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ABSTRACT

In this paper, we study internal properties of Cosserat media. In fact, by using groupoids and smooth distributions, we obtain three canonical
equations. The non-holonomic material equation for Cosserat media characterizes the uniformity of the material. The holonomic material
equation for Cosserat media permits us to study when a Cosserat material is a second-grade material. It is remarkable that these two equations
also provide us a unique and maximal division of the Cosserat medium into uniform and second-grade parts, respectively. Finally, we present
a proper definition of homogeneity of the Cosserat medium, which does not need to assume uniformity. Thus, the homogeneity equation for
Cosserat media characterizes this notion of homogeneity.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0159469

. INTRODUCTION

In Continuum Mechanics a body is represented by a three-dimensional manifold B which can be covered with just one chart. A con-
figuration y is an embedding of B in R’, and it is usual to identify the body with one of its configurations y,, which is called a reference
configuration. A change of configuration y o ;" is said to be a deformation.

A relevant problem is the following: given a mechanical response as a function of the positions on the body and the 1-jets of the local
diffeomorphisms of the body, how to decide if the body is uniform, namely, all the points of the body are made of the same material. A second
crucial question is about the homogeneity of the body, which expresses the absence of defects (inhomogeneities*) of the material body.

Noll developed a geometric theory to deal with the properties of uniform bodies in his thesis® (see also Refs. 2, 4, and 5) as well as
its homogeneity. In that theory, he studies the model of simple materials in which the properties of the body are encoded in the consti-
tutive law, a function depending on the gradient of the deformation. This allows us to introduce the concept of material isomorphisms
and re-interpret the uniformity in terms of the existence of a parallelism of such material isomorphisms. In addition, the homogeneity is
characterized by the integrability of such parallelisms. Moreover, the use of G-structures has redefined the formulation and facilited the
derivation of specific results (see for example Refs. 1 and 6-9). In fact, the lack of integrability of the associated G-structure manifests
the presence of inhomogeneities (such as dislocations). Thus, we may say that the theory of inhomogeneities of smoothly uniform simple
materials is well established in terms of differential geometric structures. Nevertheless, in the absence of uniformity, these G-structures do
not exist.

As a further step in the study of uniformity and homogeneity, one can use the notion of groupoid; indeed, the collection of all the
possible material isomorphisms on a body 13 has the structure of subgroupoid of the Lie groupoid of all 1-jets of local diffeomorphisms from
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Binto itself, IT' (B, B). As a difference with the G-structures, the existence of this groupoid, called material groupoid, does not depend on the
uniformity of the material. In fact, the material groupoid may always be constructed for any material body.

However, the material groupoid is not necessarily differentiable. Indeed, the property of differentiability of this groupoid works to charac-
terize some material property, as for example the smooth uniformity. In a series of papers,'’”"” we have developed a new theory of uniformity
and homogeneity without the necessity of smoothness. Indeed, even if a subgroupoid of a Lie groupoid is not a Lie subgroupoid itself, one
can generalize the construction of the associated Lie algebroid, obtaining the so-called characteristic distributions. This result permits us to
extend the concept of uniformity as well as consider homogeneity even if we are not in presence of uniformity. The concept of groupoid is
the most natural one for the study of materials, and so has allowed new and finer notions of uniformity and homogeneity to be identified. Not
only that, but the phenomena of growth, aging, morphogenesis and composite materials,”'* """ take on a new light with the use of groupoids
and characteristic distributions.

However, there are many non-simple materials. In fact, materials like granular solids, rocks or bones cannot be modelled without extra
kinematic variables.”’ The theory of generalized media was introduced by Eugéne and Francois Cosserat between 1905 and 1910. The Cosser-
ats associated to each point of the body a family of vectors (directors). In a more mathematical way, a Cosserat continuum can be described
as a manifold of dimension m and a family of n vector fields on the manifold. Some of the developments of the theory can be found in
Maugin*"** or in Kroner, we also remit to the work by Eringen.”* A particular case of Cosserat material are the second-grade materials.
According to Ref. 25, B is a second-grade material, if all the material isomorphisms are natural prolongations to the frame bundle of the
induced diffeomorphisms on the basis.

The geometrical structures which are necessary to develop a rigorous theory have been available for some time. Actually, the notion of
director given by the Cosserat brothers is closely related with frame bundles. In 1950 Ehresmann (see Refs. 26-29) formalized the notion of
principal bundles and studied many frame bundles associated in a natural way to an arbitrary manifold: non-holonomic and holonomic frame
bundles. Thus, we can intepret a Cosserat medium as a linear frame bundle F 5 of a three-dimensional manifold B, the macromedium, which
can be covered with just one chart (see Ref. 30). Then, a configuration of F3 is an embedding ¥ : FB — FR’ of principal bundles such that
the induced Lie group morphism is the identity map. We fix a configuration ¥y, as the reference configuration, and a deformation is a change
of configurations, y = ¥ o ¥y .

The constitutive elastic law is now written as

W = W(X,F),

where X is a point of the macromedium and F is the gradient of a deformation y at a point X. This constitutive equation permits us to
associate to each two points X, Y of B the family of material isomorphisms from X to Y (which could be empty), i.e., the 1-jets G at X of the
local principal bundle isomorphisms from X to Y which satisfy that

W(X,F-G) = W(Y,F),

for all deformation gradients F at Y.

The present paper is devoted to extend the construction of the characteristic distribution for Cosserat media. In particular, we have
proved that, associated to any Cosserat media there are two well-defined characteristic distributions, the non-holonomic material distribution
of second order and the holonomic material distribution of second order, respectively.

These distributions are generated by the left-invariant vector fields which are in the kernel of TW [Eq. (17)] and the complete lift of
vector fields on the macromedium 3 which are in the kernel of TW, respectively. These facts induce two distinct equations which permit us
to construct these characteristic distribution,

e Non-holonomic material equation for Cosserat media (18)

-0

. +®l L el IR SN B e o S Sl Ll OF =
0% 8 oyl oyl SOy T Oy

e Holonomic material equation for Cosserat media (19)

-0

aw+a®l JOW W g DWW e jow _
ox ary ’af Tyl TImigyT * oo oyl ay,

Here, @', @ @l and ©', i are (local) functions on the body B solving the linear equations (18) and (19). Furthermore, we have proved
that Cosserat medla may be canonically divided into smoothly uniform parts, and second-grade parts. The spaces of solutions of these
equations characterizes these two properties (Theorems 9, 11, 13, and 14).

Finally, we have studied the property of homogenelty The lack of (local) homogeneity indicates the presence of defects or inho-
mogeneities, such as dislocations and disclinations.”>”""> Here, we defined, by first time, a notion of homogeneity which is valid for
non-uniform Cosserat materials and generalizes the well-known notion of homogeneity. Roughly speaking, a Cosserat material will
be homogeneous, when each smoothly uniform material part is homogeneous and all the uniform material submanifolds can be
“straightened at the same time.” Thus, we found another differential equation,
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e Homogeneity equation for Cosserat media (25)

=0,

Lm >t

oW ;0P oW [ &Pt &P A ow
W e e il D) By iy +y] j
Ox %" dy! Ox"x™ dy!

im

) xk ym
which characterizes this intuitive notion of homogeneity.

The paper is structured as follows. Section II is devoted to present a brief introduction to frame bundles and groupoids, focusing on
the properties and examples which are necessary for the development of the paper. Here, we recall the notion of characteristic distribution
associated to an arbitrary subgroupoid of a Lie groupoid. Section 111 is devoted to present Cosserat materials, next to the relevant definitions
associated to this model. It is important to recall that these two sections are introductory. In fact, the novelty results start with Sec. I'V. Here,
we present a detailed construction of the non-holonomic material distribution of second order, the holonomic material distribution of second
order, the non-holonomic material equation for Cosserat media (18), and the holonomic material equation for Cosserat media (19). We prove
here that the Cosserat media is uniquely divided into smoothly uniform parts, and second-grade parts. Furthermore, the solutions of these
equations permits us to calculate these divisions of the material body in a precise way.

Finally, Sec. V is devoted to define and study the homogeneity of a (non necessarily) uniform Cosserat body. In particular, the solutions
of the homogeneity equation for Cosserat media (25) permits us to characterize this new notion of homogeneity.

Il. ON FRAME BUNDLES AND GROUPOIDS

Let us start with the notion of principal bundle (see Ref. 33) and, as relevant cases, we will introduce the concept of frame bundle of a
manifold. This will permit us to work with Cosserat materials.

