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ABSTRACT. A quasistatic evolution problem for a phase transition model with
nonconvex energy density is considered in terms of Young measures. We focus
on the particular case of a finite number of phases. The new feature consists
in the usage of suitable regularity arguments in order to prove an existence
result for a notion of evolution presenting some improvements with respect to
the one defined in [13], for infinitely many phases.

1. Introduction. In the last years the energetic formulation of rate-independent
processes has been widely used to describe mesoscopic models for the isothermal
stress-induced transformation in crystalline materials (see, e.g. [2], [15], [19], [21],
1251, [26]).

Assuming that the reference configuration of the crystalline material is a bounded
region D C RY, the state of the system is determined by two functions: the defor-
mation v: D — RN and the internal variable z: D — Z C R, which takes into
account the phase transformations of the material.

In our framework, Z is a finite set {1,...,q}, representing the different phases
(or phase variants) of the crystal, and z represents the phase distribution of the
material. Then the stored energy of the system can be written as:

W(z,v) ::/DW(z(m),Vv(m)) dx.

From a physical point of view, the energy functional should also depend on the
temperature, but we omit this dependence since we are dealing with isothermal
transformations. We assume that changes of the phase distribution of the material
lead to an energy dissipation, which is represented by

/ H(Znew(x)v Zold(x)) dlL’,
D

where H is a metric distance on Z, z,q4 is the old phase distribution and z,e
the new one. Moreover, we require that the admissible deformations satisfy a pre-
scribed time-dependent boundary condition ¢(t), which we impose on the whole
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boundary 9D to avoid some technical difficulties; for the same reason, we neglect
any contribution due to external forces.

The natural form for the stored-energy density W is a multiple-well potential
form (see [30], [29], [19], [15], [27], [28]), more in general we deal with a density
which does not satisfy any convexity assumption with respect to z. As in [13], this
lack of convexity gives rise to many technical difficulties, making unsolvable in usual
functional spaces the incremental minimum problems used in the construction of
approximate solutions (see [23] and references therein); it is also responsible for
the formation of microstructures (see, e.g., [19], [22], [31]). To overcome these
difficulties, many authors have proposed to introduce suitable regularizing terms in
the energy functional (see [2], [15], [20]).

To avoid any artificial regularization, in this paper we follow the same approach
of [13], and set the problem in a suitable space of Young measures, where the
incremental minimum problems can be solved.

Since we are assuming that the internal variable takes only a finite number of
values, we are able to give a more explicit description of the Young measure v which
is going to substitute the pair (z, Vv) in our extended setting: v can be written as

q
V=" bal6a ®\a),
a=1

for suitable families (A,)o of Young measures on D with values in RV*4 and

(ba)a in L*°(D;[0,1]), with >°_ by = 1 a.e. in D. The energy associated to a pair
(b, A) = (ba, Aa)a of family of coefficients and Young measures will be indicated
with (W, (b, \)).

In our language, when a Young measure with values in Z is representable by a
function z, the corresponding family of coefficients b is defined by

bo = 1{seD : 2(a)=a} for every a.

In this case the Young measure representation can be interpreted in the following
way: the material assumes a pure phase distribution, i.e., to every point z is associ-
ated a pure phase a € Z. While in the general case we say that the material has a
mixed phase distribution meaning that at each point  we have a mixture of phases
a with volume fractions b, ().

Many authors have proposed relaxation of nonconvex problems in terms of Young
measures (see [19], [24], [22], [26], [28], [6], [4], [5], [32]). A key point in the analysis
of our model is related to the relaxation of the dissipation functional.

In order to express the energy dissipated between two times s and ¢ in terms of
Young measures, we need to deal with a measure on D x Z2, coupling the measures
s and py associated to s and t respectively. To this end, some authors consider
a measure coupling ps and g in an “independent” or “non-correlated” way (i.e.,
a measure with disintegration (u? ® uy)s), or the Wasserstein distance between p
and p; (see, e.g., [19], [27], and [22]). In these cases, the dissipation distance is
univocally determined by ps and p; (in our language, by (b%,)q and (b))

We adopt, instead, the approach proposed in [7], and followed in [8] and in [13],
based on the notion of compatible systems of Young measures, introduced in [9].
Our discrete setting again allows us to deal with a more explicit expression for these
objects: every compatible system of Young measures g on D, with time set A and
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values in Z can be written as
_ E t1...tm
l'l'tl...tm - bal...am,é(aln'wavn)’

(a1,eam)
e N(atseanm) 0 L9(D; [0, 1]) satisfying
Z btojl'"tm =1 ae inD,

Oy

for a suitable family (bf:t

(al,...,am)

for every t; < --- < t,, in A (for the precise definition of compatible systems of
Young measures, see Section 3, p. 6). According to our statistical interpretation,
if we consider two time instants s < t, bffﬁ(m) represents the volume fraction at x
undergoing the phase transition from « at time s to [ at time ¢, and the energy
dissipated between s and t is given by

< H,b"" >:= ZH(B, a)/DbZtﬁ(m) dx.
ap

The knowledge of b}, and btﬁ separately does not keep the complete information
about the energy spent in the transition. Indeed, if we consider the case of a
homogeneous phase distribution b, = 1/q for every «, and we suppose that the
material undergoes a transition from s to ¢t just permuting the phases and leaving
the volume fractions unchanged, we have b’ = b°; hence the dissipation computed
using only b® and b’ is 0, while the dissipation energy computed using b** depends
on the permutation and it is different from zero. Therefore, our description seems
to give a more realistic picture of the dissipation phenomenon, if compared with the
one proposed in [19], [27], and [22], which only take into account the contribution
of single time instants.

The aim of the paper is to prove an existence result for the quasistatic evolution
in a time interval [0, T'], defined as a pair (b, A) formed by a family of coefficients and
a family of Young measures, and satisfying an admissibility condition, a suitably
reformulated stability condition, and an energy balance.

The admissibility condition requires suitable approximation properties by means
of functions which satisfy the boundary condition. Due to the technicalities in
this condition, we do not want to enter in the details of these properties here (see
Section 5); we just point out that they guarantee the Young measure ) bfx)\ta is
a “Gradient Young Measure”. This means that it can be generated by a sequence
of gradients; in particular it satisfies the conditions proven in the characterization
provided by Kinderlehrer and Pedregal in [18]. Unfortunately, in our case these
properties are not enough to describe the elements of the admissible set of solutions.
Indeed we do not only ask the measure >__ b, A, to be a Gradient Young Measure,
but we also need a connection between the sequence of gradients approximating
Yoa b;)\fx, and the sequence of functions approximating by, . ;,, for subsequent times
t1 < --+ < ty, in order to preserve some good properties of the set of admissible
solutions.

The stability condition is a global minimality condition satisfied by the evolution
at each time ¢, but the set of competitors is a proper subset of the admissible pairs;
for this reason we call this condition partial-global stability.

A natural class of tests for the minimality condition can be obtained by modifying
the evolution (b, A) at time ¢ with permutations of the phase volume fractions (b’, ),
and the measures (A.),. The competitors (b, ) constructed in this way can be
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written in the form (M - b", M - X"), where M is a ¢ x ¢ matrix with entries equal
to 0 or 1 and exactly one nonzero entry on each column and row: M - b, M - A’
represent the product of the matrix M and the vectors (b)), (A,)a respectively.
The minimality condition for this class of competitors is as follows

(W, (6", X")) < (W, (b, \)) + H(b, b"), (1.1)

where
H(b, b') := E H Mg b dz.
( ) ) — (ﬁ,&)/ B a(x) €

The class of tests can be enlarged by including the pairs obtained with the trans-
lation of the measures (Ag)s by gradients of functions @ € HZ(D;RY): hence (1.1)
holds true for (b,A\) = (M - b", Twa(M - A")). A further extension of the class of
competitors is possible: we are able to prove the minimality not only with respect
to permutations (i.e. Mgy = 0,1) but also with respect to rearrangements of the
phase volume fractions (b',), and the measures (A,,),: in this case M is a measur-
able map on D with values in a special set of ¢ X ¢ real matrices. The elements of
this set are the matrices with nonnegative entries such that the sum of the entries of
each column is 1; in probabilistic language they are called stochastic matrices (see,
e.g., [1, Part 2]), and their entries Mg, represent the probability of a transition
from phase a to phase §. In our model, Mg, (x) is the proportion of the volume
fraction at x originally in phase o undergoing a phase transition to 8. According
to the picture described so far, the quantity

H (53, 0) Mga ()b, (x)

can be interpreted as the energy density dissipated at the point x by the phase
transition from « to 3. Therefore, the following expression

H(b,b)—%H(ﬂ,a)/DMﬁa(x)ba(x) dz

represents the energy which would be dissipated on the whole domain D, if we
performed the microscopic phase transition determined by M.

We observe that any other phase distribution (Eg) s can be obtained by the action
of a suitable stochastic matrix: indeed, it is enough to choose Mg, (x) := bs(z) for
every a, 3.

From the stability property we can deduce a pointwise condition. If we call
active at x the phases o for which bl (x) > 0, then the Euler equation for the
internal variable can be written as follows: for a.e. x with active phase a, we have

W (a, F) d(Ag)*(F) < W (B, F) d(A)"(F) + H (3, a),
RN xd RN xd
for every (. According to the above physical picture, this condition can be inter-
preted as an optimality condition of the active phases. Clearly, an Euler equation
for the deformation can be derived as well: it is the classical equilibrium condition
on the stress o (see Remark 5.5 for the definition of o).
The energy equality expressed in terms of (b, X) takes the following form:

(W, (b, A")) + Dissg (b;0,1) = W(z0,v0) —l—/o (a(8),Vep(s))2 ds,
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for every ¢ € [0,T], where ¢ is the time-dependent boundary condition. The dissi-
pation Dissy (b;0,¢t) is defined by

k
Dissg (b;0,t) := supZZH(ﬂ, a)/ ijﬁ’lsi (2) dz,
i=1 af D
where the supremum is taken over all partitions 0 = sg < -+ < s = t of the
interval [0, ¢].

