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ABSTRACT. A Lie groupoid, called material Lie groupoid, is associated in a
natural way to any elastic material. The corresponding Lie algebroid, called
material algebroid, is used to characterize the uniformity and the homogene-
ity 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.

1. Inmtroduction. In Continuum Mechanics a simple material body B is repre-
sented by a three-dimensional differentiable manifold which can be covered with
just one chart (see for example [22, 23, 28, 32]). Given a simple material body B we
identify an embbeding ¢¢ : B — R? as a reference configuration. A Lie groupoid,
called material groupoid, can be naturally associated to any material body (see for
example [10], or even [8, 16] for Cosserat media). In particular, given two different
points X and Y of the material body B, a material isomorphism is a linear isomor-
phism Pxy : TxB — Ty B such that the mechanical response at X and Y is the
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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 (F,Y),

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 [26] (see also [27, 28, 32, 31]). A
structurally based theory had been originally conceived by K. Kondo [17], D. A.
Bilby [1], E. Kroner [18, 19], 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 [20] and F.R. Navarro [25]).

In Noll’s terminology, a body is uniform if all its points are mutually materi-
ally 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 uniformity corresponds to the transitivity of
the material groupoid. Since transitive groupoids can be regarded as G —structures,
previous treatment 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 as-
sociated Lie algebroid, A (B), which is the infinitesimal version of 2 (B).

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

Sections 1 and 2 contains 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 introduce the notion of integrability of Lie subgroupoids of the
1—jet Lie groupoid on a manifold M (II* (M, M)). We deal with this notion and
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 uniformity
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 [30]. 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 media at the price of
losing some of their distinctive physical properties [3]. One 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).

Finally, we would like to give some comments about the utility of introducing
groupoids in material sciences. Some years ago, A. Weinstein [33] proposed an
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ambitious program to introduce Lie groupoids and algebroids in mechanics. In
the last years, this program has been widely developed by many researchers, and
one of the results has been collected in [13], where Lie groupoids have been used
to obtain new results on the Hamilton-Jacobi theory and produce new geometric
integrators. This is not so surprinsing since the notion of discretization is nothing
but that the notion of banal groupoid. We are convinced that similar insights can
be obtained in Continuum Mechanics by the application of groupoids. We should
notice that the concept of uniformity is just the notion of transitive groupoid; and
one can refer to a similar paralellism between the definition of Cosserat media by
the Cosserat brothers and the notion of connection by C. Ehresmann. These issues
are just another proof of how mathematical concepts are behind physical theories,
providing new ways to get a better knowledge of them. Some of the new results
provided by the theory of groupoids are contained in [11, 14, 15], where the use of
groupoids has permitted to introduce the notion of material distribution and extend
the concepts of uniformity and homogeneity. So the notion of groupoids is being
more and more interesting to get new insights in material science.

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 [21]. There are also
good introductions to groupoids in [7] and [34]. Another recommendable book as
an introduction to these two topics is the book [29] (in Spanish).

Roughly speaking, the notion of groupoid is similar to the notion of group, al-
though the composition is not totally but only partially defined. More specifically,
a groupoid is given by two sets, M (base) and T' (total space), provided with the
maps a, B : I' = M (source map and target map respectively), € : M — T' (identities
map), i : I' = T' (inversion map) and - : T'(oy — I' (composition law) where,

Ly ={(g,h) eI xT : a(g) =B (h)}-

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

g-e(a(9)=9g=€B9)-9. g -g=elalg), g-9 " =€c(B(g),

where we are denoting by ¢~! the image of g by i. These maps will be called
structure maps and the groupoid will be denoted by I' = M. We will also denote
by T, (resp. I'®) the a-fibre a=!(x) (resp. the B-fibre 371 (z)) and by T'Y the
intersection a~! (z) N 871 (y). For each z € M, the group I'? is called isotropy
group at x.

A groupoid I' = M is said to be transitive if the anchor map (a, ) : T' — 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's = M>, consists
of two maps ® : I'y — I's and ¢ : M} — M, such that for any g; € I'y

az (P (g1)) = ¢ (a1 (g1)), B2 (®(g91)) = ¢(B1 (1)), (1)

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

®(g1-h1) =P (g1) - @ (h1), V(g1,h1) € D).
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Observe that, as a consequence, ® preserves the identities. We will denote this
morphism as ® (because, using equations 1, ¢ 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 I';,, I'* and I'Y are manifolds
(indeed, submanifolds of T"). In fact, the isotropy groups are Lie groups.

