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LIE GROUPOIDS AND ALGEBROIDS APPLIED TO
THE STUDY OF UNIFORMITY AND HOMOGENEITY
OF MATERIAL BODIES

VICTOR MANUEL JIMENEZ, MANUEL DE LEON,
AND MARCELO EPSTEIN

ABSTRACT. A Lie groupoid, called material Lie groupoid, is asso-
ciated in a natural way to any elastic material. The corresponding
Lie algebroid, called material algebroid, is used to characterize the
uniformity and the homogeneity properties of the material. The
relation to previous results in terms of G—structures is discussed
in detail. An illustrative example is presented as an application of
the theory.
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1. INTRODUCTION

In Continuum Mechanics a simple material body B is represented
by a three-dimensional differentiable manifold which can be covered
with just one chart (see for example [21, 22 27, 31]). Given a simple
material body B we identify an embbeding ¢ : B — R? as a reference
configuration. A Lie groupoid, called material groupoid, can be nat-
urally associated to any material body (see for example [I0], or even
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[8, 15] for Cosserat media). In particular, given two different points
X and Y of the material body B, a material isomorphism is a linear
isomorphism Pxy : TxB — Ty B such that the mechanical response at
X and Y is the same; more precisely, if W is the response functional
depending on the deformation gradient F' at any point X of B, then,

W (FP,X)=W (FY),

for any F'. The collection of all material isomorphisms for all pairs of
points of B is just the material groupoid, which will be denoted by
Q(B).

The theory of continuous distributions of defects based on the notion
of material isomorphism has been developed by W. Noll [25] (see also
[26, 27, 31, 30]). A structurally based theory had been originally con-
ceived by K. Kondo [16], D. A. Bilby [1], E. Kréner [17, 18], J.D.
Eshelby [12] and others, as the result of a limiting process starting
from a defective crystalline structure (see also the books by R. Lardner
[19] and F.R. Navarro [24]).

In Noll’s terminology, a body is uniform if all its points are mutually
materially isomorphic. In generalizing the work of Noll, the notion of
material groupoid encodes all the information pertaining to the local
and distant symmetries of a material body. In particular, material uni-
formity corresponds to the transitivity of the material groupoid. Since
transitive groupoids can be regarded as G—structures, previous treat-
ment in terms of G—structures were necessarily limited to uniform
bodies. This severe limitation is removed when using an approach
based on the theory of groupoids, thus making the theory applicable
to non-uniform bodies, such as functionally graded materials.

Another crucial point about this material groupoid is the availability of
the associated Lie algebroid, A2 (B), which is the infinitesimal version
of O (B).

A uniform body is said to be locally homogeneous if for each body point
there exists a configuration whereby the FEuclidean translations in an
open neighborhood of the point are material isomorphisms. It is a re-
markable fact that this homogeneity can be characterized through the
properties of A2 (B). This is indeed accomplished, and related with
the earlier approach developed in [5] (see also [2]) in the framework of
G —structures.

Our paper is divided in three parts: The first part (Sections 1 and 2)
is a brief introduction to the fundamental concepts which we will need
in the paper. From the mathematical perspective, these concepts are:
Groupoids and Lie algebroids. The fundamental physical notions are
uniformity and homogeneity of simple bodies.

Section 3 is devoted to a purely mathematic development. We intro-
duce the notion of integrability of Lie subgroupoids of the 1—jet Lie
groupoid on a manifold M (IT' (M, M)). We deal with this notion and
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we relate it with the corresponding one in the G—structures and Lie
algebroids contexts.

In Section 4 we use the results of Section 3 to characterize the unifor-
mity and the homogeneity of simple material bodies. Finally, we use
these results to deal with a class of examples, namely, simple liquid
crystals presented by Coleman [3] and Wang [29]. These are some of
the most common materials that, in the continuous limit, can be, and
have been, modeled as Cosserat media. An example of the study of
dislocations in these media can be found in [9]. It is possible also to
develop a theory of liquid crystals within the context of simple me-
dia at the price of losing some of their distinctive physical properties
[3]. Ome of our purposes in this example is to demonstrate how the
material algebroid can be constructed directly from the constitutive
equation in the case of simple materials (a model that may be apt for
the description of certain type A smectic materials).

2. GROUPOIDS AND LIE ALGEBROIDS

Groupoids. In this first section we provide a brief introduction to the
notions of Lie groupoid and Lie algebroid. For details we mainly refer
to [20]. There are also good introductions to groupoids in 7] and [32].
Another recommendable book as an introduction to these two topics
is the book [28] (in Spanish).

Roughly speaking, the notion of groupoid is similar to the notion of
group, although the composition is not totally but only partially de-
fined. More specifically, a groupoid is given by two sets, M (base) and
[ (total space), provided with the maps «, 5 : I' — M (source map
and target map respectively), € : M — I (identities map), 1 : I' — T’
(inversion map) and - : I'(9) = I' (composition law) where,

Lo :={(g,n) eI'xT : alg) =5 (h)}

The composition law should satisfy the associative property and the
identities and the inversions satisfy that for all g € T,

gela(g)=9=¢€B(9)9, g -g=clalg), g9 =€c(B(9),

where we are denoting by ¢! the image of ¢ by i. These maps will
be called structure maps and the groupoid will be denoted by I' = M.
We will also denote by ', (resp. I'*) the a-fibre a=! (z) (resp. the
B-fibre 71 (z)) and by T'¥ the intersection a~! (z) N 7! (y). For each
x € M, the group I'] is called isotropy group at x.

A groupoid I' = M is said to be transitive if the anchor map (a, f) :
I' = M x M is surjective. Equivalently, the sets I'Y are not empty for
every x,y € M. Notice that, in this case, all the isotropy groups are
conjugated.

A groupoid morphism between two groupoids, I'y = M; and I'y = Mo,
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consists of two maps ® : 'y — I'y and ¢ : M; — M such that for any
g1 €I’y

az (P (1)) = ¢ (a1 (g1)), Ba (P (g1)) = ¢ (B1(g1)), (2.1)

where «; and 3; are the source and the target map of I'; = M, respec-
tively, for i = 1,2, and preserves the composition, i.e.,

D (g1-h1) =P (g1) P (h1), V(g1,M) € Ta).