Definition 1. A principal bundle is given by a couple (P, G), in such a way that P is a manifold and G is a Lie group which acts over P on
the right satisfying:
(i) The action of G is free, i.e.,
Xg=x<g=e

where e € G is the identity of G.

(ii) The canonical projection 77 : P — M = P/G, where P/G is the space of orbits, is a surjective submersion.

(iii) P islocally trivial, i.e., for each point x € M there is a neighborhood U of x such that P is locally a product U x G. More precisely, there
exists a diffeomorphism @ : 7' (U) - U x G, such that ®(u) = (7(u), ¢(u)), where the map ¢ : 7' (U) — G satisfies that

¢(ua) = p(u)a, Yue U, VaeG.

@ is called a trivialization on U.

A principal bundle will be denoted by P(M, G), or simply 7 : P — M if there is no ambiguity about the structure group G. P is called the
total space, M is the base space, G is the structure group and 7 is the projection. The closed submanifold 77" (x), x € M will be called the fibre
over x. For each point u € P, we have 77! (x) = uG, where 7(1) = x, and uG will be called the fibre through u. Every fibre is diffeomorphic to
G, but this diffecomorphism depends on the choice of the trivialization.

Definition 2. Given P(M, G) and P'(M', G') principal bundles, a principal bundle morphism from P(M, G) to P'(M', G') consists of a
differentiable map @ : P — P’ and a Lie group homomorphism ¢ : G — G’ such that
®(ua) = O(u)p(a), YueP, VaeG

Notice that, in this case, ® maps fibres into fibres and it induces a differentiable map ¢ : M — M’ by the equality ¢(x) = n(D(u)), where
-1
uen  (x).
P(M, G) is said to be a subbundle of P'(M', G') in case that the maps characterizing the principal bundle morphism are embeddings. In
such a case, we can identify P with ®(P), G with ¢(G) and M with ¢(M).
Finally, a principal bundle morphism is called an isomorphism if it can be inverted by another principal bundle morphism.

Example 1. Given a manifold M and G a Lie group, we can consider M x G as a principal bundle over M with projection pr, : M x G — M
and structure group G. The action is given by,

(x,a)b=(x,ab), VYVxeM, VabeG

This principal bundle is called a trivial principal bundle.
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Now, we will introduce an important example of principal bundle, the frame bundle of a manifold. In order to do that, we will start with
the following definition.

Definition 3. Let M be a manifold. A linear frame at the point x € M is an ordered basis of T M.

Remark 1. Alternatively, a linear frame at x can be viewed as a linear isomorphism z : R" — T, M identifying a basis on T M as the image
of the canonical basis of R" by z.

There is a third way to interpret a linear frame by using the theory of jets. Indeed, a linear frame z at x € M may be considered as the
1-jet jo.¢ of a local diffeomorphism ¢ from an open neighbourhood of 0 in R" onto an open neighbourhood of x in M such that ¢(0) = x.
So,z = To¢. o

Thus, we denote by FM the set of all linear frames at all the points of M. We can view FM as a principal bundle over M with the structure
group Gl(n,R) and projection 7y : FM — M given by

ﬂM(j(l),X(/)) =X, Vj(l)‘xgb € FM.

This principal bundle is called the frame bundle on M. Let (xl) be a local coordinate system on an open set U € M. Then we can introduce
i

local coordinates (xi,xj) over FU ¢ FM such that
iq o(x
A (i) = LE28) ()

axljo
If y : N - M is alocal diffeomorphism, we denote by Fy : FN — FM the local isomorphism induced from vy, and defined by
Fy(jox®) = joyio (Vo ).

In this case Fy is called the natural prolongation to the frame bundle of y. We will denote by e, the frame j{oIdg € FR", where Idg» is the
identity map on R". Let ¥ : FR" — FM be a local isomorphism of principal bundles such that its domain contains e;, and whose induced
isomorphism on Lie groups is the identity, i.e.,

¥(z-g)=¥(z)-g VzeDom(¥)cFR", VgeGl(nR").
We denote by y : R" — M the local diffeomorphism induced by ¥, i.e.,
Yo mgn =My O V.

Notice that J‘;,\y(e])\y can be identified with a linear frame at the point ¥(e; ) since T, ¥ : T, (FR") 2 R Ty(e,)FM is a linear isomor-
phism, and, therefore, the collection of all 1-jets jil ¥( el)‘I’, denoted by F*M, is a submanifold of F (FM). Associated to this manifold, we may

construct three canonical projections 7, 7} : E*M — FM and 7% : F2M — M given by:

o T (jou(en¥) = ¥(er)

o ﬁ%(]';,\y(el)\y) = jé,y/(o)l//'

¢ 7 (Jo,w(en¥) = ¥(0)

These projections are related as the following commutative diagram shows

~2
2 s

F'M

M

=2

T M

M

M
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A direct computation shows that F>M is a principal bundle over FM with canonical projection 7} and structure group,
— — _2-1
Gi(n) = {jo, Y e F'R"/ ¥(er) =er} =71 (er).

Notice that G- (n) is a Lie subgroup of Gl(n + 1, R) acting on F2M by composition of jets. We also have that FM is a principal bundle over

M with canonical projection 772 and structure group

G*(n) = {jlwiey¥ € PR/ w(0) =0} =72~ (0),

which, again, acts on F>M by composition of jets. The principal bundle F2M will be called the non-holonomic frame bundle of second order
and its elements will be called non-holonomic frames of second order. There are more principal bundles defined over the 1-jets of local
isomorphisms jil,\y(e,)\y on FM (holonomic and semi-holonomic). We remit to Ref. 34 for more details about these relations.

By taking into account the coordinates defined on FM, given a local coordinate system (x') on an open set U € M, we can introduce local

coordinates (xi, x’]) over FU ¢ FM and, hence, we can also introduce local coordinates ((xi, x’]),x’ I8 x’ ik x;’k, x;,k,) over F(FU) such that

o 2 ha¥) = 5

o (e, 2¥) = 65()’:7;:)
o u(in ) = 2L
L xiykl(jil,z\y) = ng}”)

Tley

Thus, restricting to F>U we have that
[ ] lek =0 .
o Xy =x6)

Then, the induced coordinates on F>U are given by
('), %3) @)
in such a way that

. ﬂM(xi,xj) =x

o mon((,2), x5 6 o ¥y X0 ) = (+57)

o m((¥%) %% = (+.%))

o 7((]) ) -

o A((x). %% = (¥.x))
We will give here a very brief introduction on (Lie) groupoids and the relation with (smooth) distributions which is crucial to understand the
results proved in this paper. For a detailed study we refer to Ref. 35 (see also Refs. 11 and 12). For groupoids we recommend.*

Definition 4. Let M be a set. A groupoid over M is given by a set I' equipped with the maps «, : ' — M (source map and target map
respectively), € : M — T (section of identities), i : T — I (inversion map) and - : 5y — T (composition law). Here, Ty denotes the k-tuples

(g1, ->g) €%
(1) aand fare surjective and for each (g,h) € T(y),

k—times

x I such that a(g;) = f(gi+1) fori=1,...,k — 1. The following properties are satisfied:

a(g-h)=a(h), PB(g-h)=p(g)

(2) Associativity of the composition law, i.e.,
g-(h-k)y=(g-h)-k, V(g hk)e T(3).

(3) ForallgeT,
g-e(a(g)) =g=¢(B(g)) &
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In particular,

aoccoa=a, Poecof=4

(4) ForeachgeTl,
i(g)-g=¢e(a(g)), g-i(g)=e(B(g))

Then,

aoi=p, Poi=a

These maps (a, 3, €, i, and -) will be called the structure maps. We will denote this groupoid by I' = M.
Observe that, since « and J3 are surjective we get

aoce=Idy, Poe=Idy,
where Idy is the identity at M.

Sometimes M is denoted by T'(gy and it is identified with the set e(M) of identities of I'. T is also denoted by I'1). The elements of M are
called objects and the elements of T are called morphisms. The map (a,8) : T - M x M is called the anchor map and the space of sections of
the anchor map is denoted by I'(4,) (T). Finally, for each g € T the element i(g) is denoted by g

Roughly speaking, a groupoid may be depicted as a set of “arrows” (I') joining points (M), in such a way that any two arrows may be

composed if the ending point of one coincides with the starting point of the other. Then, assuming natural conditions derived of the properties
of a composition in a group, we get the definition of groupoid.

Example 2. A group G is a groupoid over a point and the operation law of the groupoid, -, is the operation in G.
Next, let us describe the crucial example of groupoid for the purpose of this paper.