A Lie groupoid morphism is a morphism between Lie groupoids which is differ-
entiable.

So, we define a (Lie) subgroupoid of a (Lie) groupoid I' = M as a (Lie) groupoid
IY = 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 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 T' 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 € I" we may define the left
translation on g as the map L, : T*(9) — T'8(9) such that

Lg (h) =g- h7

for all h € I'“9). The right translation R, can be defined in a similar way. Obvi-
ously, both maps are diffeomorphisms with inverses L1 and R, respectively.

Example 2.1 (Lie group). A Lie group G is a Lie groupoid over a single point.

Example 2.2 (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

(y,z) : (x,y) = ($7 Z) )
for all (y,2), (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 (a, 3) is a morphism
of (Lie) groupoids from T to the pair groupoid on M.

Example 2.3 (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 com-
position is induced by the operation of the group. In fact, for each two elements
(y,2,9),(x,y,h) € M x M x G we have that

(yvzag) : (xvya h) = (x,z,g : h)a
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 2.4 (1-jets groupoid). Let M be a manifold and I1* (M, M) be the set
of all 1—jets j;_’y¢ of local diffeomorphisms ¢ : U — V on M. Then, II* (M, M)
can be considered as a Lie groupoid over M with the composition of 1—jets as the
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composition law of the groupoid. Let (z%) and (y?) be local coordinates defined
on two open subsets U and V of the base M respectively, then we induce local
coordinates on II* (M, M) as follows

I (U): (a0 (2)
where, for each j ¢ € II' (U, V)
o 7t (]71«7111/)) =t ().
oy (Ja,0) =9 (y).

oo 0y o)
L4 yf (J;,yw) = T o

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, 4,[-,*]), where m : A — M
is a vector bundle together with a vector bundle morphism §: A — T'M, called the
anchor, and a Lie bracket [-,-] on the space of sections, such that the Leibniz rule
holds

[, £8] = flov, 8] + oF (f) B, (3)
for all o, 3 € T'(A) and f € € (M). We are denoting 4 (a) by of. A is transitive
if § is surjective.

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

[, B)* = [, BY], Vo, B € T (A). (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 problem 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 (®, ¢) —decompositions 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/, 5" € T'(A’), there exists f;,g; € € (M’) and oy, 3; €
I’ (A) such that

k k
‘POO/ZZfi(OéiO@’ Zgj(ﬁjoﬁb)'
j=1

i=1

Thus, ® is a morphism of Lie algebroids if it satisfies that
fo®=T¢of, (5)

k k

®ola’, 8= figi(aiBlod) + > 0 () (Bi0d) =S B (f:)(ai0d). (6)

i,j=1 j=1 i=1
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In fact, the right-hand side of Eq. (6) is independent of the choice of the (P, ¢) —
decompositions of o/ and S'.

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

Remark 2. In particular, if o/ ~ g ¢) o and ' ~( 4) B, then Eq. (6) reduces to
Cold,f]=[e,B]0¢.
On the other hand, if M = M’ and ¢ = Idj; then Eq. (6) reduces to
bold,f]=[Pod,®0f], Vo/,8 €T (4.

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 (ia/,ip/)— de-
composition and extending functions, it satisfies that for all o’ € I'(A’) there exists
a € T'(A) such that

iaod =aoiy.
So, Eq. (6) reduces to
iaro |, B = [, Bl o ingr, Vo, B € T(A').

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)) :
AT — M. Thus, the fibres will be interpreted as the tangent space of the S—fibres
at the identities.

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

ThLg (©(h) =©(g-h), (7)

for all g,h € T with a(g) = 8(h). Notice that, Eq. (7) 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 AT.
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 § by
restricting the tangent induced map of «, i.e.,

ﬁ(va:) = Te(z)a (Ua:> )

for all v, € AT',. It is not hard to prove that this three objects form a Lie algebroid
called the Lie algebroid of the Lie groupoid ' = 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' — I/ be a Lie groupoid morphism from
the groupoid I' = M to IV = M over the identity map on M. Then, we can induce
a map A® from AT to AT in the following way:

AP (Uw) = Te(m)(b:v ('U:r) 5 (8)
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for all v, € T¢()I'® where @, is the restriction of ® to the 3—fibre I'*. Then, A®
is a Lie algebroid morphism from AT 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 T'M (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:
1,204 =(0.50{6() - () +[fgl)
foral @@ f,E® g e I'(A4).