Observe that, as a consequence, ® preserves the identities. We will de-
note this morphism as ® (because, using equations 2.}, ¢ is completely
determined by ®).

A Lie groupoid is a groupoid I' = M where I and M are manifolds, the
structure maps are differentiable and the source and the target maps
are submersions. It is remarkable that, in the case of Lie groupoids,
the sets 'y, I'" and I'Y are manifolds (indeed, submanifolds of I'). In
fact, the isotropy groups are Lie groups.

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

So, we define a (Lie) subgroupoid of a (Lie) groupoid I' = M as a (Lie)
groupoid I = M’ such that M’ C M, I'" C T" and the inclusion maps
induce a morphism of (Lie) groupoids. A reduction of a transitive Lie
groupoid is a transitive Lie subgroupoid over the same base.

Remark 2.1. 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 ' = 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.

As in the case of Lie groups, we can define the concept of translation
on a Lie groupoid: Let I' = M be a groupoid. Then, for each g € T'
we may define the left translation on g as the map Ly : o) — 18
such that

L9<h):gh7

for all h € I'*9). The right translation R, can be defined in a similar
way. Obviously, both maps are diffeomorphisms with inverses L,-1 and

R, respectively.

Example 2.2 (Lie group). A Lie group G is a Lie groupoid over a
single point.
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Example 2.3 (Pair groupoid). Let M be a manifold. The product
M x M is a Lie groupoid over M such that the composition law is given
by

<y7 Z) ' ('Tvy) = (SL’,Z) ’
for all (y, z), (z,y) € M x M. This groupoid is called the pair groupoid
on M.
Notice that, for any (Lie) groupoid I' = M the anchor map («, ) is a
morphism of (Lie) groupoids from I" to the pair groupoid on M.

Example 2.4 (Trivial groupoid). Let M be a manifold and G be a
Lie group. As a natural generalization of the previous two examples
(the Lie group and the pair groupoid) we have the groupoid M x M X
G = M. In this case, the composition is induced by the operation of
the group. In fact, for each two elements (y, 2z, g), (z,y,h) € M XM xG
we have that
(yazag) ’ (l‘,y,h) = ({L‘,Z,g ’ h),
This groupoid is called the trivial groupoid on M with group G.

Next, we will present the 1—jets groupoid which will be one of the
most important objects in what follows.

Example 2.5 (1-jets groupoid). Let M be a manifold and IT' (M, M)
be the set of all 1—jets j;’ygb of local diffeomorphisms ¢ : U — V on
M. Then, IT' (M, M) can be considered as a Lie groupoid over M
with the composition of 1—jets as the composition law of the groupoid.
Let (2') and (y?) be local coordinates defined on two open subsets U

and V' of the base M respectively, then we induce local coordinates on
' (M, M) as follows

(U, V) = (2,97 0) (2.2)
where, for each j} o € II' (U, V)

. xz (2 ,0) = :Eli (x).
o v (Joy¥) =¥ (v)-
: 9 (y’ ov)

o ?/zj (j;7y¢) = T

This groupoid will be called 1—jets groupoid of M.

Lie algebroids. Now, we will introduce the notion of Lie algebroid.
Lie algebroids can be seen as a generalization of the Lie algebras and, as
in the case of the Lie group, every Lie groupoid can be “infinitesimally”
described as a Lie algebroid.

A Lie algebroid over a manifold M is a triple (A — M, ,[,]), where
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7w : A — M is a vector bundle together with a vector bundle morphism
t: A— TM, called the anchor, and a Lie bracket [-,-] on the space of
sections, such that the Leibniz rule holds

[, £58] = flev, B + o (f) B, (2.3)

for all a, 3 € T'(A) and f € C> (M). We are denoting f () by of. A
is transitive if § is surjective.

One can now prove that the anchor map is a morphism of Lie algebras,
ie.

[, B = [oF, 5], Vo, B €T (A). (2.4)

Notice that the bracket in the right side is just the Lie bracket of vector
fields. We will use the same notation for both brackets.

Next, we should introduce the definition of a Lie algebroid morphism.
However, the picture here is not so straightforward. The main prob-
lem is that a morphism between vector bundles does not, in general,
induce a map between the modules of sections, so it is not immediately
clear what should be meant by bracket relation. We will give a direct
definition in terms of (P, ¢) —decompositons of sections which is easy
to use, and is amenable to categorical methods.

Let (A — M,4,[-,-]), (A — M',#,[-,-]') be Lie algebroids. Consider
a vector bundle morphism ® : A” — A, ¢ : M’ — M between 7 : A —
M and 7" : A” — M’'. We know that for each o/, 3" € T'(A’), there
exists fi, g; € € (M’') and oy, 5; € I' (A) such that

k k
Poa' = filaiog), Y gi(Biog).
i=1 j=1

Thus, ® is a morphism of Lie algebroids if it satisfies that

bod =Toot (2.5)
k koo koo
Oold/, 81 = fig; ([, Bil o o)+ o (g;) (B 0 = 8% (fi) (i 09).
ij=1 =1 i=1
(2.6)

In fact, the right-hand side of Eq. (2.6]) is independent of the choice of
the (®, ¢) —decompositions of o and /.

It is easy to prove that the composition preserves Lie agebroid mor-
phisms and, hence, we can define the category of Lie algebroids.

Remark 2.6. In particular, if o ~@4) o and ' ~@ ) 3, then Eq.

([2.6) reduces to
®old, f]=[a,p]00.
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On the other hand, if M = M" and ¢ = Id)s then Eq. (2.6]) reduces
to

Pold,f=[Poa,®of], Vo', €T (A).

A Lie subalgebroid A’ of a Lie algebroid A is a vector subbundle such
that the inclusion is a morphism of Lie algebroids. A Lie subalgebroid
A’ of a transitive Lie algebroid A is said to be a reduction of A if it is
transitive and the base manifolds are equal.