The proof of the existence theorem (Theorem 6.3) follows the classical scheme
of time-discretization, resolution of incremental minimum problems, and passage to
the limit in the sequence of approximate solutions.

The main new feature concerns the choice of the solutions to the discretized
minimum problems. In the spirit of [11], we use the Ekeland Principle to choose
minimizers satisfying special approximability properties. Then the regularity results
for quasi-minima of integral functionals (see [16]) are used to prove a uniform bound
on the moments of order 2r > 2 of the selected minimizers, and consequently of
the approximate solutions (bf” )\Z) As a by-product of this selection, we get the
continuity of the functional

(b A) = (W (b, X))

Thanks to this continuity, we are able to obtain in the limit the stability condition
and the energy equality written above, which improve the notion of quasistatic
evolution proposed in [13]. Under weaker assumptions on W than in [13], we can
obtain a better notion of stability, since the minimality property is now satisfied
with a quite large set of competitors including all possible rearrangements of the
phase distribution. Moreover we can obtain not only an upper energy estimate as
n [13], but a complete energy balance.

One technical point in the proof of the stability condition is the approximation
of the right hand-side of (1.1) by integrals corresponding to functions satisfying
the prescribed boundary condition. This is done by adapting to our problem the
classical Riemann-Lebesgue Lemma.

The proof of the lower energy estimate requires a more delicate argument than
in the standard case (see e.g. [15, Step 5, p. 7]). Usually the proof of this estimate
is based on a suitable minimality property guaranteed by the stability condition.
In our case, due to the restriction of the set of competitors in the partial-global
stability, we can only prove a weaker version of this minimality property, using
the continuity provided by the regularity argument. This fact makes more delicate
the last step of the proof, where we need to approximate a Lebesgue integral with
Riemann sums.

The outline of this paper is as follows. In Section 2 and 3 we provide some
mathematical preliminaries and technical tools. In Section 4 we fix the setting
of the problem. In Section 5 we describe the admissible set where we look for the
quasistatic evolution, which is defined in Section 6. Section 7 is devoted to the proof
of the existence theorem, and finally in Section 8 we derive the Euler equations for
the partial-stability condition.

2. Mathematical preliminaries. The symbol 15 indicates the characteristic func-
tion of a subset B of R%. The Lebesgue measure on R%, d > 1, is denoted by £%; we
sometimes use the notation |E| for the Lebesgue measure of a measurable subset
E of R%. The Borel o-algebra on D is denoted by B(D). For 1 < p < +o0, || - ||,
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is the usual norm on LP, while W'?(D;RY) denotes the usual Sobolev space of
all LP functions from an open domain D C R¢ into RY with L” first derivatives.
We indicate W12(D; RY) with H*(D;RY). The symbol (-, )2 denotes the duality
product in L2. Given a function f € L'(D) and a measurable subset Q C D, the
mean value of f over @) is denoted by (f)q , i.e.

1
(fo = —/ f(x) du.
Qf Jq
We recall the well-known following lemma.

Lemma 2.1. Let f € L?(D), and consider a finite measurable partition (D;)!_, of
D. The projection of f onto the space

K:={g€ L*(D) : gp, is constant for everyi=1,...,1}
18
I

PK(f) = Z(f)DL]-DL

i=1

The symbol ngq denotes the set of all stochastic matrices of size g X ¢, i.e. the
set of all matrices (Mgq)g,o With

o 0 < Mg, <1 for every a, 3,

e > 5 Mpa =1, for every a.

For the notion of quasi-minimum and the related results, we refer to the Appen-
dix.

3. Young measures and discrete sets of values. For the mathematical pre-
liminaries about measures and Young measures we refer to [13, Section 2 and 4].
Here we just recall a definition and fix some notation.

Given a sequence (py)r of Young measures in Y(D;R™), we say that up — u
p-weakly*, for 1 < p < oo, if

e L — p in the weak™ topology of the space of bounded Radon measures on

D x R™,
e the p-moments of (ug)

/ € dyui(z, €),
DxRn

are equibounded.
Let (2, F) be a measure space, & a finite dimensional Hilbert space, and p €

Y (D;=). For every bounded measurable function g: D — R, the product gu is
defined by

/ o, €) d(gu)(z,€) == / 9(2)0(x,€) du(z,€),
Dx=

DxE

for every bounded Borel function ¢: D xE — R. For every B(D x Z)-F-measurable
function f: D x = — Q, the image measure, defined by u(f~*(B)) for every measur-
able set B C 2, will be denoted by f(x). In particular, if we define the translation
map T¢ associated to a function G € L'(D;Z) by

Ta(z,§) = (z, £ + G(x)), forae. xz € D and every £ € E, (3.1)
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for every measure p € Y(D;Z) we can consider the translated measure 7 (u),
defined by

| o0 dmi@e = [ swerGa) duwe.  62)

DxE

for every bounded Borel function ¢: D x £ — R. If p = (pi)f_, is a finite family
in Y(D;Z), we denote by 75 () the family of translated measures (Z¢ (1)), .
Given & € =, the measure 0¢, € M(Z) is defined by

/: £(6) dbey (€) = F(€0),

for every bounded Borel function f: Z — R; fixed a B(D)-B(Z)-measurable function
u: D — E, the Young measure §,, € Y (D;Z) is defined by

[ o0 doue)= [ gwuw) de

for every bounded Borel function ¢g: D x Z — R. In particular d¢, is the Young
measure associated to the constant function u(xz) = £y, which should not be confused
with the measure d¢,.

We recall the statement of a lemma which will be useful in the regularization
of the approximate solutions. We will use the statement of Fonseca, Miiller, and
Pedregal (see [14, Lemma 1.2]).

Lemma 3.1. (Decomposition Lemma) Let (v;); be a bounded sequence in H(D; E).
Then there exist a subsequence (vj, )i of (vj);, and a bounded sequence (wy)i in
HY(D;E), such that (|Vwg|?)k is equiintegrable and

L ({vj, # wi or YV, # Vwg}) — 0, (3.3)

as k — oo.

In the whole paper D is a bounded connected open subset of R? with Lipschitz
boundary; Z denotes a nonempty finite subset {1,...,¢} of R™ and H is a metric
on Z; A C R denotes a set of indices.

The space of Young measures on D with values in Z is indicated with Y (D; Z)
and the space of compatible systems on D with time set A and values in Z is denoted
by SY (A, D; Z). We recall that a compatible system of Young measures on D with
time set A and values in Z is a family p = (py, 4, )t,..4,, of Young measures
Wy €Y (D3 Z™), with ty < --- < t,, varying among all strictly increasing finite
sequences of elements of A, satisfying the following projection property:

~ly...tm —
,/Tsl...sn (/’l’tl...tm,) - ll’sl...snv
whenever {s1,...,8,} C {t1,...,tm}, where Tl1=tm: D x Z™ — D x Z™ is defined
t1.tm _
by 7T-si...sn ($,Oét1, ce 7atrn,) - (.I, Agyyeney asn)'

It is easy to see that p € Y (D; Z) if and only if it can be written as

q
p="> baba, (3.4)
a=1

where b, are functions in L>°(D; [0, 1]) satisfying the condition

a
Z bo(z) =1, forae x € D. (3.5)
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4) can be written as

In disintegrated form, formula (3.
q
Z 0o fora.e.z € D.

Therefore Y (D; Z) can be identified with the set of all families b = (by)%_; in
L*>°(D;|[0,1]) satisfying condition (3.5).

Set @ = {1,...,q¢}". If p € SY(A,D;Z), then for every t; < --- < t,
in A there exists a finite family b = (bt1 tgén)(ah Lam)ewd in L(D;[0,1]),
satisfying the property

Z bil'n (z) =1, forae z€D, (3.6)
(al,...,an)edq”

and such that
Ky b, = Z btl a,Lé(al, Q) (3.7)

(al,...,a")edq”

for every finite sequence t; < --- < t,, in A. The projection property of compatible
systems can be reformulated in a simpler way using this language: given any finite
sequence t; < --- < t, in A, we have

tioti—1tiyr.. E —1titigr.. tn
bal ReT. 104L+1 Oén - b ou 180i41...a0) (38)
. -1 T
a.e. in D, for every (al,...,ai_l,ai+1,...,an) € &) " and every i = 1,...,n

Therefore we can identify the space SY(A,D;Z) with the set S(A,D,q) of all
families b = (b" '), <.y, , with t; < --- < t,, varying in A, such that b" " =
B Y an)esy Satisfy properties (3 6) and (3.8).

If A is a finite set with n elements, we write A(D,n,q) to indicate the set of
all families of coefficients (balman)(al,m’an)edgL in L‘X’(D; [0,1]) satisfying (3.6).
A(D,n,q) can be seen as a generalized version of the Gibbs simplex associated
with the pure phases é1,...,ém € R?", where é; is the jth unit vector.

Let A =[0,T]. Using the previous identification, we can rewrite the H-variation
of a compatible system p € SY (A, D; Z) in the interval [¢, d] C [0,T] (see [13, (4.9)])
in terms of the family b corresponding to p: Vary (u;c, d) = Dissy (b; ¢, d), with

Dissg (b; ¢, d) := supZZH 0, / ‘ﬁlti (z) dux, (3.9)
D

i=1 af

where the supremum is taken over all finite partitions ¢ =ty < -+ <t = d of the
interval [e, d] (with the convention Dissg (b;¢,d) =0, if ¢ = d).

