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EXISTENCE THEOREM FOR NONLINEAR MICROPOLAR ELASTICITY *

Josip TAMBACA! AND IGOR VELCIG!

Abstract. In this paper we give an existence theorem for the equilibrium problem for nonlinear
micropolar elastic body. We consider the problem in its minimization formulation and apply the direct
methods of the calculus of variations. As the main step towards the existence theorem, under some
conditions, we prove the equivalence of the sequential weak lower semicontinuity of the total energy
and the quasiconvexity, in some variables, of the stored energy function.
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1. INTRODUCTION

In this paper we investigate the existence of solutions of the equilibrium problem of nonlinear three-dimensi-
onal micropolar elasticity. Micropolar continuum is a generalized continuum for which, in contrast to the
classical elasticity, the unknowns in the problem are the deformation field ¢ and independent microrotation
field R (a function with values in rotations); namely the points are allowed to rotate without stretch. Such
generalized continua are introduced by the Cosserat brothers in [5]. For the overview of the micropolar elasticity
see [7]. For the physical relevance of the micropolar (and micromorphic) elasticity in conjunction with finite
elasto-plasticity and elastic metallic foams see [18,21].

Existence theorems in the linearized micropolar elasticity are usually based on the uniform positivity of
the stored energy function (see [9] or [1]). A new approach has been taken by Neff in [10,16] which avoids
some inherent problems when relating the model to specific physical situations. The first existence theorems
for geometrically exact Cosserat and micromorphic models, based on convexity arguments are given in [17]
(micromorphic elasticity is more general theory than micropolar elasticity). Also, for generalized continua with
microstructure the existence theorem is given in [11] where convexity in the derivative of the variable which
describes microstructure is demanded (in the micropolar case that would mean convexity in VR). In our work
we extend these developments in the micropolar case to more general constitutive behavior.

The methods we apply are the direct methods of the calculus of variations. Therefore we consider the
equilibrium problem of the micropolar elasticity as the minimization problem for the total energy functional
and look for its minimizers. We restrict ourselves to the case of the stored density function satisfying the standard
growth conditions of order p as used in most works of classical finite elasticity. These conditions exclude to
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describe the failure of materials. We adapt methods from [3,6] applied in the case of classical elasticity. In the
classical elasticity under some conditions on the stored density function the sequential weak lower semicontinuity
of the total energy is equivalent to the quasiconvexity of the stored energy function in variable V. We extend
this result and give the necessary and sufficient condition on the stored energy function of the micropolar body
such that the total energy functional is sequentially weakly lower semicontinuous. This is important because
the sequential weak lower semicontinuity together with coerciveness of the internal energy implies the existence
of minimizers of the total energy. Moreover, the sequential weak lower semicontinuity plays the role in the
justification of the lower dimensional models from three-dimensional theories by means of I'-convergence (for
the derivation and justification of the models for geometrically exact Cosserat plates and shells see [15,19]).
In micropolar theory the stored energy function should be quasiconvex in variable V¢ and variable w which
we introduce and which describes the derivatives of the micropolar rotation R. The main difficulty of the
problem is that we are dealing with the nonlinear manifold SO(3). On the other hand the main drawback of
the technique is that the condition p > 3 on the space WP (Q), where we look for solution, is imposed. This
excludes some interesting stored energy functions (like quadratic, which is analogous to the classical St. Venant
Kirchhoff material, see [4,25]). We hope we will be able to overcome this condition.

By A, we denote skew-symmetric matrix associated to its axial vector v, i.e. A,z = v X . By at we
denote the axial vector of T —T? i.e. T —TT = A,,. Note that

T-A,=ar- v. (1.1)

Summation convention for the repeated indices is used. I denotes a unit matrix in the appropriate dimension.

2. MICROPOLAR ELASTICITY

Let © C R™ be an open bounded set with Lipschitz boundary. We assume € to be a reference configuration of
a micropolar body. That means, in contrast to the classical elasticity where the motion of a material particle is
fully described by a vector function called deformation function ¢ :  — R3, that material particles undergo an
additional micromotion, corresponding to the rotation R : Q — SO(3) of the material particle at the microscale.
Micropolar continua is a special case of the microstretch continua, both introduced by A.C. Eringen in mid
1960s. For the foundation of the theory see [7].

As R is a rotation there are vectors w; such that

C%'RZ(.«JZ‘XR, t=1,...,m,

where the vector product is taken with respect to the columns of R. Vectors w; can then be expressed in terms
of R = (R1 R2 R3) by

1— —
w; = §RJ x@iRj, 1=1,...,m. (2.1)
The strain measures (deformation tensors) are given by

T=R'Vy, TI=Rw, (2.2)

where w = (w1 ws w3); here U is usually called the non-symmetric first Cosserat stretch tensor. Note here
that for instance for m = 3 in the rigid motion case U = I and T' = 0. In the sequel we assume that the
material is homogeneous and that the energy is a function of ¢, R,w which is bounded below. To be more
precise we shall assume that there exists a continuous stored energy function W : R3*™ x SO(3) x R3*™ — R
(i.e. W(Vep,R,w) is the volume density of the internal energy of the body in the reference configuration). We
shall not consider more realistic case when W have singularities for det Vo = 0. Our motivating examples for
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the stored energy function are polynomials in strains U, T'. The total energy is then given by