Suppose that M’ C M is a closed submanifold then, using the (i, 75)—
decomposition and extending functions, it satisfies that for all o/ €
['(A’) there exists a € I'(A) such that

iaoa =aoiy.
So, Eq. (2.6]) reduces to
Z.A’ O [O/, /Bl]M/ = [0(, B]M @) ’iM/, \V/O/, 6, € F(Al)
As a third step, let us give a sketch of the construction of the Lie
algebroid of a Lie groupoid. Let I' = M be a Lie groupoid. Consider
the vector bundle ¢* (Ker (T3)) : AI' — M. Thus, the fibres will be
interpreted as the tangent space of the S—fibres at the identities.

Now, consider the family X, (I") of left-invariant vector fields on T, i.e.,
the vector fields © on I' tangent to the f—fibres such that

ThLy (©(h)) =O(g-h), (2.7)

for all g,h € T" with a(g) = B (h). Notice that, Eq. (Z7) implies
that the left-invariant vector fields are characterized by their image
at the identities. With this, and using in fact that the left-invariant
vector fields are tangent to the S—fibres, the space of sections of AI’
is isomorphic to the space of left-invariant vector fields on I' and this
fact gives us a Lie algebra structure over the space of section of AI.
It is important to remark that the space of left-invariant vector fields
on I' is closed under the Lie bracket of vector fields. Finally, we will
construct the anchor f by restricting the tangent induced map of «,
ie.,

i (ve) = Te(zyox (v2) 5
for all v, € Al',. It is not hard to prove that this three objects form a
Lie algebroid called the Lie algebroid of the Lie groupoid I' = M and
denoted by AT
It is remarkable that each morphism between Lie groupoids induces
a morphism between their respective Lie algebroids: mathematically
speaking, this will imply that the construction induces a functor from
the category of Lie groupoids to the category of Lie algebroids. In fact,
let & : ' — I" be a Lie groupoid morphism from the groupoid I' = M
to IY = M over the identity map on M. Then, we can induce a map
A® from AI' to AI” in the following way:
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for all v, € T,,)I"* where ®, is the restriction of ® to the S—fibre I'*.
Then, A® is a Lie algebroid morphism from AI' to AI".

In particular, a Lie subgroupoid I' = M of a Lie groupoid I' = M
induces a Lie subalgebroid AT of a Lie algebroid AT.

It is easy to realize that this construction generalizes the known one
for Lie groups. So, if the Lie groupoid is a Lie group G, the resulting
Lie algebroid is the associated Lie algebra g. On the other hand, for a
manifold M, it is immediate to check that the Lie algebroid of the pair
groupoid M x M = M is the tangent bundle TM (with the structure
of Lie algebroid induced by the Lie bracket of vector fields).

Finally, let M x M x G be the trivial Lie groupoid on M with group
G. Then, the associated Lie algebroid can be interpreted as the vector
bundle A =TM @& (M x g) — M such that

(i) The anchor ¢ : TM @ (M x g) — T'M is the projection.
(ii) Lie algebra structure over the space of sections is given by:

©®f,Eag=[0,Z]®{0(9) - =(f)+[f 9]},
foralO@ @ f,=® g T (A).

This Lie algebroid is called the trivial Lie algebroid on M with structure
algebra g.
Notice that, for each Lie algebroid (A — M, ,[-,-]) the anchor f is a
morphism of Lie algebroids from A to the tangent algebroid T'M.
Let us consider a Lie groupoid I' = M and AI its associated Lie
algebroid. Then, the anchor f of AI' is the induced map of the anchor
(ar, B) of T, i.e.,

Aa,B) =1
So, I' is transitive implies that AI' is transitive. In fact, the converse
is also true and, hence, I' is transitive if, and only if, Al is transitive.

Next, the 1—jets algebroid of a manifold M will be the Lie algebroid
AT (M, M) of the 1—jets groupoid IT' (M, M) of M. We will give a
detailed description below.

Let (2') be a local coordinate system defined on some open subset
U C M. Then, by using Eq. (2.8)), we can consider local coordinates
on AIT* (M, M) as follows

AITY (U, U) ((azi,xi,éj») ,O,vi,v;-) = (xi,vi,v;-) ) (2.9)

Let © be a vector field on M. Denote by ¢? : Uy — U_; the (local)
flow of ©. Then, for each t we can construct a diffeomorphism,

My : T (U, B) — 1T (U, B),
such that
gy (9) =g J;g(a(g»u(g)%"? :



GROUPOIDS AND ALGEBROIDS IN UNIFORMITY AND HOMOGENEITY 9

So, this flow induces a left-invariant vector field on IT' (M, M) which
generates a section of AIT' (M, M) denoted by j'©. j'© is called the
complete lift of © on IT' (M, M).

Let (2) be alocal chart of M and (2%, 3, y!) be the induced local chart
of II* (M, M). Assume that, locally, © is written as follows,

.o,
0=0"—.
ox?
Then, locally, j1© is expressed in the following way:
- 0 (CXANG]
j'e = —6' 0 (2.10)

ort + oxt a_yg

Notice that j1© can be equivalently induced by a 1—jet of ©. Thus,
AIT' (M, M) can be interpreted as the bundle of 1—jets of vector fields
on M.

As a last step, we will introduce a new Lie algebroid to give a another
interpretation of the 1—jets Lie algebroid.

Definition 2.7. 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 E € X (M),

D(fZ) = fD(2)+ O (f)Z,

We call © the base vector field of D. So, a derivation on M is charac-
terized 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

O, ]: 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 C*° (M) —linear in the first variable.
(2) Forall ©,=Z € X (M) and f € C* (M),

VeofZ = fVeZ + 0O (f)E. (2.11)

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

Ve : X (M) — X (M),

such that
Ve (E) =Vez=, V=2 € }:(M)
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Associated to any covariant derivative V there are two important ten-
sors:

e Torsion: 7' (0,Z) = Vo= — -10,Z], VO,Z e X (M).
e Curvature: R (0,2) x = V@V —-V= VeX Viezx, VO,E, x €
X(M).

A covariant derivative is said to be flat if its curvature is zero.
We will use the well-known result:

Lemma 2.8. 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 5

V o :
T
527 ox

=0.

In general, for each local coordinates (z%) on M,
0 _ ry o
—— 01 = " oxk

The local functions Tf, ; are called Christoffel symbols of V respect to

().

Now, the space of derivations on M can be considered as the space of
sections of a vector bundle ® (T'M) on M. We can endow this vector
bundle with a Lie algebroid structure.