It is easy to see that given a sequence (uf), = (32 _, b%8, )k in Y(D; Z), p*
p=>372_1ba8, weakly* in Y(D; Z) if and only if b% — b, L>®-weakly*, for every
a=1,...,q. Therefore a compatible system p € SY ([0,T], D; Z) is left continuous
if and only if the correspondent b € S([0,T], D, q) satisfies the following property:

for every finite sequence t; < --- < t,, in [0, 7]

bl plltn [ weakly ™, (3.10)
as s; — t;, with s; € [0,T] and s; < ¢;, for every (ai,...,a,) € &". We denote the

set of all b € S([0,T], D, q) satisfying (3.10) by S_([0,T], D, q).
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Definition 3.2. Fixed a sequence 0 = t; < -+ < t, = T in [0,T], and given
a family (ba, ..., )(ar,.am)eam 0 L(D;[0,1]) with 32, 1 bay.a,, = 1 ace.
in D, we define b*"° € S([0,T], D, q) as the family corresponding to the piecewise
constant interpolation of the measure = 3- . bai..am0(a,. ), as defined
in [13, Definition 4.12].

More in details, for every finite sequence 7 < --- < 7, in [0,T] such that for
every j =1,...,m there exists i = 1,...,n with ¢t; <7; <t;41, we have
0 if ﬁi 75 6@4_1 with tj <7< Tig1 < tj+1
(bpw‘:)gl1 = for some ¢ and j

bay...a,, Otherwise,

for every (B1,...,0,) € .

We can reformulate Helly’s Theorem for compatible systems of Young measures
(see [13, Theorem 4.10]) in the discrete setting as follows.

Theorem 3.3. Let (b"); be a sequence in S([0,T], D, q) such that Dissg (b";0,T) <
C, for a finite constant C > 0 independent of k. Then there exist a subsequence,
still denoted by (b%)y, a set T C [0,T] containing 0 and such that [0, T\ T is at
most countable, and b € S_([0,T], D, q) with Dissg(b;0,T) < C, such that

(bF)hrte bt L weakly*, (3.11)
as k — oo, for every finite sequence t1 < -+- < t,, in T, and every (aq,...,q,) €

;.

Now we state a lemma to describe the canonical form of the space Y?(D; Z x
RN *4) of all Young measures on D with values in Z x RV*? and finite p-moments,
for 1 < p < +o0.

Lemma 3.4. A measure v is an element of YP(D; Z x RN*4) if and only if it can
be written as

Eq: (00 ® Aa) (3.12)

where (bo)L_, is a family in L‘X’(D [0,1]) satisfying (3.5) and, for every a =
1,...,q, Ao is a Young measure on D with values in RN*¢ such that

/ b (2)|F|P dro(z, F) < oo, (3.13)
D xRN xd

for everya=1,...,q.

Proof. For every a = 1,...,q, let us consider b, € L*°(D;[0,1]) and a Young
measure \, € Y (D;RY*?) satisfying (3.5) and (3.13). It is immediate to see that
the measure defined by (3.12) is an element of YP(D; Z x RV*d).

On the other hand, if v belongs to € Y?(D;Z x RN*4) and (v%),ep is its

disintegration, for a.e. x € D and every a =1, ..., q we define
ba(z) := v ({a} x RV*d); (3.14)
let us fix a probability measure w on RV*%: for o = 1,...,q and for a.e. z € D let

us define a probability measure A2 on RV*4 by setting for every B, € B(RY*4)

{7””23{;)30) if by () # 0

AalBa) =1 57 if bo(2) = 0

(3.15)
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By construction b, is measurable with nonnegative values for every a, Y 2 _ by (z) =
v (Z x RN*4) =1 for a.e. x € D, and (\2), is a measurable family of probability
measures satisfying (3.13), for every « . It is now immediate to see that the measure
7 whose disintegration is given by

q
= Z bo(2)(0q @ AS) for a.e. z € D, (3.16)
a=1

is exactly v. Indeed every Borel subset B of Z x RV*¢ can be written as the union
of disjoint sets of the form {a} x B,, for suitable B, € B(RV*?) for a =1,...,¢;
hence we have

q

7(B) = Y ba(@)X(Ba)
a=1
q T
v*({a} x Ba)
= Z bo(2) ——= =1"(B).
a=1 ba(l')
O
Remark 3.5. The functions b, and the measures b, Ao, @ = 1,...,q, satisfying

the properties described in the previous lemma are uniquely determined by v. In
particular if we consider the disintegration of An, (A%)zep, we obtain that A? is
uniquely determined for a.e. z in {z € D : by(z) > 0}.

Remark 3.6. Let vF =3 b (6, @AE), v =" ba(da ® A) belong to YP(D; Z x
RY>*4) A simple computation shows that a sequence (V) in YP(D;Z x RV*d)
p-weakly™ converges to v € YP(D; Z x RV*4) if and only if

WENE < boAe  p-weakly* (3.17)
forevery a =1,...,q.

Remark 3.7. For every a = 1,...,¢q, let (", \")}, be a sequence in L*>(D; [0, 1]) x
Y (D; RVN*4) satisfying (3.5) for every h, and

sup/ b (z)|FP dA! (z, F) < C,
h JDxRNxd

for a positive constant C, for every a. Then there exists (ba, Aa) € L*(D;[0,1]) x
Y (D; RN*4) for every a, satisfying (3.5) and (3.13), and such that, up to a subse-
quence,

bt~ b, L®-weakly*
WA~ BN p-weakly*,

as h — oo.

4. The mechanical model. The reference configuration is the set D introduced
in the previous section.

We indicate the deformation with v and the internal variable with z.

We denote the stored energy density by W: Z x RV*4 — [0, +00) and the dis-
sipation rate density by H: Z* — [0,+00). For every a € Z and F € RV*4 we
make the following assumptions:
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(W.1) there exist two positive constants ¢, C' such that
c|F? = C <W(a,F) <CQ+|F?);

(W.2) W(a,-) is of class C! and

ow

- < .

|55 (@ F)| < CL+ |F);

(H.1) H is a metric on Z2.
Let W be the functional

W(z,v) := / W(z(z), Vo(z)) dz,
D
for every z € L>°(D; Z) and every v € H'(D;RY), and H the functional
H(z, 3) ::/ H(:(z), () da,
D

for every z,2 € L>*(D; Z).
Given two distinct times s < ¢, the global dissipation of a function z: [0,T] —
L>(D; Z) in the interval [s, t] will be
k

Varg (z;s,t) := sup Z H(z(m), z(1i—1)),
i=1
where the supremum will be taken among all finite partitions s =79 <73 < -+ <

T — t.

The prescribed boundary datum on 9D at time ¢ is denoted by ¢(t); we assume
p € AC([0,T); WEP(D;RY)), with 2 < p < +o0.

The kinematically admissible values at time ¢ for v are those which make the total
energy finite and satisfy the boundary condition, i.e., v = ¢(t) on 9D H? !-a.e. (in
the sense of traces).

5. Admissible set in terms of Young measures.

Definition 5.1. Given A C R and w: A — H'(D;RY), we define the admissible
set for the time set A and the boundary datum w, Ad(A,q, w), as the set of all
pairs (b,\) € S(4, D, q) x (Y(D;RN*4)2)4 such that property (3.13) (for p = 2)
is satisfied by b!, AL, for every o and ¢, and the following condition holds: for every
finite sequence t; < --- < t,, in A, for every i = 1,...,n, and every k € N, there
exist a measurable partition (D%*)?_, of D and a function vf € w(t;)+ H(D; RY)
such that:
(1) for every (ai,...,a,) € &2

t1.tn
R 0 b, n L -weakly*, as k — oo;

(2) for every i = 1,...,n there exists a subsequence (k;) j» possibly depending on
1, such that
L b AL 2-weakly*, as j — oo
D, i
for every a=1,...,q.
The following remark compares the notion of Ad(A, ¢, w) with the notion of

admissible set in terms of Young measures AY (A4, Z, w), as defined in [13, Section
6.2].
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Remark 5.2. Given A € R and w: A — H'(D;RY), let us consider (b,\) €
S(A, D, q)x(Y(D;RN*4)9)4 with (b, \") satisfying (3.13) (for p = 2), and (v, u) €
Y2(D; Z x RN*)A x SY (A, D; Z), satisfying

vy, = Z b (5, @A), for every t € A
M, g = Z bt1 t;iné(al,...,a") for every tq < .-+ < t, in A.

(@1,..an)

Then (b, ) € Ad(A,q,w) if and only if (v,u) € AY (A, Z,w), i.e. for every finite
sequence t; < --- < t, in A there exist sequences (zF), € L*®°(D;Z), (vF)p C
w(t;) + Hi(D;RY), for i = 1,...,n such that

(appl)z we have

Ok by = My,.q, Weakly™, (5.1)

as k — oo;
(app2)z for every i = 1,...,n, there exists a sequence of integers (k});, possibly
depending on 7, such that

0 i ni —vy, 2-weakly®, (5.2)
(2,7, Vv, )

as j — o0.

Indeed, given (D%, k)asatlsfylng the approximation property for b ' we define z¥ by

k

2F(z) = a whenever x € D4¥ | or equivalently, given z¥ satisfying the approximation

property for v,, we con51der D;k ={zeD: zf(x) =a},fora=1,...,q.

The closure properties of Ad(A, ¢, w) are described by the following lemma, which
is the formulation in our discrete setting of [13, Lemma 6.7].

Lemma 5.3. Let (w?); be a sequence of functions from A into H'(D,R™), such
that w? (t) — w(t) strongly in H', for every t € A and let (b,A\) € S(A,D,q) x
(Y (D; RN*N A qyith (b', X' satisfying (3.13) for p = 2, for every t € A. Assume
that for every finite sequence t1 < --- < t,, in A there exists a sequence (bj,)\j) €
Ad({t1,...,tn},q, w’) such that

()e s, = by, L -weakly™, (5.3)
as j — oo for every (oq,...,an) € A2, and such that for every i there exists a

sequence of integers (ji)n, possibly depending on i, satisfying

((O7) (W)E) = BEXG, 2-weakly™, (54)

oo

as h — oo for every oo =1,...,q. Then (b,A) € Ad(A, q,w).

The following lemma will be used in order to provide a class of competitors for
the discretized minimum problem in Section 7.1.