I, (p)dS — / v, (R)dS. (2.3)

e

e R = [ (W(Te.Rw) - llsle) - Ma(@)av - |

I's

Let I' C 09 is a part of the boundary where the Dirichlet boundary conditions will be prescribed; I's C 01,
I'NT's = () is a part of the boundary, where traction boundary conditions in the form of the potential of applied
surface forces Iy are given. In addition, I'c € 9Q, I'NT'c = ) is the part of the boundary where the potential
of external surface couples are applied. On the remaining part of the boundary OQ\{T'UT's UT¢} the body is
free of contact forces and couples. The potential of the external applied volume force is Iy and IIng takes the
role of the potential of applied external volume couples. For simplicity we assume

s () = (f. o), Im(R) = (M, R), IIa(p) = (n, ¢), IIm, (R) = (M, R) (2.4)

for the potential of applied loads with given functions f: Q — R3, M: Q - R3>3 n:T'gs - R3 M, :I'¢ —
R3%3 and where (-, -) stands for the standard scalar product. -
Let the Dirichlet boundary conditions on I' are given by g, : I' — R3, Ry : I' — SO(3) and let

® = {(¢,R) € WH(Q,R?) x W'(Q,50(3)) : ¢lr = g4, Rlr = Ra},
where the boundary conditions are understood in the sense of traces and
WhP(Q,50(3)) = {R € WHP(Q,R**3) : R(x) € SO(3) for a.e. z € Q}

with the induced strong and weak topologies. Let us emphasize that the strong or the weak limit of the sequence
of the elements of WP(€,SO(3)) is also an element of that space. This is due to the fact that both convergences
imply that Ry(z) — R(z) a.e. = in Q at least on a subsequence and this implies that R(z) is a.e. a rotation.
The similar statement was needed in [20].

Let ¢ be the conjugated exponent to p. We assume f € LY(Q,R3), M € LI(Q,R?**3), n € LY('s,R?), M, €
Li(T¢,R3*3), g, € LP(T,R?) and Ry : T' — SO(3) measurable. The equilibrium problem of the micropolar
elastic body is now given by the minimization problem for the total energy functional I

fi R)ed I — inf T . 2.
nd (¢,R) € @, (¢, R) ik, (,8) (2.5)

In the sequel we will study the minimizing sequence (<pk,ﬁk)k € ®of, ie.

I(o" R inf  I(x,8).
(¢ )wag)e@ (¥,8)

Definition 2.1. Let X be a Banach space and I : X — R. I is sequentially weakly lower semicontinuous if for
all z € X and all (z1)r C X such that z — 2z weakly it follows

I(xz) < liminf I(xy).
k—o00

The following proposition is well known in the classical elasticity.

Proposition 2.2. Let Q@ C R™ be an open bounded set with the Lipschitz boundary and p € (1,00). Let the
minimizing sequence of the energy functional I on ® is bounded in WP (Q,R3) x WLP(Q,SO(3)) and assume
that I is sequentially weakly lower semicontinuous in the same space. Then any weak limit of the minimizing
sequence is a minimum point of I.
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Proof. Since (cpk,f_{k) is bounded in W'P(Q,R?) x WP(€,80(3)) it converges and there exist a wealk limit
(p,R) at least for a subsequence. Note that R is the element of W1?(,SO(3)). Let

= inf I(y,S).
M= pBee T #S)

Note that compactness of the embeddings W?(Q) < LP(T) implies that ¢|r = g;, R|r = Ra. Now we have

m<I(p,R) < liminfl(gok,ﬁk) =m

k—o0
which concludes the proof. O

Remark 2.3. To guarantee the boundedness of the minimizing sequence one can, like in the classical elasticity,
assume meas (I') > 0 and the coerciveness of the stored energy function, i.e. that there exist constants C; > 0,
C5 such that
W(A,R,B) > C1(|A|P + |B||P) + Ca, VA,B € R**™ R € SO(3).
Note that there are some physically significant situations where this is violated (see [18] how to deal with them).
Using the compactness of the embedding WP (Q) < LP(T') and W1P(Q) < LP(Q) we see that the question

of the sequentially weakly lower semicontinuity of the total energy functional reduces to the question of the
sequentially weakly lower semicontinuity of the strain energy, i.e. of the functional (in the sequel denoted by I)

I = [ W(VeRw)
Q
Remark 2.4. The objectivity (frame-indifference) of the stored energy function implies
W(QA,QR,QB) =W (A,R,B), VA BcR*>*™ R,QcSO(3). (2.6)

Now plugging in Q = R’ we conclude that there exists a function W : R3X™ x R3*™ — R such that

W(A,R,B)=W([®R AR B).

Therefore the stored energy function depends only on strains (this makes U and T to be strain measures). The
functions which satisfy (2.6) we call objective (frame-indifferent).

In the following two sections we will prove, under some conditions, the equivalence of the sequentially weakly
lower semicontinuity and the quasiconvexity of the stored energy function with respect to the first and last
variable. Therefore we have the following existence theorem.

Theorem 2.5. Let Q C R™ be an open bounded set with the Lipschitz boundary and m < p < oo. Let
W R3X™ x SO(3) x R3*™ — R be a quasiconver in the first and the last variable (see Thm. 3.9 for definition)
and objective function which satisfies

(a) (growth condition) W(A,R,B) < K(1+ |A|? +|B||?), A,BecR3>*™ R €S0(3),
(b) (coercivity) there exist C1 > 0 and Cy € R such that

W(A,R,B) > C1(|A|” + |B||P) + Cy, VA, B € R¥>™ R € SO(3).

Then the total energy functional I given in (2.3) and (2.4) with meas(T") > 0 attains its minimum in the set ®
if ® is nonempty.

Proof. Directly from Proposition 2.2 and Corollary 4.11. (]
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Remark 2.6. Note that we have assumed that the material is homogeneous, i.e. the stored energy function W
is independent of the space variable x. We believe that nonhomogeneous case can be treated as well, by adapting
the techniques from [6].