Example 3. Let A be a vector bundle on a manifold M. Denote by A, the fibre of A over a z € M. Then, the set ®(A), consisting of all
linear isomorphisms Ly, : Ax = A, for any x, y € M, may be endowed with the structure of groupoid with structure maps,

(i) a(Lyy) =x
(il) PB(Lxy) =y
(i) Lyz - Gyy=Lyz0GryLyz: Ay = A,Gyy : Ay — Ay

We will call this groupoid as the frame groupoid on A.
A relevant case is the I-jets groupoid on M and it arises when A is the tangent bundle TM of M. This groupoid is denoted by IT' (M, M).
Notice that any isomorphism Ly, : T<M — T,M may be written as a 1-jet j, ,y of a local diffeomorphism y from M to M. Recall that the 1-jet

j,lc,yll/ may be identified with the tangent map Ty : TxM — T, M (see Ref. 37 for details).

Definition 5. A subgroupoid of a groupoid T = M is a groupoid I’ = M’ such that M’ € M, I < T and the structure maps of I" are the
restrictions of the structure maps of T.

Notice that the composition law of a subgroupoid is the same as that of the correspondent groupoid.
Definition 6. LetT = M be a groupoid with « and f3 the source map and target map, respectively. For each x € M, the set
L=p (x)na (%),
is called the isotropy group of T at x. The set

O(x) = B(a”" (x)) = a(B7' (),

is called the orbit of x, or the orbit of T through x.

Observe that the isotropy groups inherit a bona fide group structure.

J. Math. Phys. 64, 092901 (2023); doi: 10.1063/5.0159469 64, 092901-6
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Definition 7. If O(x) = M for all x € M [or equivalently (a,8) : I - M x M is a surjective map] the groupoid I' 3 M is called transitive.
The sets,
a'(x) =Ty p'(x)=T%,

are called a-fibre at x and B-fibre at x, respectively. We will denote
=I,nl,
forall x,y e M.
Definition 8. LetT = M be a groupoid. We may define the left translation by g € T as the map L, : T*®) — TP®)_ given by
h—g-h
We may define the right translation by g, Rq : Tg(gy — T'a(y), analogously.
Note that, the identity map on I'* may be written as the following translation map,
Idr = L. (3)
For any g €T, the left (resp. right) translation on g, Lg (resp. Ry), is a bijective map with inverse L,-1 (resp. R -1).

Definition 9. A Lie groupoid is a groupoid I' = M such that I is a smooth manifold, M is a smooth manifold and the structure maps are
smooth. Furthermore, the source and the target map are submersions.

A Lie subgroupoid of T = M is a Lie groupoid I' == M’ such that it is a subgroupoid of T satisfying that " and M’ are submanifolds of T
and M, respectively.

As first example, any Lie group G is a Lie groupoid (see Example 2).

_ Example 4. The frame groupoid ®(A) on a vector bundle A (see Example 3) is a Lie groupoid. Let us consider two local coordinates,
(x') and (y/ ), on open neighbourhoods U, V ¢ M, respectively, and two local bases of sections of Ay and Ay, {a,} and {f q}, respectively.

The correspondent local coordinates (xi om, o ) and (yj o, ﬁq) on Ay and Ay are given by
e Foranya € Ay,
a= ocp(a)ocp(xi(ﬂ(a))).
e ForanyacAy,

a=p1(a)By(y (n(a))).

Then, we can construct a local coordinate system on ®(A)
O(Auyv) : (x’y,’y,’)

where, Ay,y =« (U) n 7' (V) and for each Ly € ™' (x) n ' (y) ca ' (U) n B~ (V), we have
o x(Lyy) = x'(x).
o V(L) =y’ (). _ _
o y!(Lxy) = AL,,, where Ay is the associated matrix to the induced map of Ly, using the local coordinates (x' o, af ) and (y] o, ﬁq).

In the particular case of the 1-jets groupoid on M, IT' (M, M), the local coordinates will be denoted as follows

(U, V) : (¥,)/,5), ()
where, for each j,,y € IT'(U, V)
. x’i(j,l(,},u/) = xi(x).
o ¥ (ix¥) =¥ O).
if . 9(ylo
o 2l(ikw) = 250,
J. Math. Phys. 64, 092901 (2023); doi: 10.1063/5.0159469 64, 092901-7

© Author(s) 2023

€SPyl €202 18qWIBAON 82


https://pubs.aip.org/aip/jmp

Journal of

i : ARTICLE i -
Mathematical Physics pubs.aip.org/aip/jmp

Example 5. Let : P — M be a principal bundle with structure group G. Denote by ¢ : P x G — P the action of G on P.
_ Now, suppose that I' = P is a Lie groupoid, with ¢ : T x G — T a free and proper action of G on I such that, for each h € G, the pair
(¢h, ¢h) is an isomorphism of Lie groupoids, i.e.,

ar(¢n(g)) = du(ar(g)),  Br(dn(2)) = ¢n(Br(2)),
where ar and /3F are the source and the target map of I' = P, and preserves the composition, i.e.,
On(g1-&2) = dn(81) - dn(2),  V(g1.8) € T2

Then, we can construct a Lie groupoid I'/G = M such that the source map, @, and the target map, E, are given by

B(lg]) = n(Br(g)),  a([g]) = n(ar(g)),

for all g € T, and [-] denotes the equivalence class in the quotient space I'/G. These kind of Lie groupoids are called quotient Lie groupoids by
the action of a Lie group.

Next, as an important example, we will introduce the second-order non-holonomic groupoid.
Let M be a manifold and FM the frame bundle over M. So, we can consider the 1-jets groupoid on FM, IT' (EM, FM) = FM.
Thus, we denote by J' (FM) the subset of IT' (FM, FM) given by the 1-jets jli +¥ of local automorphism ¥ of FM such that

Y(v-g)=¥Y(v)-g VveDom(¥), VgeGl(nR).
Let (xi) and (yj ) be local coordinate systems over two open sets U, V ¢ M, the induced coordinate systems over FM are denoted by

FU: (xi,xz»)

FV: (y.5]).
Hence, we can construct induced coordinates over IT' (FM, FM)
. i o N
I (FUFV) = (0 B) " (U, V)« (<), (Vo) )y o o i)

where for each j)l—ﬁ‘l’ eI (FU,FV), we have

o H(jky¥) =¥ (X)

o x(jkr¥) = 5(X)

o Y(jkr¥) =y (¥(X))
o ¥ (Jxr¥) =y (¥(X))
o i(ixr¥) = 6%;‘7;)

. J’ik(jlf,?‘}') = ag;:: )
. J’z{k(jlz?‘}') = a(ayj:j/ )

yi];kl(j)l?i\y) - Tzk‘y

Then, using these coordinates, ] ! (FM) can be described as follows:

J'(FU,EV) = J'(EM) n (o, B) (U, V) : ((xi,x;), (y’}y,»j)’yf},o,y,-’;k»y{;k,),
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where
Vi = (Z (=), )6;
Thus, J' (FM) is a submanifold of IT' (FM, FM) and its induced local coordinates will be denoted by
J'(FU,FV): ((x'x})(y’y,])yj,y,]k) (5)

Finally, restricting the structure maps we can ensure that J' (FM) = FM is a Lie subgroupoid of the 1-jets groupoid over FM. _
We may now construct j ' (FM) as the set of the 1-jets of the form j} yFy, where ¢ : M — M is a local diffeomorphism. Let (xl) be alocal

coordinate system on M; then, restricting the induced local coordinates given in Eq. (5) to j ! (FM) we have that
yl=yins vl o=yl
We deduce that j' (FM) = FM is a reduced Lie subgroupoid of the 1-jets groupoid over FM and we denoted the coordinates on j ' (FM) by
S EUEVY ((45), (Vor] o) vhe=ds ©)

Now, we will work with a quotient space of J' (FM) [resp. j ' (EM)] which will be our non-holonomic groupoid of second order (resp. holonomic
groupoid of second order).
We consider the following right action of GI(n, R) over J' (FM),

®: J'(FM) x Gl(n,R) — J'(FM)

7)
1 1
(jx7¥-8) P Jxgve Y

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

We will denote the structure maps of J ' (FM) by @ and 8 (source and target maps respectively), € (identities map) and i (inversion map).
The elements of J ' (FM) are denoted by jy, ¥ with x,y € M and &( j,,¥) = x and B(jx,¥) = y.