Lemma 5.4. Let 0 < t1 < -+ < t,, < T be a finite sequence in A. For every
j=1,...,m, let us consider v; € w(t;) + H} (D;RY™) and a measurable partition
(DI)E_, of D. Let M: D — ML, 22— (Mpo())ga be a measurable map, and i
an element of H (D;RY).
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Let (v, ) € Y2(D; Z x RN {ttmd 5 SY2({ty, ... t,}, D; Z) be defined by

Vi, = ZMﬁalD{T‘S(ﬁ,vaJrva)a
o,
q
vy, = Z 1D£5(a,ij) for every j < m,
a=1
Hoty oty = Z Mgalpy - lpp—r - Lopd(an,.am-1.8)

Q1 yeey 0 — 1,0, 3

Then (v,p) € AY ({t1,...,tm}, Z,w).

Proof. Let us consider first the particular case of M: D — M%:? constant.
Fix a € {1,...,q} and define a measure v{ on D x Z x RN*d by
Vi, =Y Msalppd(svs,.),
B

where Up, := vp, + 4. Consider a measurable partition (S§)s of the unitary cube
[0,1]4, with |S§| = Mgpq for every j (it is possible to find such a partition since
0 < Mgy <1 and Z,@‘ Mg, = 1, by the hypotheses on M). Let us now define a
measurable function 2¢: [0, 1] — Z by setting

Z%(x) =p forae. z € Sj,

for every B =1,...,q, and extend it by periodicity to all RZ. For every ¢ > 0, the
function zZ§': R? — Z defined by z§(z) := 2%(%), for a.e. x € R%, is é-periodic. By
the Riemann Lebesgue Theorem, we have

Liverd : 50(x)=p) — Mpa L -weakly™,

as 0 — 0. Let now ¢ € Co(D x Z x RVX4) = Cy(D x RN*4)Z; we have

M=

Lpm (2)Y (2, 2§ (), Vi (2) = 1pn(z) ) ¥(z, B, Vi (2))lzera 20 (2)=p} (T),

Il
_

B

for a.e. € D, and the function © — 1pm (2)(x, 3, Vi, (2)) is in L'(D) for every
(. Hence we can deduce that

/ Y(x, v, F) d(lD:;L‘s(zg,vam))(m»%F)
DxZxRNxd
- / Loy (@) (@, 53 (), Vi () di
D
:Z/ Lpm (@)Y (, B, Vim (2))l{zeD 20(x)=py (T) dz
AL

6—0

— Zﬁ: /D Mgl pm (x))(x, B, Vi (x)) dx

- / (e, F) dws )z, 7, F).
DxZ xRN xd

Defined Zs: D — Z by Zs(x) := Z§'(z) if © € D[}, we can conclude that &z, 5 ) —
vy, 2-weakly*, as § — 0.
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We observe that

Ky, = Z ]Wgole}x1 . 1D(r)nm11 1D3L5(o¢17m7am_176)
Qe U — 1,03
> Msalpgdiar,...amt ),
af
where 27(z) := a whenever x € DI, for j = 1,...,m — 1. Therefore, we can apply

the same argument used for vy, to py, , —~anddeduce that 6., . .. . 55 — By 4,
weakly* as § — 0. Hence it is enough to consider a sequence 0¥ — 0, and, for every
k, zf = z; for j < m, 2k = Zgk, vf = v; for j < m, and vk = ¥, to obtain the

required approximation properties considered in Remark 5.2.

Consider now the case of Mg, in C}(D). Fixed a positive parameter ¢, consider
a finite family (Q%); (E) of disjoint cubes in R?, with diameter ¢, covering D, and set

. 1
e T e Qi Dl Jgip
for every i =1,...,I(g), and every «, 3. For a fixed o, we can define a measure v
on R? x Z x RV*4 by setting
I(e) q A
=33 (Mpa)ilgilpgds,vs,)-
i=1 B=1
Let us fix i = 1,...,I(¢) and reproduce the arguments used in the constant case:

consider a measurable partition ((SZ)§)s of the unitary cube [0,1]%, with |(S2)3| =
(Mga)t, for every 3 (it is possible to find such a partition since Zﬁ(Mga)g =
‘Q;—le fQ;nD(Zﬁ Mpgo)(x) dx = 1, by the hypotheses on M), and define the map

(2%)L: RY — Z as the 1-periodic measurable function satisfying

(2*)(z) =B for a.e. mE(S”)g,

for every 8 = 1,...,q. For every 0 > 0, consider the function (20‘);5: R — Z
defined by (2)% 5(z) := (2*)(%), for a.e. x € R%. Fixed &, we obtain as before that
1DZ'6(5?6’{’7”) — I/? 2—weak1y*, (55)

as 6 — 0, where z2;: R? — Z is the function defined by 5= 0 Ite) L Llgi(29)Ls

Now we want to show that v — v 2-weakly* as ¢ — 0.
For every ¢ € Co(D x Z x RNXd), we have

[ s @) - [ e P di o)
DxZ xRN D

xd X Z xRN xd
I(¢)
‘\Z / (Ma(@) = 3 1g: () (Ms): L) (@, B, Vi (x)) dal.

Since for every z € D’gf there exists a unique i, = 1,...,I(¢) with z € Q= we have

| Mo (z ZlQ 2)(MJ)i| = [MBo () — (Mga)i| < [V Mpal|sce,
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for every x € D} and every 3 =1,...,q. Therefore we have
[ s ag e - [ i) dvienF)
DX Z xRN xd DX ZxRNxd
<Y IIVMgallcol[¢ ool Dle,
B

which tends to 0 as e — 0.

Since Y (D; Z x RN*4) is contained in a bounded subset of the dual of a separable
Banach space, it is metrizable with respect to the weak* topology. Let us denote
by d a metric inducing on Y (D; Z x RY*4) the weak* topology, so that we have

o d(vg, vy ) — 0ase— 0;

e for every fixed e, d(lD(Zn/é(ggs,vg),V&) —0asd— 0.

£
Applying as before the same argument to g, , , we deduce, using a diagonal-
ization argument, that there exist sequences d; — 0 and 5 — 0 such that
(1) for every «, 1Dm5(z 5y VU V) — v 2-weakly* as k — oo;
(2) for every a, we have

y — Z M,@alD}yl o lpma 1D2L5(a17___704m_176)

1pmd1. . ms
DmO(zl [ zm z> ot
ALy —1,3

€0k
weakly™*, as k — oo.

Now it is enough to define z. 5: D — Z, by Z. 5 := >, 1pmzZs, to prove the thesis.

It remains only to treat the general case of Mg, € L*(D). We can reproduce the

same construction proposed in the C!-case; the only difference is that we have to use

an approximation argument to show that v¢ — v 2-weakly*. Indeed it is enough

to consider, for every (3, a sequence (M" )n in CH(D ) with M7 5 — Mpa strongly in

LY(D), asn — oo, and let (M},,)% := (M}, )q:np- Forevery ¢ € Co(Dx Z xRN *4),
we have

’/ Tﬂ(l”%F) dV?,,,L(xv’Y?F)_/ ¢(%%F) dl/?(x,’}/,F)
DX Z xRN D

xd X Z xRN xd
| / Y Ma(@)i(x, B, Vi (z)) da
a B

I(e)

/ D g (@)Y (Mpa)io(x, B, Vi (x)) dm‘
B

azl
I(e)

<’Z/ (Mo — M)z Z1Q 7) (Mo~ MB,)L] 0, B, Vi () da

m,

+ ‘ Z/ (Mo (x ZlQ’ (M) (@ )}M%@V@m(x)) dm‘.

m

‘We know that

|M6a ZlQ Mﬁoe | = |M6a( ) (Mga)?| < HVMEaHOO‘E?
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for every x € D} and every 8 =1,...,q. On the other hand, using Lemma 2.1, we
can deduce that
I(e)

[ 00 = M) = 3t @) M — M) d

< [ Mo M @) da
Dm

Let us now fix 1 > 0; choosing 7 such that > 5 [|[Mpa — Mg, [l1][¥][ec < 1/2, we have

/ vla, 1, F) dvf, o F) - [ Ul F) dv2 (e, F)| <
DxZ xRN xd DxZ xRN xd

for every e < e, :=n(23 4 ||VM§QHOOH1/)||OO|D|)’1; therefore we obtain that v —
v¢  2-weakly* as ¢ — 0 and we can prove the thesis as in the previous case. O

Remark 5.5. If (b, \) € Ad(A, ¢, w), for every ¢t € A there exists a unique function
v(t) € w(t) + HY(D;RY) such that Vo(t) = Y b bar(A,); moreover, for every
t € A, the function o (t) representing the stress and defined by

q
o(t,z) =Y b\ () /wad %—I;/(a, F) d(AL)*(F) for a.e. z € D
a=1 )

belongs to L?(D; RN*4).

6. Definition of quasistatic evolution and main result. First of all we fix
some notation and give the definition of quasistatic evolution in the discrete setting.