Remark 2.7. Let us consider the case when the coupling between V¢ and w is absent, i.e.
W(Aa Ea B) =W (Aa E) +Ws (Ev B)

(this occurs for centrosymmetric bodies, see [23], p. 14). Let W7 and W> be quasiconvex and objective and for
m < p<ooand 1 <r < oo satisfy

(a) Wi(AR) < K(1+[[A]"), W2(R,B) < K(1+B[") A,BeR>™ R eSO(3);

(b) there exist C; > 0 and C3 € R such that

Wi(A,R) > C1||A]|" + Cy, Wa(R,B) > Cy|B|P +C; VA,Bc¢ R3>*™ R e SO(3).
Then using the same techniques one can prove the existence of minimizers for the functional I in the set
¢ = {(cp,ﬁ) € WLT(QaRB) X Wl’p(Q7SO(3)) : <10|I’ = gdaﬁh’ = Ed}a

provided that meas (I') > 0.

Remark 2.8. If we introduce a simple isotropic quadratic stored energy function (as treated e.g. in [14]) of the
type

_ _ _ A
W(Ve,R,w) = pllsymU — I||* 4 pc||skewU||* + 5 tr[U - 12 + pL2|w|?, p>3

we conclude that the coerciveness assumption would imply . > 0. This is undesirable property since there
are some physical situations where p. = 0 is a reasonable choice (see [18]). However, in the existence proof the
coerciveness is needed just to conclude that the minimizing sequence is bounded. Therefore we can deal with
this situation like in [17], using extended three dimensional Korn’s inequality proved in [24] (which improves the
result in [13]). Also note that the existence result for this energy (which can be proved by convexity arguments,
see [17]) is guaranteed by Remark 2.7.

Remark 2.9. Some nontrivial examples of stored energy functions covered by Theorem 2.5 can be found in
the form

W(A,R,B) = W (R’ A) + W,(R' B)

where W7, Wy are polyconvex functions (see [6], p. 99) that satisfy growth assumptions (a) and (b). As poly-
convexity implies quasiconvexity (see [6], p. 102) the Theorem 2.5 can be applied in this case.

At the end of this section note that usually the stored energy function W is chosen to depend on Ve, R
and O;R. Instead of that we have assumed the dependence on Vi, R and w. Motivation for this change
was that, due to R being rotation (it belongs to the three-dimensional manifold SO(3)), derivatives of R are
dependent (there are 27 of them). However, w has independent components and there is one-to-one, purely
algebraic, correspondence between (f_{, OR) and (f_{,w) for R being a rotation. Note as well that there is an
analogy between vector columns of w and angular velocity. For this change the Lemma 2.10 is essential. That
all 27 9;R derivatives can be controlled (and expressed) by 9 independent components is already noted in [22]
where Curl R is suggested as curvature measure. The reason why we work with w is the way the oscillations of
R affect w (see Lem. 3.7).

For R € WP(Q,S0(3)) using (2.1) we associate the mapping R — w(R) € W1P(Q,R**3) and by abuse of
notation denote

1— —
wi:w(R)iZQijﬁiRj, t=1,...,m.
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Lemma 2.10. Let Q@ C R™ be a bounded open set and p € (1,00]. Let f_{k, R € W'P(Q,50(3)) and let
wh = wk(ﬁk)i,wi =w(R);. Then R -~ Rin WhP(Q,50(3)) if and only if

R' - Rin LP(Q,R?) and w¥ — w; in LP(Q,R?), i=1,...,m.

Moreover, the same holds for the weak convergence (weak * for p = o00).
Proof. By approximating 2 by a increasing countable union of open sets which are finite union of open cubes
and compactness of the embedding WP(Q) < LP()') for €’ bounded open set with Lipschitz boundary, we

conclude that at least on a subsequence: R (z) — R(x) for a.e. x € Q. Since wk is given by terms aif_{?lf_{f,m
it is enough to prove that if f¥ — f (f¥ — f)in L?(Q) and ¢¥ — g a.e. and if there exists M such that
HngLOO(Q) < M then f¥gk — fg (fFg* — fg) in LP(Q). Let us consider the strong convergence first

L1t = sap <2t ([ 10 grighe + [ 1l - o).

The first term on the right hand side tends to zero as fr — f in LP(Q) and ||g*|| () < M. The second term
on the right hand side tends to zero by the Lebesgue dominated convergence theorem.

For the weak convergence since f¥g* is bounded in LP((2) it is enough to use test functions v € L>(Q). We
have to prove that fQ fog*yp — fQ fg. Similarly as before one has

k ko _ ki k ko
/Q<fgw fav) /Qf(g g)w+/9(f .

The first term on the right hand side tends to zero by the Holder inequality and the Lebesgue dominated
convergence theorem. The second term on the right hand side tends to zero by the property f* — f.

Since, by the same argumentation, every subsequence has its subsequence such that these convergences are
satisfied, we have proved the theorem. O

Remark 2.11. In the case p = 1 from Dunford-Pettis theorem we conclude
ff¥— fin L' and ¢* — g a.e. and ||gF||p~ < M = f*¢* — fgin L',

which implies the statement of Lemma 2.10 for p = 1 as well.

3. NECESSITY OF QUASICONVEXITY

In the sequel we shall show that quasiconvexity in the first and the last variable of the stored energy function
is a necessary condition for the sequentially weakly lower semicontinuity of the functional 7. We first recall the
definition of quasiconvexity and proceed with a few technical lemmas.

Definition 3.1. The function f : R™*™ — R is quasiconvex if

1

fa)< meas(D)

/ FA+ Vx(z))dz
D

for every open bounded set D C R™ with Lipschitz boundary, for every A € R"*™ and x € Wol (D, R™).