This Lie algebroid is called the trivial Lie algebroid on M with structure algebra g.
Notice that, for each Lie algebroid (A — M, 4, [-,-]) 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 AT its associated Lie algebroid.
Then, the anchor § of AT is the induced map of the anchor («, 8) of T, i.e.,

A(avﬂ) ={.

So, T' is transitive implies that AT is transitive. In fact, the converse is also true
and, hence, I' is transitive if, and only if, AT is transitive.
Next, the 1—jets algebroid of a manifold M will be the Lie algebroid AIT' (M, M)
of the 1—jets groupoid IT' (M, M) of M. We will give a detailed description below.
Let (ml) be a local coordinate system defined on some open subset U C M. Then,
by using Eq. (8), we can consider local coordinates on AII! (M, M) as follows

AN (U, U) - ((mi,mi,éj-) ,O,Ui,’l};) o~ (xi,vi,vé) ) (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 : 0 (U_y, B) — II* (U, B),
such that

6P (9) = 9 G (ate)) o) ¥t -
So, this flow induces a left-invariant vector field on II' (M, M) which generates a
section of AIT' (M, M) denoted by j'0. ;'O is called the complete lift of © on
It (M, M).

Let (acl) be a local chart of M and (xi,yj,yg) be the induced local chart of

II' (M, M). Assume that, locally, © is written as follows,

-0
0=0"—.
ort
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Then, locally, j'O is expressed in the following way:

0 007 9
-+ ——.

ox*  Ox' dy]

Notice that j'© can be equivalently induced by a 1—jet of ©. Thus, AII* (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 interpre-
tation of the 1—jets Lie algebroid.

jle = - (10)

Definition 2.5. 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)=fD((E)+O(f)E
We call © the base vector 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

0,]: 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) For all ©,2 € X (M) and f € € (M),
Ve fE = fV@E—F@(f) =. (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
Vo (BE) =VeZ, V2 X (M).
Associated to any covariant derivative V there are two important tensors:
e Torsion: T (0,E2) = VeE — V=0 — [0,5], V0,2 € X (M).
e Curvature: R(0,Z)x = VoVzx — V=Vex — Viezx, VO,Z,x € X (M).
A covariant derivative is said to be flat if its curvature is zero.

We will use the well-known result:

Lemma 2.6. Let V be a covariant derivative on a manifold M. V is flat and
torsion-free if, and only if, there exists an atlas (x’) of M such that

0
V s - =0.
907 07
In general, for each local coordinates (xz) on M,
0 0
A o
=3 Ox % J 8$k

The local functions Ff ; are called Christoffel symbols of V respect to (ml)
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Now, the space of derivations on M can be considered as the space of sections
of a vector bundle © (TM) 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,
ie.,
[D1, Do) = Dy o Dy — Dy o Dy.
A simple computation shows that the commutator of two derivations is again
a derivation, indeed, the base vector field of [Dy, Ds] is given by

[©1,02], (12)

where ©7 and O, are the base vector fields of D, and Dy respectively.
o 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 alge-
broid 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 € (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.

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 vector field on II* (M, M).
Denote by @{\ : Uy — U_,; the flow of ©A.

Then, we can define a (local) linear map (@é\)* X (M) = X (M) satistying

{(2))"(©)} (2) = &} (e () (O (a0 27) (¢ (2))))

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

)

A_ 9 aat
b= ot (®) t=0
In other words, for each © € X (M) and € M we have
0
DY (z) = % (@2 (e () (© ((ar0 @) (e(2))))) .
=0

Notice that, for all f € C> (M)
Do) = o (2 @) (F((aoat) @) ((acal) cw)))

= D ((aot) (@) ot @) (0 (a0 2t) (c@))))
= AN (@) (O (@) +f(x) DO ().
It is immediate to prove that for each © € X (M) one has that
DI'®= = [0,5], VE € X (M). (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 : AITY (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 AII* (M, M) to covariant derivatives over M. Thus,




310 V. M. J. MORALES, M. DE LEON AND M. EPSTEIN

having a fibre-wise linear section A of ff in AII! (M, M) we will denote its associated
covariant derivative by V2. Furthermore, A is a morphism of Lie algebroids if, and
only if, V2 is flat.