We will use the following compact notation: given an admissible pair (b, A) €
Ad(A, q,p), we will write

WX = [ @)W ) X @)

H(B,b°) = (H,b) = §H<ﬁ,a> /D b3ty (x) d,

for every s < ¢t in A. To describe the set of competitors for the stability condition
satisfied by the quasistatic evolution, we need to introduce some other notation.
Given a measurable map M: D — M%fq, we consider the following operators:

My A(Dy1,q) — A(D,2,q)
(ba)a +— (Mgaba)(a,p)
and
(MY, M3)): A(D,1,q) x Y(D; RV A(D,1,q) x Y(D;RN*4)
(b, A) > (Myy(b), M3, (b, V),

where
My (0)p = D (Mu(b)ag =D Mgabs ae. in D
B = B S b @) > 0

for a.e. x € D and every B =1,...,q.
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Given b € A(D,1,q) and M € L>*(D;ME;?), we set

H(M},(b),b) = (H, Mar(0)) = S H(B, ) /D Mgo(2)ba(z) dx. (6.1
o,

Remark 6.1. If we want to consider a modification of (b, A) due to a permutation of
phase distributions and Young measures, the corresponding M will be independent
on x, with entries equals to 0 or 1, and with exactly one nonzero entry on each
row. In this case M}, (b) is the product M -b between the matrix M and the vector
(ba)a, while (M32,(b,\))s = (M - \)s for a.e. x € D such that (M - b)g(z) > 0.
Definition 6.2. Given ¢ € AC([0,T]; WHP(D;RM)), for 2 < p < 400, T > 0, 29 €
L>(D; Z), and vy € A(0), a quasistatic evolution of Young measures with boundary
datum ¢ and initial condition (zp,vp), in the time interval [0, 77, is a pair (b, A) €
Ad([0,T],q,¥), with b€ S_([0,T], D, q), satisfying the following conditions:
(ev0) initial condition: with DO := {z € D : z(x) = a}, we have b = 1po and
()‘g)z = 0vuy(a) if 7 € DY, for every «;
(evl) partial-global stability: for every t € [0, T], we have

(W, (b, X)) < (W, (b, V) + H(b, b,
for (Z~), 5\) varying in the set
{(M},(0"), Toa(M3,(6", X)) : @ € Hy(D;RY), M € L(D; M)},
where H(b, b") = H(M},(b"),b") is defined as in (6.1);
(ev2) energy equality: if o is the function defined in Remark 5.5, then the map
t=(a(t), Ve(t))2 (6.2)
is integrable on [0, T, and for every t € [0, 7]

(W, (b, A1) + Dissr (b0, £) = Wiz0, v0) + / (o(5), Vp(s))2 ds,

where Dissy (b; 0,t) is defined by (3.9).

Theorem 6.3. Let p € AC([0,T); H*(D;RY)) and T > 0. Assume that the partial-
global stability condition is satisfied by (z0,v0) € L>=(D; Z) x (¢(0) + HL(D;RN)).
Then there exists a quasistatic evolution of Young measures with boundary datum
wp and initial condition (2o, vo) in the time interval [0,T].

7. Proof of the main theorem. The proof is obtained via time-discretization,
resolution of incremental minimum problems, and passing to the limit.

7.1. The incremental minimum problem. The first step of the proof consists
in the definition of an approximate solution via an inductive minimization process.
Let us fix a sequence of subdivisions of [0,7],0 =t < tL < ... < ) = T, such
that sup;_; _ x(m) 7 — 0, asn — oo, where 7, =t} —ti !, forevery i = 1,..., k(n).
For every i = 0,1,...,k(n) we set ¢!, := p(t}).
We define (bfl, )\;) € Ad({t%, ... t\},q, %) by induction on i: set

(bg)a (Ag,)()( = 1Dg 6vvoa

where DO :={z € D : z(z) = a}; for i > 0 we define (b, \!) as a pair satisfying
the following properties:
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(min) (b, )\;) is a minimizer of the functional
(W, (b5, ) + (HL b0 =

-y /D bl (@) [ W F) d(AS)(F)) de+ (7.1)

RNXd
S H(B,a) /D bl () d,
a,B

over the set A% (b1, Ai1) of all (b, A) € Ad({t9,...,t.},q, ) satisfying

tha...ti _ (bi—l)ta---tijl a.e. in D. for e i (7.2
ag...oi—1 — \Un Jao..ai—q ST s very (0407 ce 701171) € 9 ( ’ )
B

NE = NV, o every < dand eveny &

(reg) there exist two constants r > 1 and 7 > 0, both independent of ¢ and n, such
that

3 / (615 (@) [F P d(N)E (x, F)
DxRNXd

a=1

ali+ (X[ eswire aien) ]

a=1

(7.4)

The existence of such a pair (b, X’,) is proven in Lemma 7.2 below.

Lemma 7.1. For everyi > 1 and every (b A e Ad({t2, ... ti1Y q, ), the
set AL (b1 XYY ds nonempty.

Proof. Fixed (b" !, /\i_l) € Ad({t%,...,ti"1}, q, ), let b be the unique element of
S({t2, ... t\}, D, q) satisfying
. 0 i—1
po N {(b’”)&"a::.t&;_l if @ = i )

ap...0; 10 " 0 OtherWiSG;
for every (ag,...,q;) € fQ{iqﬂ? define A € ((Y(D?RNXd)q){tg’m’t;} by
)‘ZZ;, ::()jfl)tjﬂr if j < i, for every a,

N =T, o (MY,
. i—1
where the translated measure 7g ;g i1 ((AH4 ) is defined as in (3.2). It is
immediate to see that (b, A) satisfy the properties (7.2) and (7.3). By construction
bg)\g € Y2(D;RN*4) for every a and every j = 0,...,4: indeed for j < i it is
obvious, while for ¢ we have
tl 0.t
by = > bt
(eg...oti—1)
. 0 i—1 . i—1
_ Z_l)ta".,.,.'t&f.i = (bz—l)ta" ,
DD A o

(Oéo...oc,;_g)
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for every «, therefore
[ @ ([ PEany ) do
D RNXd
=[5 @( [P+ Ve - Ve @P a7 ) de
D RNXd
< [ @i @( [ PR A ) ot 9B+ 196 B < +oc,

for every . It is now easy to prove the approximations properties (1) and (2) of
Definition 5.1 for (b, A) defined by (7.5) and (7.6). Suppose that for every k and
every j = 0,...,i—1, (D*"1)4F), is a measurable partition of D and (v*~1)3F is a
function in @7 + H}(D;RY), which satisfy conditions (1) and (2) for (b""*, X" 1).
Then (D%F),, and v?**, defined by

DIF = (D7Y)EF forj <
D’i,k — (Di—l)’i—l,k
vF = ()R for j <
piok (0= Lyimbk i il
for every « and every k, satisfy (1) and (2) for (b, A). O

Lemma 7.2. There exist constants v > 0 and r > 1, such that for every n, every
i=1,...,k(n), and every (b’_l, A’_l) € Ad({t%, ... ti=1 q,¢), the functional (7.1)
has a minimizer over A% (b1, X1, which satisfies (7.4).

Proof. Let (bh, )\h)h be a minimizing sequence. By the bounds on W we have

e [ @@ ( [P aanie) de-c

(7.7)
<(W, (") (AM))) <
for every h, for a positive constant C’ independent of h. Moreover, we have
sup || (60, %, floo < 1,
h
for every (ag,..., ;) € sziqﬂ. Therefore, we can deduce that there exists
i1 . . i
(blao...a0))(ao...ar) € (L=(D;[0,1]))1 " satisfying (3.6) and
0 i
(bh)f%%zq - bao...ai Lw—weakly*,
as h — oo, up to a subsequence. In particular,
(bh)f}' - Z bog...ai1a  L-weakly*. (7.8)

(ao...ai,l)

From (7.7), we can deduce using Remark 3.7 and (7.8) that there exists
A € Y/(D; RN*4)a guch that

/D RN xd Z ba0~~~ai—1a(m)|F|2 d)\a(x,F) < 00,
X X

(Oéo,...,()ci_l)
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and

B AN = 3 bagaisada 2-weakly®,

(Oéo...oc,;_l)

as h — 0o, up to a subsequence. We now define

" ) — j - .
Al (AH%, for every j < i and every a,

)\Zﬁ = Ao forevery a,
and b as the unique element in S({t,... t}}, D, q) satisfying
0 3
bgﬂo’ig = bog..q; forevery (ap...q;) € 4&71-3_1.

It is immediate to see that the hypotheses of Lemma 5.3 are satisfied by (b, A),
hence (b,\) € Ad({t%,...,t},q,). Moreover (b, A) satisfies (7.2) and (7.3), by
construction; hence (b, A) € A% (b1 A1),

The term of (7.1) containing W is lower semicontinuous with respect to the 2-
weak™* convergence of Young measures, while the one containing H is L*°-weakly™
continuous; therefore the functional (7.1) is lower semicontinuous with respect to
the convergence we are considering, and this implies that (b, A) is a solution of our
minimum problem.

Now we want to construct from (b, A) a new minimizer (b, X) satisfying property
(7.4). Let us set

q . .

i i \tn i\t

Wi = > (bL)d (60 @ (A)d"),
a=1

. . 0 £

()i = > (B % 8 (ag,. )

(@0,--ms00)

From the definition of A}, (b ;A" ) it follows that (v}, ul) € AY ({t9,..., 14}, Z,¢);
in particular there exist sequences (2, ! )k, (2% )k in L>(D; Z), and (v%, )1 in A(t},)
satisfying

weakly™,

i
n

J(Z:,Tk17z;,k) - (I‘l’n)tiflt

0t vui ) — (Wh)s 2-weakly*,
as k — oo. Thanks to Lemma 3.1, we can assume, without loss of generality,
that (|Vv}, ,|*)) are equiintegrable; hence by the Fundamental Theorem for Young

measures (see, e.g., [3]) we may assume that

sup [ Vef i3 < / FP d@h)ss (2.0, F) + 1, (7.9)
k DXxZ xRN xd

/ W (2 (@), Vi 4 (2)) dz — / W(a, F) d(v})s (¢, 0, F).  (7.10)
D D

X ZXRN xd
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Denote by I’ the minimum value of (7.1) over A% (b""* X*"!). Thanks to (7.10),
we can deduce that

i [ [ W(eh o), Vb4 @) do [ HGpla) 5400 0) de]
D D ’
-/ W(a, F) d,)y, (2,0, F)
Dx Z xRN xd "
—i—/ H(ov, i) d(pg,) i1y (2,041, 05) = I,
DxZ2 r
Now we want to consider the following auxiliary minimum problem, for every k:

ok = inf 1/W(zflk(x),Vv(x)) dx+ H(z;k(m),z;’]j(x)) de.  (7.11)
D

vEp: +H)

For every k, we choose f)f%k € ¢! + H}(D; RY*4) such that

/D W(Eha(e). V@) o+ HEL@ @) de < Tyt o (112)

Using v;,k as competitor in (7.11), we can easily deduce, from (7.12) and the growth
hypothesis on W, that

IV, 3 < CQ+ (Vo 3),

for a suitable positive constant C‘, independent of n. Hence, thanks to (7.9),
supy, HV%HB is bounded; in particular there exists 7/, € Y?(D;Z x RV*4) such
that, up to a subsequence, §.: B2 B vt 2-weakly* as k — oo. Thanks to

Lemma 3.1 we can assume, up to a subsequence, that |V@;,k|2 is equiintegrable in
k.