In the last definition W, (D, R") is understood in the sense of Meyers see [12] i.e. set of W1>°(D R")
functions with the zero trace at the boundary; that is different from the closure of C§°(D,R™) in W1 (D, R")
norm.
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One should also note that in the definition of quasiconvexity it is enough to demand the property for an
arbitrary cube D (see Dacorogna [6], Rem. viii, p. 101).
The following two lemmas are just the applications of Nemytsky operators, see [2], p. 15.

Lemma 3.2. Let Q C R™ be a bounded set and p € [1,00). Let f : R™ — R be a continuous function that
satisfies growth condition

If(A)] < K(1+[[A]P).
Let g,,,9 € LP(;R™) and g, — g strongly in LP(; R™). Then

/Qf(gk)ﬂfﬂf(g)-

Remark 3.3. For p = co the Lemma holds with no growth condition on f.

Lemma 3.4. Let f : R™™ — R be continuous and satisfies the growth condition |f(A)| < K(1+ ||A|?). Let
D be an open bounded set in R™ with Lipschitz boundary. Then we have

1 1
_ inf A+Vyx(x)de = ——— inf / A+ Vx(x))dx
meas(D) xeCé"’(D,R”)/Df( x(2)) meas(D) XEWL ™= (D,R") Df( x(@))
1

= — inf )/Df(A—i-Vx(x))dac.

meas(D) xew!?(pRrn

Remark 3.5. The first equality holds if f is just continuous, since for every x € WO1 "°°(D,R3) there exist
a sequence (Y)r C CG°(D,R™) such that |9, — X||L~@rr) — 0 and [[Vap,|| < M for some M > 0 and
Vip(z) — Vx(z) a.e. in D (see Meyers [12]). To establish the first equality in Lemma 3.4 use just the
continuity of f and the Lebesgue dominated convergence theorem.

In order to attain the quasiconvexity of the stored energy function in the classical elasticity one needs to
oscillate the deformation and to find the derivative of the oscillations. Here we need to oscillate the rotations
as well. The following two lemmas are crucial for proving the necessity of the quasiconvexity (Thm. 3.9).
Lemma 3.6 determines the essential part of the derivative of the particular oscillations of the identity rotation.
It enables us to define the oscillations of an arbitrary rotation (in Lem. 3.7) and to derive that the derivatives
of the oscillation of rotation (expressed by function w) oscillate w in the similar way as the derivatives of
oscillations of ¢ oscillate V. Recall that Ap denotes the antisymmetric matrix with axial vector b.

Lemma 3.6. Let D be a cube in R™ and let 1 € C5°(D,R3). We extend 1 by periodicity to R™ and define
0’(z) = exp(AM,(%)) for 0 <6 < 1. Then there exist a constant K independently of ¥ and § such that

|0°(z) —I| < Kdexp M(¢), z€Q,
10:0° () — Ag,p(z) | < KSM(3p)(exp(M () — 1), = €

here M () = |[¢[lwr.(Digrs)-

Proof. From the definition of the exponential function it follows

>, Ay
exp(Aéw(%)) —I= Z T".
k=1

For the operator norm one has ||Ap|| < ||b|| and ||AB]| < ||A]|||B]|. Therefore the first inequality in the statement
of the lemma follows.
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Differentiating O° term by term we obtain

1
s
0:0%(z) = Agyz) 5 (Ao Awe) + AvnAows))
52 9
+3r (A¢< yAow(3) + Ap(s)Aop(2) Au(z) +Aaiw<%>A¢<%>) tee
Taking Ay, (z) on the left hand side of the equation and taking the operator norm implies the second inequality
in the statement of the lemma. (]

The following lemma is crucial for the proving of the necessity of the quasiconvexity. It tells that the
oscillations converge weakly in WP (£; R™).

Lemma 3.7. Let D be a cube, p € (1,00], ¢ € WYP(D,R?) and R € WHP(D,SO(3)). Let us extend X, €
Cs°(D,R3) to R™ by periodicity and for k € N define

@) = o) + px(he), R (@) = exp(Apyn)R(0)

Then @k = go,ﬁk =R on 9D and as k — oo one has
o ~p, R'-R

weakly in WHP(D,R3) i.e. weakly in W1P(D,R3*3). Moreover, there exists a constant K independent of 1
such that

¥ (2) — () ~ Vap(na)]] < K 7 exp (M) (M(&) + o)1) (3.1)

IR (@) ~ R < K exp M(8) (3.2)

for a.e. x € D where M(¢) = H't,b||W01,oo(D;R3) and w* = w(f_{k), w=w(R).

Proof. It is obvious that ¢ = <p,f_{k =R on 9D and that ¢* — ¢ in L>(D,R3). From Lemma 3.6 it follows
that f_{k — R in L>®(D,R3*3). To prove the weak convergences for p > 1 is now equivalent to prove the

boundedness of the derivatives of ¢* and R in L (€2). For ¢ this is obvious since
Ve (z) = Ve(z) + Vx(kz).

For R is enough to establish (3.1) since H@if_{kH < ||wkHHf_{kH, so boundedness of w* implies boundedness of
&-ﬁk. Let us calculate

OR"(z) = 0,0,(2)R(z)+ Op(z)d:R(z)
(aiok(w) - Aaiw(kz))f_{(f) + Ap,pke)R(2) + (Ok(x) - I)é) R(z) + OiR ().

Thus we have

W) = wila) +0p(ha) + 5 (B () ~ By(o) x 0y (0) + 5 (B (@) - Ry() = (0p(ke) x Ry ()

IR @) x [(0:06(2) — Avyin) ) Bs(@)] + 3R (@) x [(0x(a) ~ 1)0R; ()]
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Now using Lemma 3.6 and ||0;R;|| < C||w;]|, for some C > 0, it follows (3.1). The estimate (3.2) is the direct
consequence of Lemma 3.6. O

Remark 3.8. The statement of the previous lemma also holds for p = 1. For that we need Remark 2.11, the
fact that Vx(kx) — 0, Vap(kx) — 0 in L1(D,R3*3) and relation (3.1).