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

Lemma 2.7. Let M be a manifold and A be a section of the 1—jets algebroid with
local expression

A () = (mi,Aﬂ',Ag') .
The matrix AZ is (locally) the associated matriz to D*, i.e.,
0 ;0
<(‘3x1) ; YOI’

and the base vector field of D is A* which is given locally by (mi,Aj).

Let A be a fibre-wise linear section of § in AII' (M, M) and V2 be its associated
covariant derivative. Thus, for each (xl) local coordinate system on M

i O _ (i O A
A(“’ax)—(maxA)

where Ag depends on i linearly. Thus, we will change the notation as follows

OxJ
At (ot 2 ) = ad (2! (14)
i\T axk i,k x ) .
Therefore,
A( : ) E
0 oxi | O 0
A = ) 2 k _~Z
Vo ort D ot - Ad Ok’
OxJ

where A <68J> is the (local) section of AII' (M, M) given by
x
0 0
>(am) =20 (55])

So, A¥; are just the Christoffel symbols of V4.

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 j}(,¢(x)¢ at X € B is called an infin-
itesimal configuration at X. We usually identify the body with any one of its
configurations, say ¢g, called reference configuration. Given any arbitrary configu-
ration ¢, the change of configurations xk = ¢ o ¢61 is called a deformation, and its
1—jet quso(x),gb(x)“ is called an infinitesimal deformation at ¢g (X).

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

For elastic bodies, the mechanical response of a material is completely character-
ized 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 [5]) as a differentiable
map denoted by the same letter

W:GI(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' (B,B) =V,
which does not depend on the final point, i.e., for all XY, Z € B

W (jxy¢) =W (jx.z (z-v 0 9)), ik yo € II' (B,B), (15)
where 7, is the translation map on R3 by the vector v. This map will be called the
response functional.

Notice that, using Eq. (15), we can define W over II* (B, R?®), which is the open
subset of II! (RB,R3) given by the 1—jets of local diffeomorphisms 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 neighbourhood U C B of X to
an open neighbourhood V' C B of Y such that ¢ (X) =Y and

w (j)l/,fc(Y)K/ ’ j}(,Yd}) =W (jil/,m(Y)K/> ) (16)

for all infinitesimal deformation j;n(y)n. The 1—jets of local diffeomorphisms sat-
isfying Eq. (16) 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 j}(,yw which satisfy Eq. (16). So, the set
of all material ismorphisms can be written as follows,

Q (B) = UX,YE‘BG(Xa Y) .

Notice that the identities are material isomorphisms, and the composition and the
inversion of 1—jets preserve Eq. (16). Hence, 2 (B) has structure of groupoid over
B which is, indeed, a subgroupoid of the 1—jets groupoid I1* (B, B). We will denote
a1 (X) (resp. B71(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 1. Let B be a body. B is uniform if, and only if, Q (B) is a transitive
subgroupoid of TI' (B, B).

Notice that, at general, we cannot ensure that Q (B) C II' (B, B) is a Lie sub-
groupoid (see for instance [11, 14, 15]). Our assumption is that (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 (16). 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 3.2. A body B is said to be homogeneous if it admits a global deforma-
tion x which induces a global section of («, ) in Q(B), P, i.e., for each X, Y € B

P(X,Y) =jky (k7' o Tuy)—n(x) © K) ,
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where 7,(y)_x(x) : R® = R? denotes the translation on R? by the vector x (Y) —
K (X). B is said to be locally homogeneous if there exists a covering of B by homo-
geneous open sets.

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

P(a'y) = (a4, 5]). (17)
If B is locally homogeneous we can cover B by local sections of (a, ) in Q(B)

which satisfy Eq. (17). 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 (J;,y(b) = (xuyvjé,() (T*y © (b © Tm)) ’ V];’y¢ € Hl (RnﬂRn) )

where 7, denote the translation on R™ by the vector v € R™ and we are identifying
Gl (n,R) with the space of linear isomorphisms from ToR™ to ToR™ (i.e. the fibre
of the frame bundle FRR™ at 0). So, if G is a Lie subgroup of GI(n,R), we can
transport R™ x R™ x G by this isomorphism to obtain a reduced Lie subgroupoid
of TI! (R”,R™). This kind of reduced subgroupoids will be called standard flat on
I (R, R™).