Since mpxz(7},) = Za(bfm)%éa, by Remark 3.5 there exists a family of Young
measures A\, = ((A\})q)a such that it holds

Zq: (60 @ (AL)a); (7.13)

since 7, € Y2(D; Z x RNV*4) (b, ) ”()\z )o satisfies (3.13) for p = 2. We have

/ W(a, F) dv} (z, 0, F) + H(vi, 1) d(ph) i1, (@, 0, B)
DxZxRNxd Dx Z? o

<liminf | / W (2 (1), Vi (2)) do + /D H(zh x(o), 210 (2)) da]
<hm1nf[ kT 1/K]

(7.14)

<limin | /W 2 (1), Vol () da:—i—/H (). 2 ) da] = I,

The construction of 7, implies that the pair (b, A), with

X o= (A AT N
= (AR THET N,
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is an element of Ad({t},...,t}},q, p); moreover it satisfies the “memory properties”
(7.2) and (7.3) required to be in A% (b*"*, X'"!). Hence

Ivi < W(a, F) dﬁ;(x,a,F)—i— H(a;, o-1) d(“;)t;—lti (z,a, B); (7.15)
DxZxRNxd Dx 22 "

we can deduce from (7.14) and (7.15) that (b, A) is a minimizer of (7.1) on the set
AL (B AT,

Now we want to apply Ekeland Principle in order to construct a more regular
sequence (U,, ;) which, together with z} ,, generates v7,.

We define 4}, , as the function o, , — ¢}, € Hj(D;RN). Consider the functional
& defined on the Banach space Wol’l(D; RY) by

£ () = Jp W (2l . (2), Vi (x) + Vu(z)) de if w € Hj(D;RY);
T +o00 otherwise.

This functional is strongly lower semicontinuous with respect to the VVO1 o1 topology,
it is positive and not infinite everywhere: hence we apply Ekeland Principle (see [12,
Corollary 6.1, p. 30]) to W' (D; RY) endowed with the norm HUHWOM = [|Vul|1,

and we deduce that there exists ﬁ; L € H}(D;RY) with the following properties:

/D W (2 (1), Vi () + Vi, 4 () d
< inf E(u) +1/k =

ueWy ! (D;RN)

= inf W (2! (), Vi (z) + V de+1/k 7.16
ol [ W), Ve @) + V() da 1/ (716)

< inf W (2 (), Vo(z)) de+ H(z! (), 25 (x))] da
< it ] V), Vo) des 1) @)
+1/kzlriz,k+1/k;
1

Vil , — Vil < —; 7.17
|| n,k n,k”l = \/E ( )

/D W (2 (2), Vgl (2) + Vil () de

1 (7.18)
< [ Wi @), Vi) + V(o) + = |Vu— Vi ]
D vk
for every u € H}(D;RY).
In particular these properties imply that
sup [[Vay, 13 < C(1+sup |V, 4]13), (7.19)
k k

for a suitable positive constant C' independent of k, n, and 4, and
5(szyk,V<p;+Va§hk) — U, 2-weakly™,

as k — oo.
Using the growth hypotheses on W, it is easy to deduce from (7.18) that, for k
sufficiently large, vy, ; is a @-quasi-minimum of the functional 7: H YD;RN) - R
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defined by F(v) = [, (1+|Vo(z)|?) dz, for a suitable positive constant Q indepen-
dent of k, n, and i. Indeed, let us consider a cube Qr € R?% and a function w such
that ﬁfl’k —w e HY (DN QR;RN). We can extend w to D\ Qg by setting w = ﬁfhk
a.e. in D\ Qr and this extension (not relabeled) is in ¢!, + H}(D; RN). If we take
w as a competitor in (7.18), we obtain

/ W (2 (@), Vo p(2)) do + / Wz 4 (2), Vi () do <
D\Qr

DNQr

</D\QR W (z}, (), V], () dz + /DQQR W (2 (), V(@) dot

1 .
T [ w) - Vel ()] do
k DNQr '
using the growth hypotheses on W, the previous inequality implies

/ (Vo (@) — C) dr < / C(Vwl? +1) do
DNQr DNQr

1 )
—/ |Vw(z) — Vo, . (z)] dz.
DNQr
Now we have
[Vw(z) — Vi, 1 (2)] < [Vw(z) — Vo, (2)° + 1 < 2(|Vw(a)? + [V, 4. (2)]?) + 1;

hence

/ AV (@) dz < / C(|Vwl? +2) do
DNQr ’ DNQr
1 )
T [ RITe@P + Ve k@) + 1) da,
DNQr
We can rewrite the previous inequality as follows:

2 —q 2
o= —) /D T+ dr <

l wlxr 2 i C_i X,
<(c+ﬂ)/ijQR(|v @) +1) d +/DQQR(C+ ) do

hence, if k is sufficiently large we can assume that ¢/2 < ¢ — (3/Vk) < ¢, so that
we obtain

[ v >|2+1>dx§M/ (IVe(@)P +1) da,
DNQr ¢ DNQr

which proves that 173% i 15 a 4(C + ¢)/c-quasi-minimum of F.
We can now apply Theorem 8.7, and conclude that there exist two constants
v > 0 and r > 1, both independent of k, n, and 4, such that

/|V |2’“dx<71+ /|ank( )|2dx)},

for every k. In particular, thanks to (7.19), we have
| I9@R o <o+ 9@ IE] <

(7.20)
<F[a+Iv@F],
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for a suitable constant ¥ > 0 independent of k£, n, and 7. Thanks to the equiinte-
grability of |V@fhk|2, using the Fundamental Theorem for Young measures we can
deduce that

q )
S d@IE ke )
o1/ DxRNxd
< lim inf / Vo (@) da
k D ’
<1+t [ |w:;,k|2 dr)']
F[1+ ( Z/ (2)|F|? dN. (z, F))").

XRNXd

This concludes the proof. O

Using the minimization process described so far, it is possible to construct in-

ductively (b%, AL), for every i = 1,...,k(n) and every n.
Set 77(s) := ti, whenever t{ < s < tit1 where we set t,
For every 1 and n we set

=3 [ k@GR a )

k(n)+1 =T+

S|=

and define
on(t,r) =o' (1), (7.21)
for a.e. ¥ € D, whenever !, <t < ti+1,
For every a = 1,...,q, we define (A\,,), € Y(D'RNXd)[O’T] by
)i = ()l (7.2

whenever t{, = 77(s), for every s € [O,T]; we define also b, € S([0,7], D;R™) as
the piecewise constant interpolation of b*™ (see Definition 3.2).
Note that (b, Apn) € Ad([0,T7],q,@(7"(:))) by construction.

7.2. A priori estimates. Set
W), = Zq:(bi)ii (60 ® (X)),
1
(H%)t%...t; = Z (b}, )fxoo tf;:émo,...,m),
for every i = 1,...,k(n), and
() = zq:(bn)ta(% ® (An)a),

() tg. it = Z (bn)g)(j.'fgf”é(ao,...,am)>
(€0, s0tm)
for every t € [0,T] and every tg < -+ < t,, in [0,T].
As in [13, Section 7.2], we want to deduce a discrete version of the energy in-
equality for (b, A,). We briefly recall the argument for the reader’s convenience.
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Using the competitor defined in the proof of Lemma 7.1, we have
/ W (. F) d(vh )y (. . )
DxZ xRN xd "
= 0 dd) oy (@0 0)
Dx(Z)2 "
S/ W(a, F)dv ) i1 (z, 0, F)
DxZxRNxd "
+/ [W(a, F + V() = Ve H(2) = W(a, F)] dwy, )i (2,0, F).
DX Z xRN xd

Let us fix t in (0, 7] and suppose that ti <t < ti+1 for suitable i = 0, ..., k(n)+
1; using

[ W(F+ T a) - Vi @) - Wia F) dvl ) g (w0 )
D>.<Z><]RN><‘1

_/tth (/D W (0, F 4 (s, 2))Vep (s, ) d(un)s(m,a,F)> ds,

/:':1 X ZXRN xd 3F

where €"(s,z) := Vp(s,x) — Vo(r"(s), ), for every s € [0,T] and every x € D,
and iterating from 7 to 1, we obtain

/ W (o, F) d(va)(a, @, F) + Vars (u,: 0, )
DXxZ xRN xd

()
<W(z0, 00) + / (o n(s), Vp(s))2 ds

T® oW oW (7-23)
a1 7F " ) T an 7F:|
o Uy [t =0 ~Gpter)
V(s) d(un)s(m,a,F)> ds.
From (7.23), we can deduce the following a priori estimates on (v, @,,).
Lemma 7.3. There exists a positive constant C, such that
sup sup / |F1*" d(vp)i(z,a, F) < C, (7.24)
n t€[0,T]J DxZ xRN xd
sup Varg (p,,;0,7) < C. (7.25)
Remark 7.4. Since Z is finite, (7.24) implies that
sup sup / (e, F))?" d(vn)e(z, 0, F) < C. (7.26)
n te[0,T] J Dx Z xRN xd

Proof of Lemma 7.3. Using the fact that fOT l()|| g dt is finite, the hypotheses
on W and the inequality

sup / |F|? d(vy)s(z, 0, F) < 00,
s€[0,T] J DX Z xRN xd
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(since v,, are piecewise constant interpolations of Young measures with finite second
moments), we can deduce from (7.23) that, for n sufficiently large,

/ |F|2 dwn)i(z, o, F)
DxZxRNxd

. 1/2
<c+C s (14c [ PP dw)a(e 0 F))
s€[0,T] Dx Z xRN xd
for suitable positive constants C and @ independent of ¢ and n.
Since this can be repeated for every ¢ € [0,T], we deduce

sup sup / |F1? d(vy)i(z, 0, F) < C, (7.27)
n tel0,T)J DxZ xRN xd

Inequality (7.24) comes now from (7.27) and (7.4), while inequality (7.25) follows
from (7.27) and (7.23). O

Using Lemma 7.3 and adapting the proof of [13, Lemma 7.5], we can deduce the
following discrete version of the energy inequality: for every ¢ in (0,7

/ W (e, F) d(wa)e(z, o, F) + Varg (,; 0, )
N xd
DxZxR (7.28)

" (t)

<W(z0,00) + / (0 n(s), Vep(s)2 ds + pu,

where p, — 0 as n — oo.