Then, the induced local coordinates are given by

' EV) = (@B) (U V) (), (7o5]) ) )
Considering e;, as the 1-jet through x € M which satisfies that x?(el x) = 5; for all i, j, for each j,,'¥' € J'(FM) we have
o ¥y ¥) =x(x)
« ¥ (in¥) =y )
o 7 (jxy¥) =5/ (¥(er))
o i(ity¥) = 252

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

' EUEY () (Vo)) =i ©)

Denote the structure maps of the holonomic groupoid over M j'(FM) by &, B, éand i.
Finally, let us define two projections II; and I1; from the non-holonomic groupoid J'(EM) of second order, to the 1-jets groupoid
g (M, M), as follows,

o : J'(FEM) — II'(M, M)
¥ e (X)X
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where X € FM is a frame at x. It is easy to show that ITj is well-defined and, locally,
(), (7or])rhrl) = (¥ 5)

On the other hand we consider
fy: J'(FM) — 1" (M, M)

I B
where y is the induced map of ¥ over M. Then, locally
(<), (Vo3 ) rhrly) = (.5 5]).
Notice that TT} and [T} are, indeed, Lie groupoid morphims over the identity map on M (see Ref. 36).

Let us consider, ) . ) N
g= () (&) ghel)  F=(().(<-F)FLF,) ] (FB)

Then, ‘ o ‘ A ‘
g F= (). (Vs ghE"). ghFTs glnFiFy + ghFL)

Hence, the left-translation by g is given by,
(G (7 gt )s gl iy + giyli) (10)

Thus, the induced tangent map is characterized by the following equilities:

W 0 0
TLg(—i):ii
Ox Ox
(ii)
8 m a 1 m 8
TL( 2 ) =g 2 7
g(ﬁyi’ ) 8 Gy T8y
(iii)
g m 0 I n 0
TL| —=— | = "= Y
g(ayi) g>] 8)/):'[ +gn,]yr 8y£,i
(iv)

0 0
TL| — | = m7m
g( Oyix ) ¢ i

These equalities will be useful in what follows.

There may be situations where we need to consider working with a (non necessarily Lie) subgroupoid of a Lie groupoid. To deal with
this case, we have the so-called characteristic distribution."”

Let T = M be a Lie groupoid and T be a subgroupoid of T (not necessarily a Lie subgroupoid of I') over the same manifold M. We will
denote by @, B, € and i the restrictions of the structure maps &, 5, ¢ and i of T to T (see the diagram below)

F————T
M
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where j is the inclusion map. Now, we can construct a distribution AT " over the manifold I'in the following way,
gel m ATy < TgT,

such that Ang is the fibre of AT” at g and it is generated by the (local) left-invariant vector fields ® € ¥;,.(T) whose flow at the identities is
totally contained in T, i.e.,

(i) O is tangent to the S-fibres,
O(g) € Teh (B(g));

for all g in the domain of ®.
(ii) O is invariant by left translations,

0(8) = Te(a(e)) Le(O(e((g)))),

for all g in the domain of ©.
(iii) The (local) flow (pf) of ® satisfies

¢of (e(x)) €T,

for all x € M.
Notice that, for each g € T, the zero vector 0, € T, I is contained in the fibre of the distribution at g, namely Afg . On the other hand,

it is easy to prove that a vector field © satisfies conditions (i) and (ii) if, and only if, its local flow (pfa is left-invariant or, equivalently,
Lo (pt@ = (pt@ oL, Vgt

Then, taking into account that all the identities are in T (because it is a subgroupoid of I'), condition (iii) is equivalent to the following,
(iii)’  The (local) flow ¢® of © at g is totally contained in T, for all g € T.
% g Y g

Thus, we are considering the left-invariant vector fields on T whose integral curves are confined inside or outside T. It is also remarkable
that, by construction, this distribution is differentiable, i.e., for each point x and for any vector v, of the distribution at x there exists a (local)
vector field ® tangent to the distribution such that,

O(x) = vx.

The distribution AT is called the characteristic distribution of T. For the sake of simplicity, we will denote the family of the vector fields which
satisfy conditions (i)-(iii) by C. The local vector fields of C will be called admissible vector fields for the couple (T,T).

The structure of groupoid permits us to construct two more new objects associated to the distribution AT The first one is a smooth
distribution over the base M denoted by AT, called base-characteristic distribution. The second one is a “differentiable” correspondence AT
which associates to any point x of M a vector subspace of T(,)I. Both constructions are characterized by the commutativity of the following

diagram
=T
r—4 5 p(Im)
//>(
€ AF/// Ta
7 =
M —2C 5 P(TM)

where P(E) defines the power set of E. Therefore, for each x € M, the fibres satisfy that
ATy = AT/
AT} = T,y a(ATy)

It is remarkable that all the distributions introduced are not, necessarily, regular.
Notice that, taking into account that AT " is locally generated by left-invariant vector field, we have that for each g € T,

=T T
Al = Tg(a@))Lg(AFg(a(g)))»

i.e., the characteristic distribution is left-invariant.
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To summarize, associated to T we have three differentiable objects AT, AT and AT*. Now, we will study how these objects endow I
with a sort of “differentiable” structure. In particular, by using the Stefan-Sussman’s theorem """’ which deals with the integrability of singular
distributions, we may prove the following result:

Theorem 1. Let T = M be a Lie groupoid and T be a subgroupoid of T (not necessarily a Lie groupoid) over M. Then, the characteris-
tic distribution and the base characteristic distribution are integrable by the foliations F and F, respectively. Furthermore, T is a union of
leaves of F.

F and F are called characteristic foliation and base-characteristic foliation, respectively. Observe that,
(i) ForeachgeTl,
F(g) cI’®.
Indeed, ifg €T, then
F(g) cTF®,
(ii) Foreach g, h € I such that a(g) = S(h), we have

F(g-h)=g- F(h).

It is remarkable that property (i) means that each leaf of the foliation "F which integrates AT " is contained in just one f-fibre, i.e., for
each g € T the leaf F(g) satisfies that

B(h) = B(g),

forall i € F(g). Notice also that, one could expect that F(g) = T#® but this is not true in general.

Observe that, any vector field ® on T, may be projected onto a vector field ®* on M by the following identity:
0'(x) = T.(®(e(X))), VxeM

In fact, any admissible vector field ® for the couple (T, T) projects into a vector field ®* tangent to base-characteristic foliation F.
As a complementary result, we may prove the following condition of maximality.'**

Proposition 2. Let G be a foliation of T such that T is a union of leaves of G and
G(g) cTP®, vger.
Then, the characteristic foliation F is coarser that G, i.e.,

G(g) c F(g), Vgel

Observe that, without assuming that T is a manifold, Theorem 1 and Proposition 2 prove that T may be divided into a maximal union of
leaves of a foliation of T, i.e., I may be divided into “differentiable” parts in a maximal way. This gives us some kind of “differentiable” structure
over I.

Let us now construct an algebraic structure of a groupoid over the leaves of 7. We will consider the minimal transitive groupoid T'( F(x))

generated by F(e(x)). This groupoid is, in fact, generated by imposing that for allg, i € F(e(x)),”

22 b gel(F().
Indeed, it is satisfies that,
T(F(x)) = Uzer(e(ry) F (e(a(2))), (11)

i.e, T(F(x)) can be depicted as a disjoint union of fibres at the identities.
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Observe that the -fibre of this groupoid at a point y € F(x) is given by F(e(y)). Hence, the a-fibre at y is

FH(e) =io F(e).
Furthermore, the Lie groups F(e(y)) N I, are exactly the isotropy groups of T( F(x)). All these results imply the following one (Ref. 12).

Theorem 3. For each x € M there exists a transitive Lie subgroupoid T( F(x)) of T with base F(x).

Thus, in fact, we have divided the manifold M into leaves JF(x) which have a maximal structure of transitive Lie subgroupoids of T.
As a particular consequence we have that: T is a transitive Lie subgroupoid of T if, and only if, M = F(x) and T =T (F(x))
for some x € M.

lll. COSSERAT MEDIA

Here, we will give a very brief introduction of a model for materials with internal structure called Cosserat media (Refs. 30 and 40).

Let us start with the so-called simple materials. A body 3 is modeled as a three-dimensional differentiable manifold and each point X € B
is called material particle or material point. The material points will be written using capital letters (X, Y, Z,...).

An embedding ¢ : B — R? is called a configuration of B. The 1-jet j}l(,(p(x)(/) of a configuration ¢ at X € B is called an infinitesimal
configuration at X. The points x € ¢(B) € R® are called spatial particles or spatial points and they will be denoted by lowercase letters
(x9.2,...).