We are now ready for the main theorem. Since the weak * convergence in W°°(Q, R™) implies weak conver-
gence in W1P(Q, R™) we shall prove the necessity of quasiconvexity for sequentially weakly lower semicontinuity
in spaces W1 (Q, R™). We follow [6], p. 69.

Theorem 3.9. Let Q2 C R™ be an open bounded set, let f : R3*™ x SO(3) x R**™ — R be continuous and let
the functional defined by

I6.8) = [ F(Vp(0). Rio).w(a))da
be sequentially weakly lower semicontinuous, i.e. it satisfies the condition

I(¢,R) < likmian(cpk,ﬁk)

for every sequence ((cpk,f_{k))k C Whe(Q;R?) x WH(Q;SO(3)) that converges weak x to (p,R) in
Whoo(Q; R3) x Whoe(Q; R3%3),
Then f is quasiconvex in the first and the last variable i.e. f satisfies

J(AR.B) < ﬁ/Df(A+VX($)aE,B+V¢($))dx

meas
for every open bounded set D with Lipschitz boundary, for every A,B € R**™ R € SO(3) and for every
X: € Wy ™ (D, R?).

Proof. We have to prove that

F(A Ry, B) < ﬁ /D F(A + Vx(2), Ro, B + Vab(z))dz (3.3)

meas
for all A,B € R¥*™ Ry € SO(3) and x,% € Wy ™(D;R?) where D is some cube. It is enough to establish
(3.3) for x, 1 € C5°(D;R3) by Remark 3.5.
We look at the case m = 3 (the proof is the same for m = 1,2). Let us denote the vector columns of the
matrix B by by, bo, bz, i.e. B = [by by b3]. Let D = [0,a]®> C Q and let x,9 € C5°(D,R3). We extend X,
to R? by periodicity. For h € N denote Qj, = %D = |0, %]3 We define

(,0(.%) = Az, E(I) = eXp(Al‘lbl) eXp(Al‘2b2) exp(Ai‘:sbg )ﬁm
where z = (71,22, 73). The functions ¢, R are of class C* and w(0) = B. We also define

_f o) z € N\Q
Ph(x) = { o(x) + 7= x(khx) otherwis:,

B (o) = | R(@) _ T EMNQn
n() = exp(A 1y () R(2)  otherwise.

Using Lemma 3.7, for h fixed, one has ga’fL = ga,ﬁz =R on 09 and

@r — ¢ weak * in WH>*(Q,R?), as k — oo,
ﬁ: — R weak *in WH(Q,R¥3) as k — oo,
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Since ¥, x € C°(D,R?) and ¢, R are C> it follows that f_{i, <pZ are C°°. Moreover, their derivatives are
uniformly bounded by a constant independent of & (and h).

We now split @, into cubes QZ,]" j=0,...,k% =1 of length 7, and denote by P,’fyj, j=0,...,k% — 1, the
corner of be,j closest to 0. Therefore

k3—1 E3—1 1
k k
Qn = jL:JO Qh;= U <Ph,j + ED) .

=0

‘We now consider

IR = [ 5Vl B ). wh@)s
- / f(Vp(@), R(x),w(@)de + [ F(Veh(x), Ry (2), wh(2)dz
Q\Qn Qn
k3 —1
= / f(Veo(z),R(z), w(r))dz + Z f(A + Vx(khz), Rh( ), wk (x))dz
Q\Qp QL
- / F(V(x), R(x), w(x))da
Q\Qn
k31
+ Z " F(A + Vx(kha), Ry (), wf(2) — f(A + Vx(kha), Ry (2), w(z) + Vip(kha))|dz
k3 -1
+§j [ (Veh (), Ry, (), () + Vap(kha)) — f(A + Vx(kha), R(PE,),w(Pf,)
+ V'l,b(khz))]d:c
k3 —1
+ Z F(A + Vx(khz), R(PF ), w(Pf ;) + Vip(kha))dz

Qh]
= Il(k) + (k) + Is(k) + Is(k).

In the sequel we consider the asymptotic of these terms, for fixed h, when k — oo.
Boundedness of w and (3.1) imply [|wk(z) — w(z) — Vap(khz)| — 0, uniformly with respect to z. The

uniform continuity of f on a compact set and L> bounds on A + Vx(kzhx),f_{: (z),wk (z),w(z) + Vip(khz)
imply Iy(k) — 0.

The convergence f_{: — R (by (3.2)), uniform continuity of R, w, uniform continuity of f on a compact set
in the same way imply I5(k) — 0.

As QZJ. = P,’fﬁj + ﬁD, using periodicity of 1, x, one has

E3—1
1) = Y o [ 1A+ TX).RPE). w(PL) + V()

=0

Recognizing the Riemann sum of the continuous function in the last expression, we obtain

im 1(8) = gy [ SO+ Dxto), R @) + V)

k—oo
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Therefore by assumption of the theorem we obtain
likminf I(cpﬁ,f_{;j) = / f(Ve(z),R(z), w(z))dz
e Q\Qn

1 J—
JrM/h/Df(A+VX(y)aR($)7w(x)+V'I,b(y))dyd:c

Y

I(¢.R) = / F(Ve(2), R(z), w())dz

and hence

meas(D)

meas(Qn) Jg, | 4 R(®) w(@)de.

m/ /D F(A+Vx(y), R(x),w(z) + Vi(y))dy dz >

Now letting h — co and using continuity and the fact that R(0) = Ro, w(0) = B we have the claim. O

4. SUFFICIENCY OF QUASICONVEXITY

In the sequel we prove the sufficiency of quasiconvexity for sequentially weakly lower semicontinuity. We shall
impose some conditions on the function f, but as we shall see these conditions are consequence of objectivity
of the function f. The main drawback is that we impose condition p > m.