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

[Dl, DQ] = D1 0] D2 - D2 o} Dl-

A simple computation shows that the commutator of two deriva
tions is again a derivation, indeed, the base vector field of
[Dy, Dy is given by

[©1, 0], (2.12)

where ©; and ©, are the base vector fields of D; and Dy re-
spectively.
e Let D be a derivation on M, then DF is its base vector field.

Thus, with this structure ® (T'M) is a transitive Lie algebroid called the
Lie algebroid of derivations on M. The space of sections of © (T'M),
the derivations on M, will be denoted by Der (T'M).

Note that in this Lie algebroid the fibre-wise linear sections of § are
C*> (M) —linear maps from X (M) to Der (T'M). So, the space of fibre-
wise linear sections of f is, indeed, the space of covariant derivatives
on M. In fact, it is easy to see that a covariant derivative V is a Lie
algebroid morphism (from the tangent algebroid to the algebroid of
derivations) if, and only if, V is flat.
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Finally, it is turn to relate this algebroid with the 1—jets Lie algebroid.
Consider A € T (AIT* (M, M)) and ©* its associated left-invariant vec-
tor field on I1* (M, M). Denote by ®* : U; — U_; the flow of ©*.
Then, we can define a (local) linear map (@é\)* S X(M) - X (M)
satisfying

{(21)7(©)} (2) = @} (e(2) (© (a0 D7) (€(2))))

for each © € X (M) and x € M. Thus, we can define the following
derivation on M,

0 x
DY = — (o}
ot (@) —0
In other words, for each © € X (M) and = € M we have

DO (z) — % (@ (e () (6 (a0 BY) (¢ (2)))))

Notice that, for all f € C>* (M)
0

t=0

DO () = (@ (e(@)) (f ((a0®7) (€(2)) © (a0 @) (¢())))) .
= 5 U (o) (c(w) 2 (e(2) (O (a0 8) (cn))|
= N(2)())O (@) + f (2) DO (x).
It is immediate to prove that for each © € X (M) one has that
DI'PE =1[0,5], V= € X (M). (2.13)

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 : AIT' (M, M) — D (A) over the identity
map on M.

Notice that using this isomorphism, we can consider a one-to-one map
from fibre-wise linear sections of # in AIl! (M, M) to covariant deriva-
tives over M. Thus, having a fibre-wise linear section A of f in
ATIY (M, M) we will denote its associated covariant derivative by V4.
Furthermore, A is a morphism of Lie algebroids if, and only if, V4 is
flat.

Next, we will show how locally the map D looks more natural:

Lemma 2.9. Let M be a manifold and A be a section of the 1—jets
algebroid with local expression

A(2') = (2, M, A)).

The matriz A is (locally) the associated matriz to D, i.e.,

s, -0
A _2: j
b (6:51) B ; Ai@xj’
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and the base vector field of D* is A* which is given locally by (x%, A9).

Let A be a fibre-wise linear section of # in AIT' (M, M) and V* be
its associated covariant derivative. Thus, for each (z*) local coordinate

system on M
i 9N _ (i 9 g

; 0
where A7 depends on — linearly. Thus, we will change the notation

Ox
as follows
. 9 .
Al (xl, %) = A, (2. (2.14)
Therefore,
*(3)
0 ori
By 5==D \¥ A¥
viax’ ox’ Z ”0:5’“’
Oz’
0\ . . . .
where A 5 ) B the (local) section of AIl' (M, M) given by
T

()= (2])

So, Ak are just the Christoffel symbols of V2.

3. UNIFORMITY AND HOMOGENEITY

A body B is a three-dimensional differentiable manifold which can
be covered with just one chart. An embedding ¢ : B — R3 is called
a configuration of B and its 1—jet ji ¢(X)<b at X € B is called an
infinitesimal configuration at X. We usually identify the body with any
one of its configurations, say ¢q, called reference configuration. Given
any arbitrary configuration ¢, the change of configurations x = ¢og, ' is
called a deformation, and its 1—jet jéo(X),qﬁ(X)/{ is called an infinitesimal
deformation at ¢o (X).

From now on we make the following identification: B = ¢, (B).

For elastic bodies, the mechanical response of a material is com-
pletely characterized by one function W which depends, at each point
X € B, on the gradient of the deformations evaluated at the point.
Thus, W is defined (see [0]) as a differentiable map denoted by the
same letter

W:GL(3,R) x B =V,
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where V' is a real vector space. Another equivalent way of considering
W is as a differentiable map

W II' (B, B) =V,
which does not depend on the final point, i.e., for all X,Y, Z € B
w (j)lf,y¢) =W (j)l(,Z (Tz-y o ¢)) ) Vj)lf,yﬁb e II' (B, B), (3.1)

where 7, is the translation map on R? by the vector v. This map will
be called the response functional.

Notice that, using Eq. ([3.J]), we can define W over IT! (B, R?), which
is the open subset of IT! (R3, R?) given by the 1—jets of local diffeomor-
phisms from points of B to points of R3.

Now, suppose that an infinitesimal neighbourhood of the material
around the point Y can be grafted so perfecly into a neighbourhood of
X, that the graft cannot be detected by any mechanical experiment.
If this condition is satisfied with every point X of B, the body is said
uniform. We can express this physical property in a geometric way as
follows.

Definition 3.1. A body B is said to be uniform if for each two points
X,Y € B there exists a local diffeomorphism v from an open neigh-
bourhood U C B of X to an open neighbourhood V' C B of Y such
that ¢ (X) =Y and

w (jﬁlf,n(Y)K’ ) j%(,yw) =W (j;,ﬁ(y)"‘f) ) (3.2)

for all infinitesimal deformation j%/ﬁ(y)/{. The 1—jets of local diffeo-
morphisms satisfying Eq. (82) are called material isomorphisms.

These kind of maps are going to be important. Let us show that the
set of these maps can be endowed of a groupoid structure. For each
two points we will denote by G' (X,Y") the collection of all 1—jets jy y1)
which satisfy Eq. (.2). So, the set of all material ismorphisms can be
written as follows,

Q (B) = UX,YGBG (X, Y) .