We usually assume the existence of one of its configurations, say ¢, called reference configuration, which is used to identify the body
with an open subset of R. Given any arbitrary configuration ¢, the change of configurations x = ¢ o ¢;" is called a deformation, and its 1-jet
j;o (X).¢(x) K is called an infinitesimal deformation at ¢o(X). Coordinates generated by the reference configuration will be denoted by capital
letters X', while any other coordinates will be denoted by lowercase letters x'.

For elastic simple bodies, the material is completely characterized by one function W which depends, at each material particle X € B3, on
the gradient of the deformation evaluated at the point. Thus, W is defined (see Ref. 6) as a differentiable map

W: BxGI(3,R) -V, (12)

where V is a real vector space. In general, V will be the space of stress tensors.*! In fact, the contact forces at a particle X, in a given configuration
¢, are characterized by a symmetric second-order tensor Tx,4 on R?, which is called the stress tensor. Then, the mechanical response is given
by the following equation:

W(X,F) = T
where F is the 1-jet at ¢o(X) of ¢ o ¢ . Another equivalent way of considering W is as a differentiable map
W IT'(B, B) -V,

by taking the associated matrix of the 1-jets jslbo(X),%(Y) (goopo¢y') foreach jxyo € II'( B, B).

The picture describing the internal structure of a Cosserat medium is a little bit more complicated. In particular, the continuum will be
endowed with the extra kinematic degrees of freedom provided by three independent deformable vectors attached at each material particle.
So, a Cosserat medium will be modeled by the linear frame bundle F B of a body B. B is usually called the macromedium or underlying body.
With some abuse of notation, we shall call B the Cosserat continuum. Elements of F 3 will be denoted by overlined capital letters (X, Y.Z,.. 2)
and the elements of FR® will be denoted by overlined lowercase letters (%,7,Z, . . .).

A configuration of a Cosserat medium F 3 is an embedding ¥ : F B — FR® of principal bundles such that the induced Lie group morphism
¥ : GI(3,R) — GI(3,R) is the identity map. Hence ¥ satisfies

¥(X-g)=¥(X)-g VXeFB, VgeGI(3R).
Notice that, ¥ induces an embedding y : B — R’ verifying
MoV =yomng

In particular, v is an embedding of the macromedium B in R?. Furthermore, it satisfies that the subbundle W(FB) of FR? is just the frame
bundle of y( B), i.e.,
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Y(FB) = Fy(B).

Since we are dealing with equivariant embeddings, we can consider equivalence classes of the 1-jets j}( \I,(})‘P according to the action (7).

So, the equivalence class of a 1-jet j)l—”,( ¥, which is denoted by j)lw( x) Y like in the non-holonomic groupoid of second order, is called an

%)
infinitesimal configuration at X. We usually identify the Cosserat medium with a configuration, say Wy : FI3 — FR?, and we denote by v,
the induced map of Wo. ¥y is called reference configuration. Given any configuration ¥, the change of configuration & = ¥ o ;' is called a
deformation, and its class of 1-jets j\lyo Ok is called an infinitesimal deformation at yo(X). Notice that the induced map of %, is given by
K=yoyp .

From now on we make the following identification: F B = Fyy( B).

Our assumption is that the material is completely characterized by one differentiable function W : J*(F3) — V over a vector space V.
This map measures, for instance, the stored energy per unit mass and, again, we will call this function response functional or mechanical
response. Notice that, by trivializing with the reference configuration, this map may be written as a differentiable map W (X, F) depending on
points X in the macromedium and the Jacobian matrix F of the (local) isomorphisms from FR? to FR®.

Now, suppose that an infinitesimal neighbourhood of the material around the point Y can be turned into a neighbourhood of X such
that the transformation cannot be detected by any mechanical experiment. If this condition is satisfied with every material particle X of 13, the
body is said uniform. We may express this physical property in a geometric way as follows.

Definition 10. A Cosserat continuum  is said to be uniform if for each two points X, Y € B there exists a local principal bundle isomor-
phism over the identity map on GI(3,R), ¥, from FU ¢ FB with X € U to FV ¢ FB with Y € V, where U and V are open neighbourhood of
M, such that y(X) = Y and

W(J'i',qs(y)q’ o Jg(,Y\P) = W(j;«b(Y)cD)’ (13)

for all infinitesimal configuration j i,’q)(y)CD.

1-jets jx y'¥ satisfying Eq. (13) will be called material isomorphisms from X to Y and will be relevant for the sequel. Two material points
X, Y will be called materially isomorphic if there exists a material isomorphism from X to Y. Notice that the relation of “materially isomorphic”
is an equivalence relation.

By composing the reference configuration with the material isomorphism, we may prove the following result.

Proposition 4. Let F B be a Cosserat material. Two body particles X and Y are materially isomorphic if, and only if, there exist two (local)
configurations ¥, and ¥ such that

Wi(X,F) = wo(Y,F), VF,

where W is the mechanical response associated to ¥; for i = 1,2.

This result provides us an intuition behind the notion of material isomorphism. In fact, two particles will be made of the same material
if the mechanical response is the same under the action of two (possibly different) reference configurations.

For any two particles X and Y, we will denote by G(X,Y) the collection of all 1-jets jx y'¥ which satisfy Eq. (13). So, the set Q(B)
= Ux,yesG(X, Y) can be considered as a groupoid over 3 which is, indeed, a subgroupoid of the second-order non-holonomic groupoid
J'(FB). So, as an abuse of notation, we will denote the structure maps of Q(B) using the same symbols used for the structure maps of
J'(FB). We will also denote @ ' (X) [resp. " (X)] by Qx(B) [resp. Q*(B)]. Q( B) is said to be the second-order non-holonomic material
groupoid of B.

Definition 11. Given a material point X € B a material symmetry at X is a class of 1-jets jy x'¥, where ¥ is a local automorphism at X
over the identity map on GI(3,R), which satisfies Eq. (13).

We denote by G(X) the set of all material symmetries which is, indeed, the isotropy group of Q(B) at X (see Definition 5). So, the
following result is obvious.

Proposition 5. Let BB be a Cosserat continuum. B is uniform if, and only if, Q( B) is a transitive subgroupoid of J' (FB).

Observe that the Q( B) does not necessarily have a stucture of Lie groupoid. Indeed, notice that the definition of uniformity is a pointwise
property. In fact, consider a uniform Cosserat body F 5 and a fixed particle Xy, for any other particle Y we may choose a material isomorphism
from Y to Xy, say P(Y). So, we can construct a map P : B — J' (FB) consisting of material isomorphisms. Nevertheless, P does not have to
be differentiable. In other words, even when the Cosserat manifold is uniform, the choice of the material isomorphisms is not, necessarily,
smooth.
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Definition 12. A body B is said to be smoothly uniform if for each material point X € B there is a neighbourhood ¢ around X and
a smooth map P: U — J'(FB) such that for all Y € I it satisfies that P(Y) is a material isomorphism from Y to X. The map P is called
a left (local) smooth field of material isomorphisms at X. A right (local) smooth field of material isomorphisms at X will be a smooth map
P: U — J'(FB) such that for all Y € I/ it satisfies that P(Y) is a material isomorphism from X to Y.

Assume that P is a right (local) smooth field of material isomorphisms at a material point T. Then, P generates a smooth section P of the
anchor map (@, B) of Q( B) in the following way,
P(X,Y) = P(Y)[P(X)"] (14)

The converse is also true. In other words, any smooth section P of the anchor map (R, E) of Q( B), generates a right smooth field of material
isomorphisms (and a left smooth field of material isomorphisms) satisfying Eq. (14). Notice that, here, the word section has a categorical
meaning; in fact, these sections should satisfy that

P(Z,Y)  P(X,Z) = P(X,Y), VX,Y,Z¢€ B.

The smooth sections P of the anchor map (R,B) will be called smooth field of material isomorphisms.
On the other hand, we may define a map

W(irgr®) = W(irgn®),

on the space of the 1-jets of local diffeomorphisms ® at a fixed material point T. In other words, W is the restriction of W to the space of the
1-jets of local diffeomorphisms ® at a fixed material point T.
We have that, for any 1-jet j;,w(y)‘l’

W(ivyn'¥) = W(ivym ¥ - P(Y)) = W(jyym ¥ - P(Y)) (15)

The meaning of Eq. (15) is that the dependence of the mechanical response (near to a material particle) of the body coordinates is given by a
multiplication of j i’,w(Y)‘P to the right by a right smooth field of material isomorphisms.
So, we may prove the following result.