Let U,V C M be two open subsets of M. We denote by I1* (U, V) the open subset
of IT* (M, M) defined by (v, 8) " (U x V). Note that if U = V, then, II' (U,U) is,
indeed, the 1-jets groupoid of U and, in this way, our notation is consistent.

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

Before continuing with our discussion, we need to explain what we understand
by “locally diffeomorphic” in this case. H}; (M, M) is locally diffeomorphic to R™ x
R™ x G = R"™ for some Lie subgroup G of Gl (n,R) if for all 2,y € M there exist
two open sets U,V C M with € U, y € V and two local charts, ¢y : U — U and
Yy : V. — V, which induce a diffeomorphism

Uy 15 (U, V)= TUxV xG, (18)
such that Uy, = (Yu o o, by o B, ¥y v ), where

Yoy (Jzy9) = Joo Ty 0 ¥v 0 0 Uy 0 Tyy(w)  Vig,d € T (U V).
Notice that, I1§, (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 z € U ¥y (ji Id) € G.
However, ¥y 7 (j;’xl d) is not necessarily the identity map and, hence, ¥y 17 is not
an isomorphism of Lie groupoids.

Proposition 2. Let II}, (M,M) be a reduced Lie subgroupoid of II' (M,
M). g (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 vy (U).
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Proof. On the one hand, suppose that It (M, M) is integrable. Let zo € M be a
point in M and ¥y : U — U and ¢y : V — V be local charts through xy which
induced diffeomorphism

Uy U5 (U, V)= TUxV xG.
ForeachyeUNV,
T . _ A —1
Yuv (Jy,yld) = Jo,0 (T-vv ) 0 UV 0¥y 0 Tyy(y)) € G-
Then, for all j;7y¢ e IL (UNV,UNV), we have
Jo.0 (Topy () ©%u © @0ty 0 Tyy () =

Jo.0 (Towu ) 0 WU 0 Wv" 0 Ty () o0 (Towy () ©Wv © G0ty 0 Tyy () € G-
Therefore, denoting U NV by W, the map

Uy I (W, W) = W x W x G,
is, indeed, a Lie groupoid isomorphism over ¢y where Yyww = (Yw o, Yw
o, Uw,w), Yw is the restriction of ¢y to W and for all j;)y(b eIt (W, w),
Uy, w (j;:,y(ﬁ) = jé,o (T—pw () 0¥w 0 po Uy o Tyw(y)) -

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

Upp 15 (U,U) - UxU xG, (19)
such that Uy = (Yy o o, ¢y o B, Wy,u), where for each j; ¢ € II' (U, U),
@U,U (J;,y(b) = jé,O (T*%bu(y) oYpyogpo 1/](}1 o Td)U(l’)) :

Take open sets U,V C M such that there exist ¢y and 1y satisfy Eq. (19). Suppose
that U NV # 0. Then, for all z,y € U NV, we have

Jo.0 (T—vu(w) © YU 0¥y 0 Tyy () *doo (g (@) © YV 0 U5 0 Ty () € G- (20)
Fixing Z € U NV, we consider
Jo.0 gy (2) 0 Yu 0 Uy 0Ty (2)) = A€ GL(n,R).
Furthermore, it is also true that
A-G- AT =G (21)
In fact,
G = {300 (Twoy 0 Yu 00Uy 0Ty w) / Gy € g (U, U)}-
So, we define the diffeomorphism v, = A -y : V — A-V. Then, using Eq. (20)
for all y € UNV, we deduce that
jcl),o (Tfﬂv(y) oy oyt o Twu(y)) = jé,oA (Topy @y oWV o byt o Tyu ()

= Ao o (v ) 0 UV 0 U5 0Ty () €G. (22)
In this way, we consider
Upy: HEUV) - UxA-VxG
Jay® = (Yo (), 9y (), Yoy (J2,9)) -
where,

Tuw (72,9) = dbo (75, ) 0 By 00005 0 Tuy ) -
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We will check that Wy is well-defined. We fix j;7y¢ € 11}, (U, V). Then, we can
consider two cases:

(i) y € UNV. Then, using Eq. (22)
Joo (T_av(y) oy ogorylo TwU(z)) =
30 (T ) © By 0 %5 0 Ty ) 30 (v © Y 0 B0 U 0 Ty € G