Notice that the identities are material isomorphisms, and the compo-
sition and the inversion of 1—jets preserve Eq. (3.2). Hence, Q2 (B) has
structure of groupoid over B which is, indeed, a subgroupoid of the
1—jets groupoid II* (B, B). We will denote o~ (X) (resp. 7! (X)) by
Qx (B) (resp. Q% (B)). The elements of the isotropy group G (X, X)
will be called material symmetries at X.

So, the following result is obvious.

Proposition 3.2. Let B be a body. B is uniform if, and only if, Q2 (B)
is a transitive subgroupoid of TI' (B, B).
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Notice that, at general, we cannot ensure that Q (B) C II* (B, B) is
a Lie subgroupoid (see for instance [I1], 13] 14]). Our assumption is
that Q (B) is in fact a Lie subgroupoid and, in this case, 2 (B) is said
to be the material groupoid of B.
As we have seen, a body is uniform is the function W depends on the
point X precisely according to Equation (B.2). In addition, a body is
said to be homogeneous if we can choose a global section of the material
groupoid which is constant on the body, more precisely:

Definition 3.3. A body B is said to be homogeneous if it admits a
global deformation £ which induces a global section of («a, ) in 2 (B),
P,ie., foreach XY € B

P(X,Y) = jxy (K7 0 Tuy)—n(x) O K) |

where 7, (y)—x(x) : R3? — R3 denotes the translation on R? by the vector
k(Y) — r(X). B is said to be locally homogeneous if there exists a
covering of B by homogeneous open sets.

Suppose that B is homogeneous. Then, if we take global coordinates
(x%) given by the induced diffeomorphism &, we deduce that P is locally
expressed by

P (:Ei,yj) = (:Ei,yj,ég) ) (3.3)
If B is locally homogeneous we can cover B by local sections of («a, )
in Q (B) which satisfy Eq. ([83]). The (local) coordinates generated by
these x’s will be called homogeneous coordinates.

4. INTEGRABILITY

In this section we will do a purely mathematic development to study
the notion of integrability of reduced subgroupoids of the 1-jets
groupoid. This notion of integrability will be closely related with the
notion of integrability of G—structures.

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

L (Joy®) = (.4:doo (T-y 0 90 7)) , iz ¢ € IT' (R, R"),

where 7, denote the translation on R" by the vector v € R™ and we are
identifying GI (n, R) with the space of linear isomorphisms from T,R"
to ToR™ (i.e. the fibre of the frame bundle FR™ at 0). So, if G is a Lie
subgroup of Gl (n,R), we can transport R x R™ x G by this isomor-
phism to obtain a reduced Lie subgroupoid of IT' (R™,R"). This 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 IT' (U, V)

the open subset of II' (M, M) defined by («, )" (U x V). Note that
if U =V, then, II* (U, U) is, indeed, the 1-jets groupoid of U and, in
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this way, our notation is consistent.

Definition 4.1. A reduced subgroupoid II}, (M, M) of TI' (M, M) will
be called integrable if it is locally diffeomorphic to a standard flat on
1! (R™, R™)

Before continuing with our discussion, we need to explain what we
understand by “locally diffeomorphic” in this case. I} (M, M) is lo-
cally diffeomorphic to R" x R" x G = R" for some Lie subgroup G of
Gl (n,R) if for all z,y € M there exist two open sets U,V C M with
z € U,y €V and two local charts, vy : U = U and ¢y : V — V,
which induce a diffeomorphism

\I’U,VIHév(U,V)—)UXVXG, (41)
such that Wy = (Yu o a, vy o B, Wy ), where

Uiy (Jay®) = Joo (Tepwi) 0 Vv 0 g0y’ 0Ty ), Vi, ,0 € TN (U, V).

Notice that, IT5 (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, for all
xeUVyy (j;,xld) € G. However, ¥y (j;mld) is not necessarily the
identity map and, hence, ¥y is not an isomorphism of Lie groupoids.

Proposition 4.2. Let 11}, (M, M) be a reduced Lie subgroupoid of
Y (M, M). Tlg (M, M) is integrable if, and only if, we can cover M
by local charts (1y,U) which induce Lie groupoid isomorphisms from
IS (U, U) to the restrictions of the standard flat over G to vy (U).

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

\I’U,VIHév(U,V) %UXVXG.
Foreachy e UNV,
Yoy (Jyyld) = Joo (T—svw) 0¥y 0¥y 0Ty )) € G-

Then, for all j; ¢ € II; (UNV,UNV), we have

300 (T—su ) @ Vv 0 90Uy’ 0 Ty () =
-1 -1 a1 -1 G
Joo (T ) © Vv Wy 0Ty ) - doo (T—py (g @ PV 0 b0 Py 0 Ty () € G
Therefore, denoting U NV by W, the map

\I/W7Wné(I/V,W) —)WXWXG,
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is, indeed, a Lie groupoid isomorphism over ¢y  where
Uy = (ww o, Yy o 5,‘I’W7W), Yy is the restriction of ¢y to W

and for all j; ¢ € II' (W, W),
Viww (Jry®) = Joo (T-iw(w) 0w 0 o by 0 Ty ) -

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

\I/U7U2HE(U,U)—>UXUXG, (42)
such that Wyy = (Yvoa,yyofB,¥yy), where for each
Jay® € T (U, U),

Vu0 (Joy®) = Joo (Tmpu() © Vv 0 d 0 Uy 0 Ty -

Take open sets U,V C M such that there exist vy and ¢y satisfy Eq.
(@2). Suppose that U NV # (). Then, for all z,y € UNV, we have

Jo.o (T—pu(y) © Vv 0 Uy 0 Ty ) * Joo (Tepy(@) © v 0 V5! 0 Tyy ) € G.

(4.3)
Fixing Z € U NV, we consider
Joo (Towu(z) 0 Y 0yt 0 7y (2)) £ A€ GL(n,R).
Furthermore, it is also true that
A-G- A =0G. (4.4)

In fact,
G = {Joo (Towu(w) 0 Yu 0 G0ty 0 Tyyuy) / Jyyd € e (U, U)}.