7.3. Passage to the limit. Thanks to (7.25), we can apply Helly’s Theorem (The-
orem 3.3) to the sequence (b,,), and obtain a subsequence, still indicated with (by,),
a subset 7 of [0, T], containing 0, with £([0,7]\7) =0, and b € S_([0,T], D, q),
such that, for every finite sequence t; < --- < t; in 7, we have

(byp)it s gl [ weakly*, (7.29)

1...0¢] x1...0¢]

asn — oo, for every (aq,...,qp) € ;zfql. Denote by p the element in SY_ ([0, T, D; Z)
corresponding to b.

Let 7' be a dense countable subset of 7 containing 0. Thanks to (7.26) and
Remark 3.7, we can find with a diagonalization process a subsequence of (Ay)n,
still indicated by (A,)n, and A = (AL), € Y(D; RN*?)7 for every t € 77, such that

/ bl (2)|FI?" dAL (2, F) < C, (7.30)
DxRN xd

and
(b))t (An):, = AL, 2r-weakly*, as n — oo, (7.31)

for every t € 7'. Note that the family of coefficients b appearing here is the same as
in (7.29), because mpxz((Vn):) = (p,,)r for every t € [0, T] and thanks to Remark
3.5; moreover, by construction of (v,, ,,) we have

by = (bua=1pg, (7.32)
A" = ((A)2)* = dvug(a) for ae. z€ DY, (7.33)
(7.34)

where D% :={x € D : 2y(z) = a}.
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For every t € T\ 7', let us choose an increasing sequence of integers n},, possibly
depending on ¢, such that

lim sup(o,(t), V(t))2 = li]£n<0'n}sv (t), V(t))2 (7.35)

n

(this choice is crucial in order to apply the argument in [10, Section 7]). Again
by (7.26) and Remark 3.7, we can extract a further subsequence, still denoted by
(Ant )i, satistying (7.35) and such that there exists A € Y(D;RV*4) wwith

[ B@IEE e < (7.56)
DXRNXd

(bt )ant)e = LA, 2r-weakly*, as k — oo. (7.37)

[e3

Note that, thanks to (W.2), we have

lim Sup<an(t)v V(p(t))z = <U(t)’ v‘ib(t»?v (738)

n
where

olto)i= Y0 [ T F) d ().

for every ¢ € 7. This implies that the map (6.2) is measurable on [0, T']; moreover
for every t € T’ we have

limsup(o,,(t), Vi (t))e = liy{n(dn(t), V(t))s.
n
The family v will denote the element of Y?"(D; Z x R¥*4)T corresponding to
(b,\). Let t € [0, 7]\ 7, and fix a sequence s; in 7 converging to ¢t with s; < t; by
(7.30), and (7.36), we have

w [ vz [ ae ) s <

J

for every j; again by Remark 3.7, we can find a subsequence, not relabeled, and
A" € Y(D; RN*4) such that

[ b@IFE i) < (7.39)
DxRN xd

and
b7 A — bE AL 2r-weakly*, as j — oc. (7.40)

Note that, since mpxz(v:) = p, for every ¢t € 7, the left continuity of b defined
in (7.29) ensures that the family of coefficients appearing in (7.40) is the same as
in (7.29).

In this way we defined X € (Y (D; RN*4)9)19T] "and consequently v € Y?"(D; Z x
RN*4)0T] Tt can be shown that (b,A) € Ad([0,T],q,¢) using Lemma 5.3 and
adapting the argument in [13, Section 7.3].

By construction (b, A) satisfies (ev0).
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7.4. Stability. Fix nand i =1,...,k(n). Let
M:D — M
= (Mga(x))pas

be a measurable map, and let @ € H}(D;RY). We define (D;,ﬁi) € Y*(D;Z x
RN ) {ttid 5 SY({t5,..., 5}, D, Z) by

(D) = (V) ifj<i
i i\t i\t
(Fh)e = > Mpa(bl)a (05 ® Toa(XL)d"),
a,B
() i = ZMﬁ(x (b)) a”o ko 1@5(%, ai1,B)s

where Ty is defined as in (3.1).
Lemma 7.5. The pair (&%, ii') is in AY ({t9,...,t\}, Z, ).

Proof. Consider (V;“[J,%) € AY({tS,...,t8}, Z,p): for every j = 0,...,4, there
exist a sequence (v); contained in (t) + HJ(D;RY), and a sequence ((D%))a,
indexed by k, of measurable partitions of D, such that

(1) we have

D Lo LDi a0 = (Mg ey, weakly®,

QU yeeey Oy

as k — oo; A
(2) for every j =0,...,1, there exists a subsequence (k] );, possibly dependent on
j, such that
q .
Z 0, VUJ D — (V) 2-weakly™,

as | — oo.

In particular these conditions imply that

k— ~i
Z Mﬁal(Dgo)k o 1(Df;:i1)k, ' 1(D2)k5(ao,---7<¥i—1ﬁ) = (27,)

Q00— 1,053

) *.
t% th Weakly N

l—o00 ~i
ZMﬁal(Dl)kﬁ(@w (V) — (V) 2-weakly™;

o,
- 1
Z (D), (a Vv7 oo (V) 2-weakly™,
for every j < i. Thanks to Lemma 5.4, the pair (&, i*) € Y?(D; ZXRNXd){ moestn}
X SYQ({tn, ey n})D7 Z), defined by
>k ._
@)y, = Z Mpal(Di), 0 (8,90} +va):
a,B
(’)k)t'{t = Z 1(Di)k6(a,VU{;) for every j <1,
a=1
(I‘l’n)to 7‘ = Z Mﬁal(Dgo)k . 1(D:N_Li1)k '1(Df’l)k6(0¢0,---,a7‘,_1,ﬁ),

QO -0 —1,0,03
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is an element of AY ({t%,... t!}, Z, o), for every k. Therefore the thesis can be

deduced using [13, Lemma 6.6]. O
Set
PN AT e i Lt
(bn)ao...(xi_lﬁ = ZM,@CY b Oto Q1
(:\;)g = (AL ) ZL for every j < 1,
and
S\t ZM (b ()Tu:c(((zta”x
()t o= T M@ (@ Tra((O0))") 3 M) 1)) > 0
5 Mpa () (b3)é (x)
for a.e. z € D, for every 8, and every (aq, ..., ;1) € &, where Tgg(y): RV*% —

RN*4 i the map defined in (3.1); since (l;;, 5\;) is the element corresponding to

(D%, f1l), we immediately deduce from Lemma 7.5 that (b A )isin AL (B AL,
The minimizing property of (b;,, A;,) implies that

> [eia( [,
+ ) [ G5 @) do
<3 [ @@ ([, W) akEee) i

+ZHﬁfy/ ~l)7 1t"‘($) dx;

W(a, F) d(X,)#)"(F)) do

in other words
IO
33 / Mﬁm)(b;)?(x)(
+ S HE) [ Maola) B @) d = 3 (o) [ @) @) aa.

ayp
(7.41)

W(a, F) d(X,)5)*(F)) do

W (B, F + Vi) d(X,)§ ) (F)) da

Since )5 Mga(z) =1 for a.e. # € D and every «, we can deduce, using the triangle
inequality, that

ST H(B7) /Mﬁa )bl Yo B ( dm—ZH ,’y/ (L) T (2) da

aBy
_ZHﬂv /Mﬁa bz tv"a t dm—ZH a,y /M,@a bZ tfm lt’( ) dz
B aBy

717

<§H(ﬂ,a)/DMﬁa(x) ] (b2)a, dm—ZH B, /Mﬁa )(bL)er () da.
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Hence we deduce from (7.41) that

> /D (b)) (:c)( W(a, F) d((,\;)gi)m(p)) da

RNXd

RNXd

SZB:/DMM(JJ)(%)? (:c)( W(B, F + Vii(z)) d((,\;‘%)gL)z(F)) da

+ 2 H(30) /D M (2)(b2)15 (2) da,

for every n and ¢ = 1,...,k(n); we can rewrite the previous inequality in the

following form
ZL(bn)Z(x)(ANXdW(a,F) d((An)g)x(F)) dz

<3 | Muo@ @@ [ WEF+ Vi) A F) d )

RNXd

+ 3 HB) [ Man() 0} 0) do.
af D
for every t € T \ {0} and every n. From (7.29) we can deduce that

S H(B,a) / Moo () (ba)i () de
af D
(7.43)