(ii) y ¢ UNV. Then,
3t (U0 0 Ty ()—py () 0 PV 0 9) 2 5L 6. € T (M, M),
Hence,
Jo,0 (T_gm) oy ogorylo TwU(z)) =
A-Goo (Topy ) 0¥V 0 oty 0Ty () =
A oo (Topy () 0¥ 0 bz 095" 0 Ty () =

jé,o (T_Ev(z) 0ty 00 1/’(;1 °© Twum) €a.
Thus, it is immediate to prove that ¥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 {V;};=1.... &
such that
i) U=Wn
(i) V=V,
(iii) V;NVig1 £ 0, Vi

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

Using this result, we can prove that a reduced subgroupoid Hb (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 II* (M, M) which will play an impor-
tant role in the following. A trivial reduced subgroupoid of IT* (M, M) or parallelism
of TI' (M, M) is a reduced subgroupoid of IT* (M, M), I1L (M, M) = M, such that
for each z,y € M there exists a unique 1—jet j;’yqﬁ € IIL (M, M). So, equivalently,
a parallelism can be interpret as a section P : M x M — I (M, M) of («, 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). Then, an inte-
grable section P can be written locally as follows,

P(aty') = (a'7,6) .
or equivalently
P (,y) = oy (V7 0 Tu)—p@) ©9) » (23)
for some two local charts (¢,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 1T}, (M, M) be a reduced subgroupoid of IT' (M, M) and Z, € FM, where FM
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is the linear frame bundle of M (see [4] for a detailed study on the geometry of
frame bundles), be a linear frame at zop € M. Then, we define

G:={Z; g - Zy /] ge s (M, M)} = Z;' - TIE, (M, M) - Zo, (24)

20

Therefore, G is a Lie subgroup of GI (n,R). This Lie group will be called associated
Lie group to Hé (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 3. A reduced subgroupoid 15, (M, M) of TI' (M, M) is integrable if,
and only if, for each two points x,y € M there exist coordinate systems (m’) and
(yj) over U, V. C M, respectively with x € U and y € V' such that the local section,

P(a',y’) = (o9, 0) | (25)
takes values into 11%, (M, M).
Proof. First, it is obvious that if II}, (M, M) is integrable then, we can restrict the
maps \Ilglv to U x V x {e} to get (local) integrable sections of («, 3) which takes
values on II§, (M, M).

Conversely, in a similar way to Proposition 2 we claim that for each x € M there
exists an open set U C M with 2 € U and P : U x U — II}, (U,U) an integrable
sections of («, 8) given by

Vig (l‘,y) = j;,y (1/)[;1 © TwU(y)*wU(m) © wU) ’

where ¢y : U — U is a local chart at z.
Then, we can build the map

Uy UxUxA{e} =14 (U,U),

defined in the obvious way.
Now, let zo € U be a point at U, Z, £ jé)ZO (wal ) Twu(z(,)) € FU be a frame at
2o and G be the Lie subgroup satisfying Eq. (24). Then, we can define

Upp 1§ (U,U) = U xU x G,
where for each j! . ¢ €Il (20) and z,y € U we define
Vou (2,9 20" 52,09 - Z0)
= jé,zp;l(y) (vg'omy) 1% 'jig,z()éb - Zy) 'jllz;;,l(x),o (T—z 0%y).

Hence the map ¥y : U x U x G — I}, (U, U) is an isomorphism of Lie groupoids
induced by ¥y .
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 inte-
grability of G—structures. In fact, for each G—structure wg (M) on M we consider
the following set,

§(we (M) ={Ly[L;'] / Lo, Ly € w (M)}, (26)

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

we (M) =TI (M, M) - Zo,

20
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such that

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

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

Definition 4.2. Let AII}, (M, M) be a Lie subalgebroid of AI' (M, M). AIl}
(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 coordinates from
the base in the natural way. It is not hard to prove that a Lie subalgebroid
AILE (M, M) of AII' (M, M) is integrable by G if, and only if, it is the associated
Lie algebroid of an integrable Lie subgroupoid II, (M, M) of II' (M, M).

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

AP = A.

This is just an application of a generalization of the Lie’s second fundamental the-
orem from Lie groups to Lie groupoids (see for instance [24]).