So, we define the diffeomorphism vy £ A -1y : V — A-V. Then,
using Eq. (@3] for all y € U NV, we deduce that

jol’o (T_av(y) © @V © wl;l © Twu(y)) - j(%,OA ) (Tfiﬂv(y) oty o wl;l © 7—¢U(y))

= A . jé,O (T—¢V(y) o 1/}\/ o 1/}{]1 o TwU(y)) c G (45)

In this way, we consider

‘;[]U,V: Hé(U,V) — UXAV_XG o
e = (Yo (@), dy @), Yoy (5L,9)) -

where,
ﬁU,v (j;,yﬁb) = jé,o (Tfav(y) othy oo w(}l © Twm)) :

We will check that Wy is well-defined. We fix j! ¢ € II (U, V).
Then, we can consider two cases:
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(i) y € UNV. Then, using Eq. (4.5)
jé,o <T_Jv(y) oy opoyyo Twu(r)) -
30 (7 ) © By 095" 0 Ty 30 (Tpu(w) 0 v 0 G0 UG 0 Ty ) € G

(ii) y ¢ UN V. Then,
j;,ar (w\;l © Ty (2)—=vv (y) © Yy o ¢) = jzl,xgbz € Hé (M, M) .

Hence,
1 . - -1 _
Jo,0 <T_¢V(y) oYy opoyy o Twu(r)) -
A oo (Topy ) 0 v 000Uy 0Ty () =
A- j0170 (T_¢V(Z) o ’[/}V e} ¢z o 1/}[71 o TwU(l')) =
J'é,o (lav(z) oy 0z oyy! o Twu(:v)> €G.

Thus, it is immediate to prove that Wy is a diffeomorphism which
commutes with the restrictions of the structure maps.

Finally, if U NV = () we can find a finite family of local neighbour-

hoods {V;}i=1, s such that
i) U=W
(i) V=V,

(iii) V; N Vigy # 0, Vi

Thus, we can find ¥y following a similar procedure than above.
O

Using this result, we can prove that a reduced subgroupoid IT, (M, M)

of II' (M, M) is integrable respect to two different Lie groups G and G
if, and only if, G and G are conjugated.
There is a special reduced subgroupoid of IT' (M, M) which will play
an important role in the following. A trivial reduced subgroupoid of
I (M, M) or parallelism of TI' (M, M) is a reduced subgroupoid of
I (M, M), TT! (M, M) = M, such that for each =,y € M there exists
a unique 1—jet j, ¢ € II (M, M). So, equivalently, a parallelism can
be interpret as a section P : M x M — II* (M, M) of (a, 3) which is a
morphism of Lie groupoids (over the identity map on M). Using this,
we can also speak about integrable sections of («, ().

Now, let us consider the induced coordinates given in Eq. (2.2).
Then, an integrable section P can be written locally as follows,

P (2" y) = (',97,07),
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or equivalently

P(z,y) = ju, (07" 0 Ty)—p@) © 9) , (4.6)
for some two local charts (p,U), (¢, V) on M.

Next, analogously to the case of G—structures, we can characterize
the integrable subgroupoids using (local) integrable sections. However,
in this case it is not so easy because having a reduced subgroupoid we
do not have a fixed structured group G. Let I1}, (M, M) be a reduced
subgroupoid of ' (M, M) and Z, € FM, where FM is the linear
frame bundle of M (see [4] for a detailed study on the geometry of
frame bundles), be a linear frame at zy € M. Then, we define

G={Zy" g Zo [ g€lle(M, M)} =2y g (M, M)3 - Zo, (4.7)

20

Therefore, G is a Lie subgroup of GI(n,R). This Lie group will be
called associated Lie group to 11 (M, M). Note that, as a difference
with G—structures, we don’t have a unique Lie group G but all of them
are conjugated.

Proposition 4.3. A reduced subgroupoid 115, (M, M) of TI* (M, M) is
integrable if, and only if, for each two points x,y € M there exist

coordinate systems (x*) and (y?) over U,V C M, respectively with = €
U and y € V such that the local section,

P(a'y7) = («',9.4]) | (4.8)
takes values into 115 (M, M).

Proof. First, it is obvious that if TIt, (M, M) is integrable then, we can
restrict the maps \If(}lv to U x V' x {e} to get (local) integrable sections
of (a, B) which takes values on II}, (M, M).

Conversely, in a similar way to Proposition[4.2] we claim that for each
x € M there exists an open set U C M with x € U and P : U x U —
1§, (U, U) an integrable sections of («a, 3) given by

P (2,y) = jry (V5" © Ty —vu@ © ¥0)

where ¢y : U — U is a local chart at .

Then, we can build the map

Uy UxUx{e} =1 (U,U),

defined in the obvious way.

Now, let zy € U be a point at U, Z, £ j&zo (wal o TwU(ZO)) € FU be
a frame at zy and G be the Lie subgroup satisfying Eq. (47). Then,
we can define

Vpp O (U,U) = U x U x G,
where for each jl ¢ € IIf; (2) and x,y € U we define

Vow (2,9, 25 32y 200 - Zo)
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= jéﬂpl}l(y) (1/}{/'1 o Ty) ’ [Z(;l ' jio,zo(b ' ZO] : j;al(x)70 (T*JB © wU) :

Hence the map Uy : U x U x G — I}, (U,U) is an isomorphism of
Lie groupoids induced by ;.
To end the proof, we only have to use Proposition [£.2 O

As we have noticed, this notion of integrability is closely related
with the integrability of G—structures. In fact, for each G—structure
wg (M) on M we consider the following set,

§(we (M) ={Ly - [L;"] / Lo, Ly € we (M)} (4.9)

It is not hard to prove that G (wg(M)) is a reduced subgroupoid
of TI' (M, M). Conversely, for all reduced subgroupoid II}, (M, M)
of IM' (M, M) and all frame Zy, € FM at zyp € M, there exists a
G —structure,

i (M) = 115 (M, M), Z

20

such that

§ (we (M)) =TIg; (M, M).
With this, we can claim that a G—structure wg (M) is integrable if,
and only if, its associated Lie subgroupoid § (wg (M)) of TI' (M, M) is
integrable.

Now, we want to work with the notion of integrability in the asso-
ciated Lie algebroid of the 1-jets groupoid. Let U C M be an open
subset of M. We denote by AIl' (U,U) the open Lie subalgebroid of
AT (M, M) defined by the associated Lie algebroid of IT* (U, U).

