caracterizada de muchas formas
imitando lo que ocurre con la homogeneidad conocida. Usamos estas
caracterizaciones sobre ejemplos particulares.

Resultados puramente matematicos

Generalizamos el desarrollo arriba explicado al contexto general de
grupoides. En particular, para un subgrupoide algebraico I' de un
grupoide de Lie I' = M. Asi, construimos las llamadas distribuciones

materiales: AT~ sobre I y Afu sobre M. Estas distribuciones resultan ser

integrables y, por lo tanto, hay foliaciones F y F integrando ATT y AT
respectivamente.
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Estas distribuciones dotan al grupoide I de wuna estructura
“pseudo-diferenciable” que generaliza la estructura de subgrupoide
de Lie del grupoide de Lie I' = M. Aqui, usamos estas herramientas en el
grupoide par obteniendo el siguiente teorema interesante:

Theorem B.0.29. Sea M una variedad diferenciable y N un subconjunto
de M. Entonces, existe una foliacion mazimal F de M tal que N es union
de hojas.

Con esto, cualquier subconjunto de una variedad diferenciable puede
ser dotado con una estructura diferenciable generalizando la estructura de
variedad. De hecho, N es una subvariedad de M si, y sélo si, la foliacién
descrita en el teoremammene una unica hoja contenida en N igual a N.

Medios de Cosserat

Sea F'B un medio de Cosserat tal que el grupoide material no-holénomo de
segundo orden  (B) es un subgrupoide de Lie del grupoide de Lie J* (FB).
Asi, hemos proporcionado una nueva definicién de medio de Cosserat. Esta
definicién estd caracterizada usando el grupoide material no-holénomo de
segundo orden y su algebroide material no-holénomo de segundo orden
asociado AQ (B) de la siguiente manera:

Proposition B.0.30. Sea B un medio de Cosserat. Si B es homogéneo,
entonces, Q(B) (resp. AQ(B)) es una prolongacion no-holénoma de
sequndo orden integrable. Reciprocamente, si Q(B) (resp. AQ(B)) es
una prolongacion no-holdnoma de sequndo orden integrable, entonces, B

es localmente homogéneo.

Este resultado es transladado al contexto de derivadas covariantes
obteniendo que el medio de Cosserat es homogéneo si puede ser cubierto
por cierto tipo de derivada covariante “integrable”.

Proposition B.0.31. Sea B un medio de Cosserat. B es localmente
homogéneo si, y sélo si, para cada particula material X € B existe un
unico sistema de coordenadas local (IZ) sobre W C B con X € U tal que la
derivada covariante no-holénoma de sequndo orden V dada por
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Finalmente, relacionamos esta definicién con la conocida respecto
G —estructuras no-holénomas de segundo orden.

Proposition B.0.32. Un medio de Cosserat B es localmente homogéneo
. 0 . L =2 s .
si, y sdlo si, existe una referencia Z tal que B es homogéneo (en el sentido

Z ; o
de G—estructuras no-holdnomas de sequndo orden) con respecto a Zy.

Trabajo futuro

Asi, concluimos que, introduciendo nuevas herramientas a la teoria
constitutiva de materiales hemos obtenido resultados describiendo la
estructura de cuerpos no-uniformes. Los resultados arriba explicados
nos permiten explorar muchos caminos para investigaciones futuras.
Mencionaremos aqui algunas de ellas;

Medios Cosserat. En la seccién hemos estudiado nuevas
caracterizaciones de homogeneidad de los llamados medios de
Cosserat |52] que es un modelo que puede ser aplicado a materiales con
microestructura como huesos o rocas. Sin embargo, hemos trabajado
siempre con la homogeneidad de materiales diferenciablemente
uniformes. Asi, desde el principio hemos asumido que el grupoide
material no-holénomo de segundo orden es un subgrupoide de Lie
del grupoide no-holénomo de segundo orden.

Por lo tanto, un nuevo objetivo de investigacion es estudiar como
podriamos implementar la nocién de distribuciones materiales a este
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contexto para dar un tratamiento general a este tipo de materiales.

Teorias Polares y materiales de alto grado. Para cuerpos
simples el primer gradiente de una deformacién en una particula es
suficiente para la descripcién de la respuesta material del cuerpo.
Pero teorfas como la Teoria de campos polares (see [44] y [11] para
alguna aplicacién) anaden la necesidad de gradientes de un grado mds
alto.

En general, un material eldstico estd completamente caracterizado
por las relaciones constitutivas que satisfacen que, en cada particula,
dependen del valor de sucesivos gradientes de la deformacién en
la particula. El orden del gradiente mas alto que aparece en la
descripcién es llamado grado del material eldstico. En este sentido,
podemos de nuevo definir un grupoide material como la coleccién
de todos los isomorfismos materiales. Por lo tanto, la teoria general
desarrollada en [51] podria ser aplicada en este caso.

Teoria global de materiales. El espacio de configuraciones de
un cuerpo material B tiene una (no unica) estructura de variedad
diferenciable de dimensién infinita [49}|58]. Por lo tanto, uno
podria intentar definir una respuesta mecédnica sobre este espacio que
generalice la de cuerpos simples y cuerpos de grado alto. Con esto, un
grupoide infinito dimensional seria definido para hacer un desarrollo
similar extendiendo los otros.

Evolucién material. La evoluciéon material puede ser considerada
como una contraparte de la uniformidad material. En particular,
en lugar de comparar dos puntos en el mismo instante de tiempo,
la teoria de evolucién material nos permite comparar dos puntos en
diferentes instantes de tiempo [38].

En este caso, el grupoide material del material de evolucién
puede ser definido como el grupoide mds grande que deja la
respuesta mecédnica invariante. De nuevo, las teoria de grupoides,
algreboides y distribuciones pueden ser ttiles en la descripcién de las
transformaciones temporales del cuerpo material.
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