Proposition 6. Let BB be a Cosserat continuum. B is smoothly uniform if, and only if, Q( B) is a transitive Lie subgroupoid of J* (FB).

In Ref. 42, the authors assume that Q(B) is in fact a Lie subgroupoid in order to characterize some properties like uniformity and
homogeneity. Here, we will not assume this fact and, to deal with this problem, we refer to the characteristic distributions.'””

Let us present a particular case of this model, the so-called second-grade elastic materials.’” In this case, it is assumed that the material
response of the body B [see Eq. (12)] not only depend on the first derivative of the configuration, but on both the first and the second gradient
of the deformation. In other words, the mechanical response of a second-grade material is given by a differentiable map

wW:j'(FB) -V

over a vector space V, where j' (FB) is the second-order holonomic groupoid over B [see Eq. (9)].

Remark 2. Let FBbe a Cosserat medium, whose mechanical response is given by W : J' (FB) — V. Then, taking into account that, the
second-order holonomic groupoid j'(FB) is a Lie subgroupoid of the second-order non-holonomic groupoid J*' (F13), we may restrict W
into a differentiable map W : j'(FB) — V.

Thus, one could think that any Cosserat material may be studied as a second-grade material. However, since the map W encodes all
the internal properties of the material, we may lose information with the restriction. So, the following question arise: How to ensure that the
restriction does not induce a “loss of information.” To answer this question, we refer to Ref. 25. &

Let B be a Cosserat medium, with W as mechanical response. According to Ref. 25, we will say that 5 is a second-grade material, if all
the material isomorphisms are natural prolongations to the frame bundle of the induced diffeomorphisms on the basis, i.e., all the material
isomorphisms are 1-jets j yFy, where v is a local diffeomorphism on the body B.

Let us consider the set Q( B) of 1-jets j y Fy satisfying Eq. (13), for alocal diffeomorphism y : B — B. In other words, Q( B) is the set of
all material isomorphisms which are natural prolongations of local diffeomorphisms. It satisfies that Q( ) has the structure of a subgroupoid
of the second-order holonomic groupoid over B, j'(FB). It is also true that Q( B) is a subgroupoid of the second-order non-holonomic
material groupoid, Q( B). In fact,

Q(B) =Q(B)nj' (FB) (16)
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Q(B) is called second-order holonomic material groupoid. Therefore, for any Cosserat material, there always are two canonically defined
groupoids, Q( B) and Q( B), which are useful to study the constitutive properties of the material. In fact, we may use them to differenciate
between second-grade material and bona-fide Cosserat materials.

Proposition 7. Let BB be a Cosserat medium, with W as mechanical response. Then, B is a second-grade material if, and only if,

Q(B) = A(B)

IV. COSSERAT CHARACTERISTIC DISTRIBUTIONS

Let FBB be a Cosserat medium, whose mechanical response is given by W : J'(FB) — V. Then, we have constructed two canonically
defined groupoids, Q( B) and Q( B), which are subgroupoids of the Lie groupoid ' (F B). However, these two groupoids do not have to be
Lie subgroupoids of J ' (FB) and, therefore, we are facing a framework in which the characteristic distributions may be constructed.

The characteristic distribution AQ(B)" of the non-holonomic material groupoid of second order will be called the non-holonomic
material distribution of second-order. On the other hand, the base-characteristic distribution AQ(B)¥ will be called the non-holonomic body-

material distribution of second order. o
Let ® be an admissible vector field for the couple [J'(FB), Q( B)], i.e., its (local) flow ¥ (¢(X)) at the identity €(X) = jx xIdrs, where
Idr g is the identity over F B, satisfies that

W7 (e(X)) € (B)

forall X € Band t in the domain of the flow at €(X). Therefore, for any g € /' (FB)s, we have

TW(0(g)) - a%(w(wf’@)))

- oo (Wle ¥oe(a)))

= T%(W(g)) =0.

Hence, we have that
TW(®) =0 (17)

The converse is proved in a similar way. Therefore, although the construction of the characteristic distribution is quite abstract, in the case of a
Cosserat material this distribution may be completely described and calculated following Eq. (17). In fact, let us consider a (local) left-invariant
vector field ® on J ' (FB). Therefore, we have
0= ®i+®f 0 @{.i+®?ki
0x oyl oyl

1

Then, by using that © is left-invariant and Eq. (10), the local expression of ® may be written as,

[y1k® +)’,1®k+)’1 zk] o

i 0 i 0 il 3
G)—G)@er,@ +y,,® 8 ]

"oyl y!

where all the functions @, ® e .j»and o' i« depend on the material points of the body manifold 5 [which are given by a(g), when the vector
field is evaluated on g]. Thus, © is an admissible vector field for the couple [J* (FB), Q(B)] if, and only if,

= 0. (18)

o ol W ow] g ow L aw ] o ow
R i y”‘af {ERRCE N N

In other words, to construct the non-holonomic material distribution of second-order we have to find (local) functions on the body B, @',
G)’ ©’; and @' solving the linear Eq. (18). In this way, the local functions ®' generate non-holonomic body-material distribution of second

order AQ( B )”. This equation will be called non-holonomic material equation for Cosserat media.
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Let us now work with the holonomic material groupoid Q( B). First, the characteristic distribution AQ(B)” of the holonomic material
groupoid of second order will be called the holonomic material distribution of second-order. On the other hand, the base-characteristic
distribution AQ( B)* will be called the holonomic body-material distribution of second order.

Next, let @ be an admissible vector field for the couple [J'(FB), Q(B)]. Then, its (local) flow ¥{ ((X)) at the identity €(X) = j xIdrs
is totally contained in Q(B) < j' (FB). Therefore, this flow should be given by

¥P (e(X)) = Jlllyﬁj, (X),XF%@

i.e., the flow of @ is totally characterized by the flow of the projected vector field ® = T& o © o € (y). This kind of vector fields are sometimes
called complete lift of ®!. So,

0. o2 . ;00" 9 N ;00" 9 ;00 ;00 ; o%e

9
i _ _ 4 -4yl T4 . —,
ax U ax oyl T ax byl [y Wy g T ax*axk]ay{k

where the functions ® depend on the material points of the body manifold B. Thus, ® is an admissible vector field for the couple
[J'(FB),Q(B)] if, and only if,

(19)

OW 90| ;oW ;9 jow o aw | 9@ jow
~O st T T Ve Pming |t aaadi A =0
ox'  Ox oy; ay; ) Wi | Ox'Ox™"" Oy,

Therefore, to construct the holonomic material distribution of second order, we have to solve a second order partial differential Eq. (19).
In particular, the functions ®' solving the partial differential equation (19) generate the holonomic body-material distribution of second order.
This equation will be called holonomic material equation for Cosserat media.

The foliations associated with the (non-)holonomic material distribution of second order and the (non-)holonomic body-material distri-
bution of second order will be called (non-)holonomic material foliation of second order and (non-)holonomic body-material foliation of second
order, and denoted by (N'F) F, (N F) F, respectively.

For each X ¢ 13, we will denote the Lie groupoids Q( B) (N F(X)) and Q( B)( F (X)) by Q(N F(X)) and Q( F (X)), respectively (see
Theorem 3). Recall that Q( B) (N F (X)) is a subgroupoid of Q( B) (F(X)).

Observe that in continuum mechanics a sub-body of a body B is given by an open submanifold of B. Here, however, the foliation F
gives us submanifolds of different dimensions (not only dimension 3). Thus, we will follow'>"” for a more general definition.

Definition 13. Let us consider a submanifold P of B. Then, a Cosserat submanifold of F B is given by all the elements of F 3 at points of
‘P, which is denoted by FP. In cases where it causes no confusion we will refer to the Cosserat material as the submanifold P.

It is important to note that any Cosserat submanifold P inherits certain material structure from B. In particular, the material response
of a material submanifold 7P is measured by restricting W to the 1-jets of local isomorphisms ¥ on F 3 from FP to F'P. However, it is easy to
observe that a material submanifold of a Cosserat medium is not exactly a Cosserat material (the dimension of P is not restricted to be three).

Related with Ref. 25, we will say that a Cosserat submanifold P is a second-grade material submanifold, if all the material isomorphisms
from points on P to points on P are natural prolongations to the frame bundle of the induced diffeomorphisms on 5. In other words, all the
material isomorphisms from P to P are 1-jets j yFy, where y is a local diffeomorphism on the body B.

As a corollary of Theorem 1 and Proposition 2, we have the following result.