The following lemma is crucial for the proof of the sufficiency of the quasiconvexity. It tells us that for

every weakly convergent sequence of rotations R” to the rotation R in the space WLP(Q,S0(3)), p > m the
variables w” are essentially of the form w + Vv*, where v¥ — 0 in W1?(€2,R?). This establishes the analogy
between w and Ve, since V¥ = Vo + V(pF — ). Some kind of analogy was already established in Lemma 3.7,
although the specific oscillations of rotations are chosen there.

Lemma 4.1. Let Q be an open bounded set with the Lipschitz boundary, 2 C R™. Let f_{k e Whr(Q,50(3))
converges weakly to R in WhP(Q,R3*3), where m < p < co. Then there exist a sequence (sk)k which converges
to 0 strongly in LP(Q, R3*™) and a sequence (v¥);, which converges weakly (weak * if p = 00) to 0 in WP(Q, R3)
such that wk = w + Vo* + sF, where

1=k —k 1= -

Proof. By direct calculation we obtain

1 —k = —k —
(R — Rj) X é)i(Rj —Rj).

[ — =k = -5

Do |

Let
of = SRy x By, sk = (B~ R) < 0, + 5 (R, - Ry) x 0, ~ ).
By the Sobolev embedding theorem HI_If — I_IjHLx(Q;Rsxs) converges to 0. Using it and the boundedness of
(ﬁk)k C WhP(Q; R3*3) the statement of the lemma follows. O
The following lemma is known in the measure theory.

Lemma 4.2. Let Q) be a finite union of open cubes and f € LP(;R), p € [1,00). For each n € N we divide 2
in a finite union of cubes Dy of diameter less or equal 1/n and define numbers

1
A= —— dz.
/Dsf(w)x

meas(Dy)
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Then the sequence of functions defined by
= Z Aslp, (x)
S

converges strongly to f in LP(Q;R).

Remark 4.3. For p = oo we can just conclude that || f"|| 1) < [[fllz=(0) and that f"(z) — f(x) for a.e.
x €  (see [8], p. 93).

We now turn ourselves to the main theorem. As a first step we consider the case when f depends only on
Ve, w (which is physically unrealistic since the fields of deformation and microrotation completely decouple).
We adapt the proof from [6], Theorem 2.3, p. 158, using Lemma 4.1.

Theorem 4.4. Let Q@ C R™ be an open bounded set with the Lipschitz boundary and m < p < oo. Let
fR¥>*M x R3*™ R be a quasiconvex function and that there are K > 0 and 8 > 0 such that

(a) f(A,B) < K(1+[A]P+[B[),
(b) [f(A1,B1) = f(Az, Bo)| < K(1+[|Ar[[P~1 +[[Ba [P~ +[| Az P71 + B[P~ ([| A1 — Azl + By — Bal),

(c) F(A,B)> .
/fvv (2))dz

Let
Then for every sequence ((cpk,R N C WEP(QR3) x WLP(Q,80(3)) which converges weakly to (p,R) in
WLP(Q,R3) x WEP(Q,R3*3) one has

I(¢,R) < liminf I(¢" R").

k—o0

Proof. Let us take ((pk,f_{k) € WHP(Q,R3) x WHP(Q,S0(3)) such that
((pk,f_{k) — (¢, R) weakly in W'P(Q, R?) x WP (Q; R3*3).

Using Lemma 4.1 we form the sequences (s¥), (v*); such that s¥ converges to 0 strongly in LP(£2;R3*™) vk
which converges weakly to 0 in W?(Q;R3) and w* = w + VoF + s*.
Let € > 0. Then there exist § such that

meas(S) < 5:>[S|f(V<p,w)| <e

This is possible because, due to the conditions (a) and (c), the mapping = — f(Ve(z),w(x)) is in L}(Q2). We
then approximate () by a union of cubes Dy whose edge length is 2LN; we denote this union by Hy = UsDs. We
then choose N large enough so that

meas(Q\Hy) < min(%, 0).
Let

1
A, = B,=—— :
® " meas(D / Vel * " meas(Dy) /Ds w(w)dz

Since (Vp,w) € LP(Q; R3*™ x R‘”“”) we can choose N larger if necessarily such that

§;L|Ww< AHP+§3/'WU B.P <<
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by Lemma 4.2. Here the constant M is chosen to satisfy
M7= > /Q(1+ IVEIP + [l + Vo |7 + AP + V" = Vep|P + (1B + [ Vo |[?)dz

for every k. Such M exists as all the terms on the right hand side are bounded either as they are weakly
convergent or by [, (AP < [ IVl and [; [IBs[” <[5 [lwl]]P.
We now consider

IR~ 10T = [ (V@) 0" (@) - [(V(o).wla)lds
= [T @) + V@) +4 (@) = F(T6H (@) (o) + TV @) da

/ F(V" (), w(z) + VV*(2)) — F(Vep(a), w(a)]da
)+ Ja2(k).

Using the condition (b) and the Holder inequality we estimate the first integral
ka;/A(1+MV¢WV4+w»+vwwﬂﬂw4+nw+vﬂw*)WM
Q
=1 1
<k ([ 142096 + o+ okt ot o) ([ s01P)
Q Q

As it weakly converges the first factor is bounded. Moreover the second factor converges to 0. Thus Ji(k)
converges to 0, so for k large enough |J; (k)| < €. We now proceed to estimate Ja(k):

LﬂAﬁ+(V¢Wx%—V¢@ﬂLBy+Vva»—j(A&BQ(m

= J3(k) + Ja(k) + Js(k) + Js (k).