Let (xl) be a local coordinate system defined on some open subset U C M.
Notice that each integrable section of (a, 8) 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 §. So, taking into account that, locally,

P(a',y7) = (mi,yj,5?),
we have that each integrable section can be written locally as follows
;0 .0
AP ¢ - == v e 0 .
(x’ﬁz’> (m’ax“ )
Now, using Proposition 3, we have the following analogous proposition.

Proposition 4. A reduced subalgebroid ALl (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 AIl, (M, M).

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

i 9 i 0
A(rgm) = (+ 520).
are in AILL (M, M).

Finally, we will use the algebroid of derivations on T'M. Thus, taking into account
that themap D : T’ (AH1 (M, M)) — Der (T M) defines a Lie algebroid isomorphism
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D: AIIY (M, M) — ® (T M) over the identity map on M and using Lemma 2.6 we
can give another characterization of the integrability over the 1—jets algebroid.

Proposition 5. Let A be a fibre-wise linear section of  in the 1—jets Lie algebroid,
ATY (M, M). Then, it is integrable if, and only if, the covariant derivative V> is
flat and torsion-free. FEquivalently, a A section 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 II}, (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 D (AII, (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 Defini-
tion 3.2) and the above result we can state the following proposition:

Proposition 6. Let B be a uniform body. If B is homogeneous then Q(B) is
integrable. Conversely, Q) (B) is integrable implies that B is locally homogeneous.

Notice that Eq. (26) proves that our definition of homogeneity (which is given
using the material groupoid) is, indeed, equivalent to that used in [5] (see [6] or
[31]; see also [2] and [23]) where the authors use G—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 Xa, {p2},
can be restricted to Q (B).

Hence, for any infinitesimal deformation g, we have

W (er (9) =W (¢ (g-e(a(9) =W (99 (e(a(9)) =W (9)-
Thus, for each g € IT' (B, B), we deduce

TW (Xa(9)) = 5; (W (7 (9)))

Therefore,
TW (X,) = 0. (27)
Conversely, it is easy to prove that Eq. (27) implies that A € T (AQ (B)).
In this way, the material algebroid can be defined without using the material
groupoid by imposing Eq. (27). Thus, we can characterize the homogeneity and
uniformity using only the material Lie algebroid.

Proposition 7. Let B be a simple body. Then, B is uniform if, and only if, AQ(B)
18 transitive.

Let us assume that a section A of the material algebroid AQ (B) has the following
local expression,
Aa') = (o', A% )
for a given local coordinates (mz) on B. Then, Eq. (27) can be written as follows,
ow ow
A —— + FI A" — = 0. 28
oxk timb oxy (28)

So, the uniformity of the material is linked to the properties of Eq. (28).
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Proposition 8. 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, this result can be expressed locally as follows.

Proposition 9. 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 (xz) over U C B with
x € U such that the local section of f,

i 0N _ (.9
A<w’8xi><x’8ﬂ’o>’

Therefore, denoting by D (B) to the Lie subalgebroid of the derivation algebroid
on B, D (AQ(B)) <D (TB), we can give the following result:

takes values in AQ (B).

Theorem 5.1. 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 9 to work with an example. We will consider
a model of a so-called simple liquid crystal. These simple materials were introduced
by Coleman [3] and Wang [30].

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 :
IT' (B, B) — V such that for all h = j y-¢ € II* (B, B) we have

W (h) =W (r(h),J (b)),

where, denoting by F' the associated matrix to j}(,y¢ (with respect to the canonical
basis of B),

o (jxy9) =9 (Y)(Tx¢(e(X)), Txo(e(X)))

o J(ix,y0) = det (F)
with e € X (B) a vector field which is not zero at any point and ¢ 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,

r(ixy®) =g (V) (F-(¢'(X)),F- (e (X)),

where, by using the canonical isomorphism 7B — B x R?, for all X € B e(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, (II* (B, B)) be
a left-invariant vector field and consider the canonical local system of coordinates



GROUPOIDS AND ALGEBROIDS IN UNIFORMITY AND HOMOGENEITY 319

(X") in R3. We will denote by (Xi, Y7, FZJ) the induced local coordinates of (X*)
in IT* (B, B). The local expression of © will be denoted as follows,

0 (Xi,Yj,FiJ) - ((Xi,w‘,Fg') ,§Xi,0,Flj6Pf).
Now, we will begin given the derivatives of r and J. For each W € gl (3,R) and
v € R3 we have that,

. or Oe

O gxe| w0 (reoten.meo (g2 )] ).