Theorem 8. The non-holonomic body-material foliation N'F (resp. holonomic body-material foliation F) divides the body B into
maximal smoothly uniform Cosserat submanifolds (resp. second-grade material submanifolds).

It should be also observed that, in this case, “maximal” means that any other foliation # by smoothly uniform material submanifolds
(resp. second-grade material submanifolds) is thinner than N F (resp. F), i.e.,

H(X) € NF(X)(resp. F(X)), VXeB

We should notice that this result provides us two different and intuitive divisions of the Cosserat material. First, a Cosserat material could be
strictly non-uniform. However, it may be maximally decomposed into “(smoothly) uniform parts” and this decomposition is, in fact, a foliation
N F of the macromedium.
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Theorem 9. Let F13 be a Cosserat material whose mechanical response is denoted by W. Then, B is smoothly uniform if, and only if, the
non-holonomic material equation for Cosserat media (18)

ow gl gow s ow] ol ew S aw] o
o y’af y”‘af i P y"”af ’

may be solved for any initial condition for the triple [®"(X), ©*(X),® (X)), forall X ¢ B.

Notice that, for any (local) admissible vector field

0=0 i+@fi+®f 9 @fki
ox dy! Oy, ] " ay,{k
it satisfies that, locally
i 0
ol =0~
ox'

Therefore, the functions ©' solving Eq. (18) correspond with the coordinates of the projection ®* of the admissible vector fields © for the
couple [J' (FB), Q(B)]. So, for each material particle X € 1, we may consider the space

ck = {©'(X) : Oisanadmissible vector field}

Observe that the Eq. (18) is linear with respect to the solutions (@i, ®ij ) Therefore, Ck is a vector subspace of Tx 3 and it is equal to the fibre
of the non-holonomic material distribution of second-order at X, i.e.,

ck = AQ(B)k
Hence, we may reformulate Theorem 9 in the following way.

__ Theorem 10. Let FB be a Cosserat material whose mechanical response is denoted by W. Then, B is smoothly uniform if, and only if,
AQ(B)! has dimension 3 for all particle X € B.

Thus, among other conclusions, we only have to solve Eq. (18) for initial conditions on a basis of R3.

In this way, as a summary, Eq. (18) works to study the uniformity property of the material. On the other hand, the holonomic material
equation for Cosserat media (19) will be useful to study both, the uniformity and the property of “being a second-grade material,” at the same
time.

So, as a second division of the material B provided by Theorem 8, the Cosserat material may be maximally decomposed into “(smoothly)
uniform second-grade submanifolds” and this decomposition is, again, a foliation F of the macromedium. So, a smoothly uniform material is
a second grade material if, and only if, the foliation F consists of only one leaf (equal to B).

Theorem 11. Let F B be a Cosserat material whose mechanical response is denoted by W. Then, B is a smoothly uniform second-grade
material if, and only if, the holonomic material equation for Cosserat media (19)

aw+a@’ JOW W ow ;i ow | 9@ jow

-0 ;
ox'  0x 8 ] g0 8)/ ylka J +ym’18yfn‘i x' Ox* 18 ]

may be solved for any initial condition for the triple [@" (X), ©*(X),® (X)), forall X ¢ B.

Again, the functions ®' solving Eq. (19) correspond with the coordinates of the projection ®* of the admissible vector fields ® for the
couple [J'(FB), Q( B)] and the space of the evaluations of these vector fields onto a particle X € Bis the fibre AQ(B)%. Therefore, we may
reformulate Theorem 11 in the following way.

Theorem 12. Let F B be a Cosserat material whose mechanical response is denoted by W. Then, B is a smoothly uniform second-grade
material if, and only if, AQ(B)% has dimension 3 for all particle X € B.
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In particular, a smoothly uniform Cosserat material is a second-grade material if, and only if, the space of solution of Eq. (19) has dimen-
sion 3 at all the points. However, this result is not enough to characterize the second-grade character of arbitrary (uniform or not) Cosserat
medium.

Theorem 13. Let F B be a Cosserat material whose mechanical response is denoted by W. Then, all the material submanifolds of B given
by its maximal division in smoothly uniform materials are second-grade material submanifolds, if and only if, at each particle X, all the (local)

solutions @' for Eq. (19) generate all the solutions of Eq. (18) by the following equalities @ij = %(3], @Jl = %2,.1 and @ijk = %.

Proof. Assume that, for each particle X, all the (local) solutions @' for Eq. (19) generate all the solutions of Eq. (18). Then, equivalently,
S\ T T
AQ(B)z(xy = AQB)z(x)s
for all X € B. Thus,
NF(e(X)) = F(e(X)), VXeB

Therefore, by construction we have
QN F(X)) = A(F(X)),
for all X € B. The converse is is proved following a similar argument. ]

In particular, assume that the non-holonomic material groupoid of second order Q( B) is a Lie groupoid. Then, for all particles X € B,
BH(X) = NF(e(x))
Thus, in the conditions of Theorem 13, one deduces,
B (X) = F(e(X))
Therefore, Q( B) = Q(B).

Theorem 14. Let FB be a Cosserat material whose mechanical response is denoted by W in such a way that the non-holonomic material
groupoid of second order Q(B) is a Lie groupoid. Then, B is a second-grade material, if and only if, at each particle X, all the (local) solutions

@' for Eq. (19) generate all the solutions of Eq. (18) by the following equalities G)ij = %(:)(,j, @J, = ‘?ﬁf and @l{k = 8‘?;2;.

Thus, the Egs. (18) and (19) are also useful to investigate when a Cosserat material (smoothly uniform or not) is, in fact, a second-grade
material by comparing the solutions of both equations.

V. HOMOGENEITY

As we already know, a Cosserat medium is (smoothly) uniform if the function W does depend on the point X in a multiplicative way
[Eq. (15)]. In addition, a Cosserat continuum is said to be homogeneous if we can choose a global section of the non-holonomic material
groupoid of second order which is constant on the body, more precisely.

Definition 14. A Cosserat medium B is said to be homogeneous if it admits a global configuration ¥ which induces a global section of
(&,B) in Q(B), P, ie., foreachX,Y € B

P(X,Y) = jxy (¥ o Fryry—yx) © %), (20)

where T, (y)—y(x) : R® = R’ denotes the translation on R” by the vector y(Y) — y(X), and y is the induced map of ¥ over the macromedium
B. B is said to be locally homogeneous if there exists a covering of 3 by homogeneous open sets. From now on, in cases where it causes no
confusion we will refer to local homogeneity as homogeneity.

Proposition 15. Let F 13 be a Cosserat medium. Then, F B is (locally) homogeneous if, and only if, there exist (local) reference configurations
such that for the associated constitutive laws W does not depend on the base points, i.e.,

W(jxy®:) = W(jizr®2),

whenever it satisfies the associated Jacobian matrix of @, and @, at X and Z, respectively, are equal.
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Therefore, a material body is homogeneous if there exists a configuration such that the material response does not depend on the body
points.

Notice that local homogeneity is obviously more restrictive than smooth uniformity. In fact, a homogeneous Cosserat body is a smoothly
uniform body in which the (local) smooth fields of material isomorphisms (see Definition 12) may be chosen to be induced by configurations
in the sense of Eq. (20). Sections of (R,B) in Q( B) given by Eq. (20) will be called homogeneous sections.

However, in a purely intuitive picture, homogeneity can be interpreted as the absence of defects. Thus, it would make sense to have a
proper definition of homogeneity for non-uniform Cosserat media. In the literature we can already find some partial answer of this ques-
tion [Refs. 43 and 44 for Functionally Graded Materials (FGM’s, for short),'”* for laminated and bundle materials and Ref. 13 for simple
materials].

Definition 15. Let F B be a Cosserat material and P be a submanifold of B. P is said to be homogeneous if, and only if, for all points
X € P there exists a local configuration V¥ of F B on an open subset FU ¢ F B, with P ¢ U, which satisfies that

.1 -1
ivz(Y 0 Fryz)y(vy 0 ),

is a material isomorphism for all Y, Z € P. We will say that P is locally homogeneous if there exists a covering of P by open subsets U, of B
such that U, n P are homogeneous submanifolds of 5.

As we have proved previously, the non-holonomic body-material foliation A/ F divides the body into smoothly uniform components
(see Theorem 8). We will rely on this result to provide the intuition behind the definition of homogeneity of a non-uniform body. Roughly
speaking, a non-uniform Cosserat medium will be (locally) homogeneous when each smoothly uniform material submanifold A F(X) is
(locally) homogeneous and all the uniform material submanifolds can be “straightened at the same time.”