Definition 4.4. Let AIT}, (M, M) be a Lie subalgebroid of ATI* (M, M).
AT (M, M) is said to be integrable by G if it is locally isomorphic to
the trivial algebroid TR"™ @ (R™ x g), where g is the Lie algebra of the
Lie subgroup G of Gl (n,R).

Again, “locally isomorphic” means that we are inducing local coor-
dinates from the base in the natural way. It is not hard to prove that
a Lie subalgebroid AT}, (M, M) of AII' (M, M) is integrable by G if,
and only if, it is the associated Lie algebroid of an integrable Lie sub-
groupoid 1}, (M, M) of TI* (M, M).

Analogously to the case of 1—jets groupoid, a parallelism of
ATI! (M, M) is an associated Lie algebroid of a parallelism of IT* (M, M).
Hence, a parallelism is a section of #§ which is a morphism of Lie alge-
borids. In this way, we will also speak about integrable sections of f.
Notice that, any morphism of Lie algebroid A : TM — AII' (M, M)
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can be integrated to a morphism of Lie groupoids from P : M x M —
IT* (M, M) such that

AP = A.
This is just an application of a generalization of the Lie’s second funda-
mental theorem from Lie groups to Lie groupoids (see for instance [23]).

Let (2') be a local coordinate system defined on some open subset
U C M. Notice that each integrable section of (a, ) in II' (M, M),
P, is a Lie groupoid morphism. Hence, P induces a Lie algebroid
morphism AP : TM — AII' (M, M) which is a section of 4. So, taking
into account that, locally,

P (2" y) = (',97,07),

we have that each integrable section can be written locally as follows

0N (.0

Now, using Proposition [4.3] we have the following analogous propo-
sition.

Proposition 4.5. A reduced subalgebroid ATl (M, M) of AIT* (M, M)
1s integrable by G if, and only if, there exist local integrable sections of
t covering M which takes values on AIIS, (M, M).

Equivalently, for each point x € M there exists a local coordinate
system (z') over an open set U C M with x € U such that the local

sections 5 5
A(l‘,%) = (l‘,@,O),

Finally, we will use the algebroid of derivations on T'M. Thus, taking
into account that the map D : T (AIl' (M, M)) — Der (T'M) defines
a Lie algebroid isomorphism D : AIT' (M, M) — © (T'M) over the
identity map on M and using Lemma we can give another charac-
terization of the integrability over the 1—jets algebroid.

are in ATI}, (M, M).

Proposition 4.6. Let A be a fibre-wise linear section of § in the 1—jets
Lie algebroid, ATI* (M, M). Then, it is integrable if, and only if, the
covariant derivative V>is flat and torsion-free. Equivalently, a A sec-
tion of § which is a morphism of Lie algebroids is integrable if, and only
if, the covariant derivative V* is torsion-free.

This permits us to say that a reduced subgroupoid I}, (M, M) of
II' (M, M) is integrable if, and only if, M can be covered by (local)
torsion-free flat covariant derivatives which takes vales in



GROUPOIDS AND ALGEBROIDS IN UNIFORMITY AND HOMOGENEITY 21

D (AL, (M, M)).

5. APPLICATION TO MATERIAL BODIES

This section is devoted to apply our results to the theory of material
bodies.
Let B be a body. Taking into account the definition of homogeneity
(see Definition B3]) and the above result we can state the following
proposition:

Proposition 5.1. Let B be a uniform body. If B is homogeneous then
Q(B) is integrable. Conversely, Q2 (B) is integrable implies that B is
locally homogeneous.

Notice that Eq. (@9) proves that our definition of homogeneity
(which is given using the material groupoid) is, indeed, equivalent to
that used in [5] (see [6] or [30]; see also [2] and [22]) where the authors
use GG—structures to characterize this property.

Next, let us consider the induced subalgebroid of material groupoid,

AQ (B). This Lie algebroid will be called material algebroid of B.

Take A € T'(AQ(B)). So, the flow of the left-invariant vector field
X, {p2}, can be restricted to Q(B).
Hence, for any infinitesimal deformation g, we have
W () (9)) =W (¢} (g-€(a(9)))) =W (g- ¢ (e(a(9)))) =W (g).
Thus, for each g € IT* (B, B), we deduce
0
TW (X2 0) = 51 (7 (o @)| = 50V (@)
0

Therefore,

TW (X,) = 0. (5.1)

Conversely, it is easy to prove that Eq. (B5I) implies that A €
' (AQ(B)).

In this way, the material algebroid can be defined without using the

material groupoid by imposing Eq. (&)). Thus, we can characterize
the homogeneity and uniformity using only the material Lie algebroid.

Proposition 5.2. Let B be a simple body. Then, B is uniform if, and
only if, AQ(B) is transitive.

Let us assume that a section A of the material algebroid A2 (B) has
the following local expression,

A(2') = (o', A, A])
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for a given local coordinates (x') on B. Then, Eq. (E1]) can be written
as follows,

Ly L
Ox]

o ~0. (5.2)

So, the uniformity of the material is linked to the properties of Eq.
B.2).

Proposition 5.3. 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 [4.5] this result can be expressed locally as follows.

Proposition 5.4. 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
(2%) over U C B with x € U such that the local section of f,

A <;1: ’—axi) = <;1: ’—Oxi’(]) ,
takes values in AQ (B).

Therefore, denoting by D (B) to the Lie subalgebroid of the deriva-
tion algebroid on B, D (AQ(B)) < D (T'B), we can give the following
result:

Theorem 5.5. Let B be a uniform body.

(i) B is homogeneous, if and only if, there exists a (global) torsion-
free and flat covariant derivative on B which takes values in
D (B).

(ii) B is locally homogeneous if, and only if, B can be covered by
(local) torsion-free and flat covariant derivatives which takes

vales in D (B).

6. EXAMPLE

We will use Proposition b.4] to work with an example. We will con-
sider a model of a so-called simple liquid crystal. These simple materials
were introduced by Coleman [3] and Wang [29].