) on )| =20 (F (¢ 00). W (¢ ().
(iii) S—P{(W) i ¢:det(F)Tr(F_1-W).

Here F' is the Jacobian matrix of ¢ at X and 87)6( is the vector at X such
X
that
de

Oe’
— =(X b
o 0| = (% 55, )
Hence, O restricts to a section of the material algebroid AQ (B) if, and only if,

(v (qus (e(X)), Txo (SX (6" (X)) ]X)) +

(v)

g (V) (F- (" () FoPL(X) - (¢! (X)) ) +

Tr (5Pg’ (X)) :

Xy
for all j}(,yﬁb € I1* (B, B). So, a sufficient but not necessary condition would be,
1  Tr (5Pg’ (X)) —0.
@) o (P ) (g GxT@0)| ar 0 () ) =0,
X

o0X
for all 1—jets of local diffeomorphisms j}cy(b on B. By using that g is non-
degenerate and e (X) is non-zero, we turn these conditions into the following

(1 P/ =0.
9l .
(2 X' 43P =0, Vj,

where e/ are the coordinates of e respect to (X7).
Let us now study the uniformity of the material. By using Proposition 7 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.
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o Tix)a (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 © as follows,

o (x',vi, F) = (X', y7,F/) ,6X',0, Fj6F!).
Then,
T.x)a (0 (e(X))) = (X' (X),6X" (X)) .
So, it should satisfy that,
SXH(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 satisfying that

(1) Al=o0.
Oel . )
@7 V' = —Ale v,

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 (Propo-
sition 9) B is (locally) homogeneous if, and only if, there exists a local system of
coordinates (z') such that the local section of ,

7 8 _ 7 a
A(“fasc) = (xamo)

takes values in the material algebroid A2 (B). Equivalently,

ow
drt

So, let us study this equality. Notice that,

0, Vi. (29)

oW _ oW or W 0]
drt  Or Ozt OJ dxrt’

Thus, by using that W is an immersion, (xz) are homogeneous coordinates if,
and only if,

or
1 299 _ = '.
(1) 5 0, Vi

299 8J — y
(2) B 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.



GROUPOIDS AND ALGEBROIDS IN UNIFORMITY AND HOMOGENEITY 321

Let (:z:l) be a system of homogeneous coordinates on B. Then, for each j}quﬁ €
I (B,B

r(jkyd) = g¥)(ITxso(e(X)),Txe(e(X)))

= gw>@x¢G%X)a

ozt |
ok | o¢!
ot | 8|, 9 )

= ¢ (X)e (X)

where, in this case, e/ are the coordinates of e respect to (a:i) So, considering the
induced coordinates (xi, Y7, yf) of (:vl) on IT!' (B, B) we have that

) . N1/, - 2 . . o~ ~ o~ o~
ro(xl,yﬂ,yg) (X,Y,F) - el(X)eJ(X)FfF}gkl(Y),v(X,Y,F).
In this way,
or Oe’ , ~
— = 2_—| & (X)EFFlgu(Y).
ok | oxk 6( ) i jgkl( )
Jx,v® X

0

Hence, by using the non-degeneracy of g we have that a—rk = 0 if, and only if,
x

de’

Ok

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

=0, Vi. (30)

;0

e=AN—,

Ox*

Next, we will study condition (2)”. Notice that,

oJ  0J OF!
dx'  OFL, Ox'

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

sol e (F) (7).

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

M = Const. (31)

OF!
83;7 =0, Vi,l,m. (32)
Observe that
A |
OF! OF}, o (ﬁv%y%yi)
k - k
ax j}(yyqﬁ 8X o
(X.Y,F)
_ o foxtew)| i [oxTe (@) -
Xk oXk Chr axm <
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i.e.,
OF!
R =9
Tk v
if, and only if,
o [0X™o (a) 0
Xk 0X’ .
X/ 1x
So, (2)” is tantamount to,
X’ITL
9 — = Const, Vi, m.
oxt

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

ie.,
9 ,
e= MW’ u' = Const.

Notice that, by using Eq. (31), this implies, indeed, that the canonical basis is
a (global) system of homogeneous coordinates on B. So, we extract the following
conclusions

(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 homogeneous.
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