Remark 3. Now, suppose that FB is (locally) homogeneous. Then, if we take the coordinates (xi) on B given by the induced
diffeomorphism y of the Definition 14, we deduce that the section P of Eq. (20) is expressed by

) J J
j OPl api) 1)

i\ i opj
P(X,}’/) = ((xa}’l;Pi):Si’ 8Xk 6yk
In fact, taking into account the expression of the coordinates (8), we have that
Pl Y) = y) (PO, Y)) (er)
Hence, for a fixed two points Xo, Yo € B,
0y (P(Xo, Y0)) (er))
A"

A0 POG o (X)) (e1)
- fo
on) ow)

oxk oy

P/ (X0, Yo) =

where,

v, =¥ (W(X) - y(Xo) + y(Yo))

So, FB is homogeneous if we can cover B by local coordinate systems (x’) which generate (local) fields of material isomorphisms
satisfying Eq. (21). o

Let us consider a smooth section P of the anchor map (&,B) of J'(FB). Then, P generates a left-invariant vector field ® on J'(FB)
in the following way,
_ 0

8x‘ Y

Here, for each two material points X, Y € B, P (X) = P(X, Y). If P is an homogeneous section, in coordinates, we have that,

(23)

J 2pJ 2 pJ
oF - o  op 9 [api +ap,,] )

=% ka7 | okl T Ak
Ox Ox" gyl Lox'x  Oxy |oyl

€SPyl €202 18qWIBAON 82

J. Math. Phys. 64, 092901 (2023); doi: 10.1063/5.0159469 64, 092901-20
© Author(s) 2023


https://pubs.aip.org/aip/jmp

Journal of

i : ARTICLE i -
Mathematical Physics pubs.aip.org/aip/jmp

at the identities. So, smoothly uniform bodies are homogeneous if, and only if, the space of admissible vector fields for the couple
[J'(FB),Q(B)] may be generated by local vector fields given by Eq. (23), for all k or, in other words, we may find coordinates (x') and

local functions Pij on the macromedium I satisfying the equation,

=0, k=1,2,3. (24)

ow  jOPLOW j[ oP, PP ]aw
ox* ( oxk Byij i« AxFxm  axym 8yl{m

Equation (24) is, again, second order partial differential equation and, it will be called homogeneity equation for Cosserat media. Notice
that, Eq. (24) makes sense even without the uniformity condition. So, we will use this to present our definition.

Definition 16. A Cosserat medium B will be said to be homogeneous if it admits coordinates (x'), and functions Pij , globally defined on
the body, satisfying the equation,

Lm i

- OP! I a*pP 2p! ;
(9I/\Z+yl]8P)iBW+(yl]|: 8kP, + 8kpl ]+ J @l)—aw =0. (25)
Ox ox* dy! Ax*x"  Oxy" Oy}
forallk=1,...,dim (Aﬁ( B)) B is said to be locally homogeneous if there exists a covering of 13 by homogeneous open sets.

Theorem 16. Let F B be a Cosserat body. B will be locally homogeneous if, and only if, for all point X € B there exists a local configuration
Y of B, defined on FU with X € U, which satisfies that

Jrz(¥ o T2y o ),
is a material isomorphism forall Z € U n N F(Y).

Proof. Let us assume that F B is (locally) homogeneous. Then, it admits coordinates (xi), and functions Pij , globally defined on the body,
satisfying Eq. (25),

Lm 1

OW  ;OP.OW (1[ o*P! apr.] i Z)aw
ow : ] _

. ow | N IV .
o 1 ok dy! o™ axym oyl

forallk =1,...,dim (AQ(B)). Thus, the local section given by

i (g o\ ui 9P 9P
P(x,y) = ((x,y,p;),a,!, i Byk)

satisfies that, its induced left-invariant vector field ® on J!(FB) is an admissible vector field for the couple (J'(FB),Q(B)), for all
k=1,...,dim (Aﬁ( B)) In other words, the vector fields ®,ZJ are tangent to the non-holonomic material distribution of second order
AQ(B)". Then, by Eq. (22), we may assume that 7P satisfies that

P(Y,X) e NF(e(X)),
for any two material particles X and Y, at the domain U x U of P, at the same fibre [Y € N F(X)], i.e, P is a smooth field of material
isomorphisms when it is restricted to the leaves of the non-holonomic body-material foliation of second order (recall that the non-holonomic

body-material foliation N F divides the body B into maximal smoothly uniform Cosserat submanifolds).
Let us now fix Zo € F2 B such that ﬁz(Zo) =Zy € B. Then, we may define a section P, of 72 given by

Pz (X) = P(Z0,X) - Zo

Observe that, for any two particles X, Y € U,
— — — -1
P(X> Y) = PZO(Y) . [PZO(X)] (26)

On the other hand, by taking into account the projections 72 and 71, we may projects Pz, into two sections of F3 as follows,
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~2 T
o Qy =m0 Py

~2 =
o PZO =7 ©° PZO

Notice that, by the local coordinates of P, we have that, there are local coordinates  of B in such a way that,

Q2 (X) = jox(v " o 1y())

Thus, we construct the following map
Y: FV - FU

jozf = Py (2) joo(r-zo f)
V¥ is a local principal bundle isomorphism over ™! with inverse given by

jozg € FU jownTyzy - [Pz (2)]7" - joss.

In fact, we may prove that
P (X) = j x(¥ 0 Fryx))

Therefore, by using Eq. (26), we have that
PXY) = jxy (¥ o Fryyy—yo 0¥ '), YX, Y el

Consequently, P is a homogeneous sections for all the leaves of the non-holonomic body-material foliation of second order with non-empty
intersection with the domain of P.
The converse is analagous. o

It is remarkable that, this theorem provides an intuitive view of the definition of homogeneity for non-uniform Cosserat bodies. In fact,
roughly speaking, a Cosserat medium will be homogeneous, if all the leaves A/ F(X) of the unique division of the material into smoothly
uniform Cosserat submanifolds are homogeneous (in the sense of Definition 15). Notice also that, the condition that all the leaves N F(X)
are homogeneous is not enough in order to have the homogeneity of the body B because there is also a condition of compatibility with the
foliation structure of N F given by the fact of that for all the leaves there are configuration which are homogeneous for all the leaves at the
same time. In mathematical terminology, this fact means that the homogeneous sections are induced by foliated charts for the foliation N F.

Thus, the definition of homogeneity for a smoothly uniform Cosserat medium coincides with Definition 15.

VI. CONCLUSIONS

In this paper we have dealt with a model for media with microstructure, called Cosserat material. Here, we have used the so-called
characteristic distributions.

Thus, for the case of Cosserat material, we have considered two different, but canonically defined, characteristic distribution, called
non-holonomic material distribution of second order and holonomic material distribution of second order, respectively. Denoting by W to the
mechanical response, we have proved that both distributions are characterized by the left-invariant vector fields which are in the kernel of TW
[Eq. (17)] and the complete lift of vector fields on the macromedium B which are in the kernel of TW, respectively. Therefore, we have found
two different equations to construct these characteristic distributions without integrating vector fields (see definition of the characteristic
distribution in Sec. IT),

¢ Non-holonomic material equation for Cosserat media (18)

W OW oW %) oW oW
—O' SOyl [ Oy [+ Ol =0
x dy; i Ay i i

e Holonomic material equation for Cosserat media (19)

-0

oW 00| oW oW OW  ; OW | 9@ oW

o ax | 8yij i 8}/)}; Yk 8)/,.]; P Fmi 6)/,{1!,. 8xi6xkyl ay,{ f .

We have also proved that the Cosserat material is uniquely divided into smoothly uniform submanifolds and second-grade material
submanifolds, respectively. Furhtermore, the space of solutions of these equations characterizes these two properties (Theorems 9, 11,
13, and 14).
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Finally, by using these results, we have dealt we another property, homogeneity. In particular, we have been able to define, by first
time, a notion of homogeneity which is valid for non-uniform materials and generalizes the known notion of homogeneity. Roughly
speaking, a Cosserat material will be homogeneous, when each smoothly uniform material submanifold is homogeneous and all the
uniform material submanifolds can be “straightened at the same time.”
Next, we found another differential equation,

o Homogeneity equation for Cosserat media (25)

P! T o%p 2pl _
oW Jap,aﬂ+(y{[ap, 8P,]+] ,)8W:0,

RALAN : L=
ox* ¢ ax* oyl oxFxm  AxFym bt ) oyl

im

which characterizes this intuitive notion of homogeneity.
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