Since f > —(3, using the definition of § and N, we have

J3(k) > —Bmeas(Q\Hy) — /Q\H F(Ve(z),w(z))dr > —2e.
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Using the condition (b) we obtain
() < Y [ K (1 IV o ToHP 4 A+ Vi - Tt
s Y Ds

+ [1Bs + Vvkl\”_l)(l\vso = Asll + o = Bsl)

< KX ([ 1+ I9HP + o+ Vol P+ AP + [V Vel
s s
B+ 190 ) 7 ([ IV - AP+ fw - BulP)”
D,
< K@) [ Q1T+ o+ TP+ LA + [V - el

Hy
p—1 1
B+ 190517) T ([ 1%~ AP + o - B.P)
Hyn
9
< Ki(p)M; = Ki(p)e,

where we have used the Holder inequality on each D and the Holder inequality for numbers.
In the same way we can estimate Js(k). Estimation of Js(k) is essential. We have to prove that for
p* = ¥ — ¢, v* which converge weakly to 0 in W1P(Q;R?) and for D an arbitrary cube in R™ one has

liminf / F(A + V*(2), B+ Vor (2))dze > f(A, B) meas(D)
— 00 D
we have to infer it from the quasiconvexity (see [6], pp. 163-166).
Therefore for all € > 0 .
liminf I(¢", R") — I(¢,R) > —2¢,

k—oo
which implies the statement of the theorem. ]

Remark 4.5. In case p = oo the same holds without the assumptions (a), (b) and (c). The integrals J;(k),
Jy(k), Js(k) — 0 by the Lebesgue theorem of the dominated convergence, the uniform continuity of f on
bounded subsets of R3*™ x R3*™ and Remark 4.3.

We now turn ourselves in the general functionals of the type

Ie.R) = [ (Vo) Ba),wia)de,

We impose the following assumptions on the function f:
(a) f(A,R,B) < K(1+|A|?+|B|?), A,BeR>*™ ReS0(3);
(b) [f(A1,R,B1) — f(A2, R, Bo)| < K(1+[[Ar[[P~! + B[P~ + | AP~ + B[P~ ') (| A1 — Az + By —
BQH), Al,AQ,Bl,BQ € RSX"]’, R € SO(S),
(¢) f > —p, for some 8 > 0;
(d) [f(A,R1,B) — f(A, Rz, B)| < K(1+ [|A[]” + [B|]")|[R: — Raf, A,Be€R>™™, Ry, Ry € SO(3).
We follow [6], pp. 167-169.

Theorem 4.6. Let 0 C R™ be an open bounded set with the Lipschitz boundary and m < p < oo. Let
fiR3>™ x SO(3) x R¥*™ — R be quasiconvez in the first and the last variable and satisfies (a)—(d). Let

I9.R) = [ (Vo) Ba).wia)de,
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Then for every sequence ((cpk,f_{k))k C WEP(Q,R3) x WP(Q,S0(3)) which converges weakly to (¢, R) in
WEP(Q,R?) x WHP(Q,R3*3) one has

I(p,R) < 1imkinf I(p", f_{k).

Proof. Let € > 0 and define Hy, D; as in the proof of Theorem 4.4 (note that z — f(Ve(2), R(z),w(z)) is an

integrable function). Since, by the Sobolev embedding theorem, R is continuous on ) in construction of Dy we
can choose N large enough such that

53 = 1>
”R(x) - R(xé)H < KM x € Dy,

for every s, where x4 is the center of D,. Here K is the constant from the conditions (a), (b) and (d) and M is
such that

k p z)||P oF ()P w(x)||P :
1+2/Q|\w @) +2/Q|\w< ) +2/Q|| @) +2/QH (@) < M;

such M exists due to the weak convergence in L? of the functions on the left hand side. Then one has

I(¢"R) ~I(p.R) = /Q o FOF @ R @), 04 (2) = £(Vepla), Rla), (o) | do

+ [ [0 @) R @), 05 @) - (Tt @). Rie). o @) da

+ 30 [ (964 @) Ria) @) = F(96H (@), R ) ()] o
+30 [ 1964 @) Rzt @) = F(Tple). Rie). i) ds
+ 30 [ 1900, Rw).w(a) - f(Tele). Riz) wla) | dz

= Ji(k) + J2(k) + Js(k) + Ja(k) + J5(k).

Using the same arguments as in the proof of Theorem 4.4 (for J3(k)) we accomplish that Jy (k) > —2¢ for all k.
Let us estimate J3(k). Using the condition (d) we have that

_k R
Ta(k)| < K /H <1+||Vsok||p+|Vso||p+|wk||p+|w||p)|R R

Since R® — R uniformly on €2, by the Sobolev embedding theorem, we can choose k large enough such that
|J2(k)| < e. Again using (d) we obtain that for k large enough |J5(k)|, |J5 (k)| < e.
Estimation of Jy(k) is essential. Using Theorem 4.4 on each D, we obtain

k—o0

timinf [ 796" (@), ) (@)do — [ f(Vepla), Rln), wia)) de 20,
D. D,

Therefore liminfy_. o J4(k) > 0, so for all £ > 0 we obtain

lim inf 1" R") — I(p,R) > —5e,

which implies the statement of the theorem. O
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Remark 4.7. In case p = oo we only need the continuity of f and quasiconvexity in the first and the last
variable of f.

Now we shall see that the properties (b) and (d) are consequences of objectivity and quasiconvexity. This
enables us to restate Theorem 4.6 with assumptions (b) and (d) replaced by objectivity of f. First we state one
helpful lemma (see [6], p. 156).