Let B be a simple body (we will assume that B is an open subset of R?
by taking the image by the reference configuration) with a mechanical
response W : II' (B, B) — V such that for all h = jy ¢ € II' (B, B)

we have

Wi(h) =W (r(h),J(h)),
where, denoting by F' the associated matrix to j}quﬁ (with respect to
the canonical basis of B),
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o 7 (jxy9) =9 (V) (Ix¢ (e (X)), Txd (e (X))
o J (]}(ng) = det (F)

with e € X (B) a vector field which is not zero at any point and g
a Riemannian metric on R®. 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,

r(ixy®) =g (V) (F- (¢ (X)), F- (e (X)),

where, by using the canonical isomorphism 7B — B x R?, for all
X € Be(X)=(X,e'(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, (IT' (B, B)) restricts to
a section of AQ (B) if, and only if,

e (W) =0.

So, we should study TW over left-invariant vector fields. Let © €
X (IT' (B, B)) be a left-invariant vector field and consider the canonical
local system of coordinates (X*) in R®. We will denote by (X*, Y7, F/ )
the induced local coordinates of (X*) in IT' (B, B). The local expression
of © will be denoted as follows,

O (XL Y7, F/) = ((X',Y7, F]) ,6X',0, F/6F}).

Now, we will begin given the derivatives of r and J. For each W €
gl (3,R) and v € R? we have that,

or Oe
i — =29Y) | T X)), T — -
O x| =l ) (rsote (.10 (55 0] ))
0 , .
() 50| =200 (F-(¢(0) W (¢ (X))
Ix.y¢®
oJ
(i) (W)  =det(F)Tr(F "W).
iii oF o e r( )
Here F' is the Jacobian matrix of ¢ at X and e (v)| is the vector
0xX "

at X such that

De De'

— =X, == ).

ox W), < X X”)
Hence, © restricts to a section of the material algebroid AQ (B) if, and
only if|
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o =200 ) (o e 0070 (5 X' 00)| ) +
12 %—W (V) (F- (¢ (X)), F/oPL(X) - (¢ (X)) +
ix.y®
+det (F) %—V; Tr (6P! (X)),
j}(,y¢

for all j}(’ygb € IT' (B, B). So, a sufficient but not necessary condition
would be,

(2

(1) Tr (6P (X)) =0.

de

@ o (e ) e (g 630 00)| 4 or (0- (@ 00)) ) =,

X
for all 1—jets of local diffeomorphisms j)l(y(b on B. By using that g

is non-degenerate and e (X) is non-zero, we turn these conditions into
the following

(1’ 6P =0.
) 86] l .] l y

where €’ are the coordinates of e respect to (X7).

Let us now study the uniformity of the material. By using Proposition
B is uniform if, and only if, the material algebroid of B is transitive.
Let Vx = (X, V?) be a vector at X € B. Then, we should find a (local)
left-invariant vector field © such that

e O(W)=0.
o Tixya (O (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 O as follows,

e (XY, F)) = (X", Y/, F/),6X",0, F/6P)).
Then,
Txya (O (e(X))) = (X' (X),0X" (X)) .
So, it should satisfy that,
SX'(X) =V, Vi,
By taking into account identities (1)’ and (2)’, it is enough to find
a family of (local) maps A} from the body to the space of matrices
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satisfying that

(1)  Al=0.
Oe’ ; .
(2)” Wvl = —Ale, vy,

It is just an easy exercise to prove that there are infinite solutions Ag
of the equations (2)’ and (2)’ and, hence, B is 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
(Proposition5.4]) B is (locally) homogeneous if, and only if, there exists
a local system of coordinates (x%) such that the local section of f,

i 0N (g 2
A(ﬂf%)—(xao)

takes values in the material algebroid AQ (B). Equivalently,

- =0, Vi. 6.1
81.2 O’ t ( )

So, let us study this equality. Notice that,

oW oW or . oW a9J
ori  Or Ox'  0J Oxi’

Thus, by using that W is an immersion, (z') are homogeneous coor-
dinates if, and only if,

or
1 299 - = ’.
(1) R 0, Vi
999 8J _ .
(2) i 0, Vi.

Observe that the form of W is not important to evaluate the (local)

homogeneity of B as long as W is an immersion.
Let (z") be a system of homogeneous coordinates on B. Then, for each

j)l(,Y¢ S Hl (Bv B)
r(jkye) = 9)(Txo(e(X)), Txo (e(X)))

— o (e (0] ) me (0 2] )
:amwmgx%;MW
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where, in this case, ¢/ are the coordinates of e respect to (x%). So,
considering the induced coordinates (2,37, y/) of (z') on IT' (B, B) we
have that

ro ('ri7yj7yzj)71 (X7?7F) = ei <X> ej (X)ﬁ;kﬁ;lgkl (Y>7 V(Xu}}uﬁ’) .

In this way,
or Oe’ , L~
Y = 2 ¢ (X) Ff Flgu (Y).
ox* Je v ok | J
: or :
Hence, by using the non-degeneracy of g we have that o 0 if, and
x
only if,
oet ,

With this, (1)” is satisfied if, and only if, the vector field e is constant
respect to (x'), i.e.,

.0 A
e= )\Z&'Ei’ A= Const. (6.3)
Next, we will study condition (2)”. Notice that,
aJ  9J OF),
ort  OFL Oz’

Using the derivative of J (which we have shown above), we have that

oz~ (F) (),

Then, (2)” is satisfied if, and only if,

OF!
=0, Vi,lm. (6.4)

Observe that

o OFL o (af )
k k
0 |1 o oxX (X.7.F)
; (aXlo(yj)_l e [9XTe @) r)
o0XFk 0XFk " oxXm™ .
X (X.7.F)
ie.,
OF! 0
k. = )
&'E j}(,y(b
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if, and only if,

So, (2)” is tantamount to,

oxm
— = Clonst, Vi, m.

oxt

This fact implies that,
e (X™) = Const, Ym.

ie.,
— 0 9
T Hoxi H
Notice that, by using Eq. (63]), this implies, indeed, that the canonical
basis is a (global) system of homogeneous coordinates on B. So, we
extract the following conclusions

i = Const.

(a) B is (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 canonical coordinates
are homogeneous coordinates.

(c) B is locally homogeneous if, and only if, B is global homoge-
neous.
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