Lemma 4.8. Let f: R"™ — R be convex in each variable and o > 0, p > 1. Let
lf(@)] <o +|zf),  zeR™

Then there exists v > 0 such that:

[f@) = fI <A+ 2P+ g lP ) lle =yl zyeR™

Proposition 4.9. Let f : R3*™ x SO(3) x R3*™ — R be objective quasiconvex stored energy function which
satisfies growth condition .
|f(A,R,B)| < K(1+[[A]”+[B").
Then there exists g : R3*™ x R3*™ — R such that
(i) f(A,R,B)=g(R A,R'B);
(ii) g is quasiconver i.e.

g(A,B) <

< oy [ 9(A+ VX(@). B+ V(@) da

for every open bounded set D with Lipschitz boundary, for every A,B € R3*™ and for every x €
1 1
Wy (D;R?), ¢ € Wy (D; R3);
(iil) g satisfies the conditions

l9(A, B)[ < K(1+ [[A]” + [IB]"),
|9(A1,B1) — g(A2,Ba)| < K (14 [[Ax]["~" + B[P~ + [ Ag|P! + [1B2]"") (A1 — Az[| + By — Baf)).

Furthermore [ satisfies conditions (b) and (d).
If f is coercive i.e. if there exist constants C; > 0, Cy such that

f(AR,B) > Ci(|A|IP + || B|P) + Cy, VA,B e R¥*>*™ R € SO(3)
then g is also coercive with the same constants i.e.
9(A,B) = Ci([|A[" + [B[") + Ca.
Proof. Since f is objective we have
f(QA,QR,QB) = f(A,R,B), Q€ SO(3).

Taking Q = R’ we can define g by

g(A, B) = f(A7 I, B)7
where I is the identity matrix. That ¢ is quasiconvex directly follows from quasiconvexity of f for the special
case R = I. Also, from the growth condition for f we easily see that ¢ satisfies growth condition

l9(A, B)| < K(1+ [[A[]” + [[B|"). (4.1)
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Since every quasiconvex function is convex in each variable (see [6]) using Lemma 4.8 we conclude
|9(A1,B1) — g(A2, Ba)| <K (1+ | Aq [P+ |[Baf|P~F + [|Az]P~F + [Ba[[P71) (| A1 — Aal| + By — Bz).
f satisfies (b) because

/(A1 R.By) — [(A2,R.By)| = [g(R A1, R By) — g(R Ao, R' By
< K1+ R A7+ R By 7! + R AsfP~! + R Bof? )
x (IR"A; —R" A, + |R'B; —R'By))
< Ky (14 | AP~ + [IBy[P~" + Az]P~ + [BalP~) (J|A1 — Az + By — Bo])).

Let us see why f satisfies (d)

_ — —T , =T —T , =T
|f(A7R17B) - f(AaRQaB)| = |g(R1 AaRl B) - g(R2 AaRQ B)'
=T _ =T _ =T _ =T R — =T =T =T
< K(1+ Ry AP~ + Ry BIP™ + [Ry AP~ + R, BJP7)(|R; A — R, Al + |R; B~ R, BJ|)
< Ki(1+[JA]7 + [IB[")[IR: — Re|. O
The converse of Proposition 4.9 also holds.

Proposition 4.10. Let g : R3*™ x R3*™ — R be quasiconvex function which satisfies growth condition
l9(A,B)[ < K(1+ [[A[” + [|B]]").
Then the function f : R3*™ x SO(3) x R**™ — R defined by:
f(A,R,B):=g(R'AR'B)

is continuous, objective, quasiconvex in the first and last variable and satisfies the conditions (a), (b) and (d).
If g is coercive then f is also coercive.

Proof. Let us see why f is quasiconvex. Let D be a cube, 1, x € C5°(D,R?) and A,B € R*>*™ R € SO(3).
We have to prove that

J(A.R,B) < %D) /D (A + V(). R, B + Vap(a))da.

meas

Since g is quasiconvex and I_{T¢,I_{TX € C§°(D,R?) we have that
f(ARB) = ¢gR AR'B)

m /D JR®RA+R Vx(@),R'B+R Vip(z))da

1

~ meas(D) /D f(A+Vx(z),R,B+ Vy(z))dz.

The objectivity of f follows immediately. The continuity of f is the direct consequence of the continuity of g.
The condition (a) is the direct consequence of the p-growth of g. The conditions (b) and (d) follow in the same
way as in Proposition 4.9 using the fact that, since it is quasiconvex, g satisfies

|9(A1,B1) — (A2, Bo)| S K (1+ [|A1[[P71 + By P71 + [ AP~ + [1BafP~) (| A1 — Az|| + By — Bal]).
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To prove the coerciveness of f if g is coercive let us note that an arbitrary norm || - || is equivalent with some
unitary invariant norm of matrices. Therefore there exists a constant C' > 0 such that

IRA| > CJAl, A eR™™ ReS0O@3).

The coerciveness of f is now a direct consequence of the coerciveness of g. O
Finally, we restate the Theorem 4.6 for objective function f.

Corollary 4.11. Let Q C R™ be an open bounded set with the Lipschitz boundary and m < p < oo. Let
[ R¥>X™ x SO(3) x R**™ — R be a quasiconver in the first and the last variable, objective function which
satisfies (a) and (c). Let

Ie.R) = | f(Vele). Riw).wla)ds.

Then for every sequence ((apk,ﬁk))k C WhP(Q,R3) x WHP(Q,S0(3)) which converges weakly to (¢, R) in
WLP(Q,R3) x WEP(Q,R3*3) one has

I(g,R) < 1imkinf I(p", f_{k).
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