—>§H(ﬂ, a) /D M ()b () d,

as n — oo, for every t € 7 \ {0}.
Consider (Zn); == >, 5 Mpa(bn)4 (05 @ (An)y,), for every ¢ € (0,T]; we have

sup sup / (e, F)]*" d(Dy,)¢(, a0, F)
DX Z xRN xd

n t€(0,T]
—sup sup [ 3 Maala)b)@)( [ G AL E)) da
n t€(0,7]J D B RN xd
<gsw swp [ SbL@( [ @) (A" (F)) de
n te(0,T)JD 7 RN xd
+ sup|al*’
=q sup sup / (e, F)|*" d(vy)e(z,0, F) + K,
n te(0,T]J Dx ZxRNxd

for K := sup, |a|*"; therefore we can deduce from (7.26) that

sup sup / l(a, F)|*" d()i(x,0, F) < K + qC.
DxZ xRN xd

n tel0,T]
In particular for every t € 7 \ {0}, we deduce from (7.31) and (7.37) that

(Pnt)e = Dy =Y Mpabl, (65 @ AL)  2r-weakly*,
apf

(7.44)
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as k — oo, where (b, A) is the pair defined by (7.29), (7.31), and (7.37). Since
W (o, F +Vi(z))| < C(1+|Vi(z)|?) + C|F|?, we can use a suitable version of [13,
Remark 4.3] in the case 2r instead of 2, to deduce from (7.44) that

/ Moala)bu o) ([ | W3 P+ V() d(Ag )" (F) da
(7.45)
_é; /D Mga(x)ba(m)( [ W F Vi) dO)" () de,
as k — oo. Analogously we deduce that
S L@ ( [, Wiesh o)t ) o
(7.46)

=Y [s@( [ wem an ) @) .
D
«
as k — oo; therefore using (7.42), (7.46), (7.45), and (7.43), we can deduce imme-
diately (evl), for every t € T \ {0}, while for ¢ = 0 it is an obvious consequence of
(ev0) and the hypothesis on the initial datum. For ¢ € [0, T]\ 7, (evl) can be easily
proved using (7.40) and (evl) for ¢t € 7, as in [13, Section 7.3].

RNXd

7.5. Upper energy estimate. Let us fix t € 7. We have
3 / () ([ Wla ) dNL) () da + Dissir(b: 0.1
D

RNXd

RNXd

<timinf [ 3 /D b )@)( [ Wla F) d((Ang)L)7 (F)) de + Dissir(b,g:0.1)|:
using (7.28), we can deduce that

> | i@

T"(t)
<W(z0, v0) +limsup/ (on(s), Ve(s))2 ds;
0

n

W (a, F) d(X;)””(F)> dz + Dissg (b; 0, 1)

RN xd

since sup, sup,, ||o(t)||2 is finite, we have by Fatou Lemma

n

" (%)
hmsup/ (on(s), Ve(s))2 ds
0

n

S/ lim sup(Ljo,-n())(s)(on(s), V(s))2] ds
0 n

- / (0(5), Vp(s))2 ds.

Hence we have

> | b

W (a0, v0) + / (o(5), Vo (s))2 ds

Using (7.40), (7.40), and the left continuity of b, the same argument as in [13,
Section 7.3] proves (ev2) for t € [0,T]\ 7.

W(a, F) d(x;)w(F)> dz + Dissg (b; 0, 1)
RNXd

(7.47)
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7.6. Lower energy estimate. The standard procedure to prove the lower energy
estimate uses a special minimality condition satisfied by the limit of the approx-
imate solutions thanks to the stability property (see [15, Step 5, p. 7]). In our
case, the partial-global stability is not powerful enough to guarantee this minimal-
ity property, because of the restriction on the set of competitors. Nevertheless, the
desired minimality can be partially recovered using the properties of the approxi-
mate solutions.

Let us consider first s <t with s € 7" and t € 7.

Thanks to the minimality property satisfied by the approximate solutions defined
in Subsection 7.1, and to the triangle inequality for H, we get

(W, (53, A0)) < (W, (b, To(on (s) - w0y N0))) + (HL B (7.48)

In other words, we have

Z/DxRNXd (a F) d()\n)i(x’F)

: Z /DxRNxd(bn)taW(a’ F = V(" (1)) + V(7" (5))) d(/\n)ta(w, F)
+§H (8,q) /D (by)35(x) da.

We can rewrite the previous inequality as follows

Z/Dx]RNxd Wi, F) d(An)5 (2, F)

< Z / W(a, F = Ve(t) + Vo(s) d(An)h(a, F) (7.49)

XRNXd

+3H(B) / (B (0) do -+ 5,

af D
with

- 2 W(a, F — V(1)) + Vlr" (5))) +

DxRNxd
~W(a, F = V() + Ve(s))] dAn)o(, F)|.

Since s — (s) is continuous from [0,7] into W1P(D;RY), using (W.2), Holder
inequality, and (7.24), we can easily deduce that p), — 0, as n — co.

Since s € 7/ and t € 7, we will have

( n)ztg — bitﬁ L®-weakly* as n — oo
S
«

b
(bn)&(An)
(Bt )oAnt ) = BLAG  2r-weakly™, as k — oo,

— BN} 2r-weakly*, as n — oo,
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for every a, 3, where n}, is the sequence of integers chosen in (7.35), if ¢ ¢ 7’. Hence
passing to the limit in (7.49) we get

Z/DXRNdeZ(x)W(a,F) AN (2, F)
i [ (@)W, F) A @, F)
—im Y [ (@)Wl F) dO )i )

<lim [Z/DXRNXd(bnz)ta(m)W(a,F = Vo(t) + Ve(s)) dAnt o (@, F) (7.50)

=S [ W F = V() + V() dX, (o )
4 %H(ﬁ, o) /D b%() de.
Hence we have obtained
%:/DXRNdeZ(m)W(a,F) X} (z, F)
SO0 [ BW 0 Velt) £ Vels)) (o) (131
+ %;H(ﬂ,a) /D bely(z) da.

If 7 € [0,7]\ 7, thanks to the left continuity of b and to (7.40) there exists a
sequence s; in 7 with s; < 7 and converging to 7 such that

biINY — bl AL 2r-weakly*®, as j — oo. (7.52)

For every j (7.51) holds true for ¢ = s;, hence we use (7.52), (W.2), Hélder
inequality, and the continuity of the map ¢t — V(t) to pass to the limit as j — oo
and to obtain (7.51) for s € 7" and 7 € [0,T]\ 7.

By changing the choice of the subsequence in (7.50), we can obtain (7.51) in the
case of s € T and t € 7', and consequently for s € [0,7] and t € 7'.

In particular, we observe that, unlike the classical case in which it comes from
the stability condition, we are not able to obtain (7.51) if both s and ¢ do not belong
to 7.

We can rewrite (7.51) as follows

(W, (6%, X%)) <(W, (6", X)) + (H,b™)

t (7.53)
- / (o (1), V() dr -+ p(s, 1),
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where
po= [{S [ @] Tl r + Vel - vel)
+ %—V;(a, F)] Vo(r) dA. (z, F)} dr.

Let us now fix ¢ € [0,T]. We consider a sequence of partitions 0 = 5§ < s --- <

s;j =t with s} < 1/‘7',15—53':7_1 <1/j and s —s;'fl =1/jfori=2,...,i; — 1; we

would like to choose these partitions in such a way that
. . L 1 —1 .
for every i =1,...,i;, s; €T or s; ' €T/ (7.54)

in this way (7.53) would hold true for 5;71, 53, for every 7, and we could iterate it
between 0 and ¢ and pass to the limit as j — co. Unfortunately, to recover the
lower energy estimate in the limit, we need to approximate a Lebesgue integral by
Riemann sums (see [15, 4, Step 5]): this can be done for a careful choice of the
sequence of partitions 0 = s? < sj1 e < s;j =t (see e.g. [10, Lemma 4.12]), but
nothing guarantees that the appropriate sequence of partitions satisfies (7.54). We
recall the statement of the measure theoretic result for the reader’s convenience.

Lemma 7.6. Let X be a Banach space, and let F': [0,t] — X be a Bochner inte-
grable function. Then there exists a sequence of partitions S := {53, 0<i<i,j5¢€
N} of the interval [0,t], with

_ 0 -1 b
0=s) <o <8 < s =4,
sh<1/j, t—s/7"<1/j, (7.55)
si—sTl=1/j fori=2,...,0; 1, (7.56)

such that

NS .
lim » / E(s) = F(r)| dr =0. (7.57)
=L

We apply this Lemma to the functional defined by

F:[0,t] — L*D;RY)xR
T = (Vo(r),(a(7), Ve(T))2), (7.58)

in order to find a sequence of partitions S := {sé, 0 <i<i;j € N} of [0,¢]
satisfying (7.55) and (7.56), and such that

i [ IVl - Vel dr = 0. (759)
i=1"9%;

Y [ (6. Vel — (o). Vetral dr = 0. (7.60)
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Whenever both 53_1 and sé belong to [0,T]\ 7', we consider té-_l e (st sty

. . ) , Jo%g
1/3%)N7T’, so that (7.53) holds true for s;v*l, t;fl and t;fl, s%. Hence we get

i—1 i—1 1,i—1 7 1 i

(W, (6% A% (W, (0%, ) + (H, b7 ) 4+ (H, b1 )

plsy 670 —/t_ {Z/Db; l(x)[— C{;—I;/(Q,F-i-V(p(T) )

7 1

+%I;/(oz F)}v (1) dAG (m,F)} dr,

P(té_l’sév):/f_;l{z bié’(m)[ %I;/(a F+Vo(r) = Velsy))

ow

o

F)}vgo(f) ANy (x,F)} dr.
We iterate now from 0 to ¢; using (ev0) and

SO(H b5 + (H, b)) < Dissy (b:0,8),

i=1

W(z0,v0) — (W, (b*, X)) — Dissg (b;0,t)

<=y /<a<> dT—Z / (i) — o (s}), V(r))2 dr

i=1 J
Y el ) )
i=1

Reasoning as in [13, Lemma 7.5], we can deduce that

i

Z [p(sé-_l,t;-_l) + p(tz_l,sjv)] —0 asj— oo.

i=1
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Moreover, using Holder inequality and the fact that sup, ||o(¢)||2 is bounded, we
can deduce that

\Z / o) = o (s5), Ve(r)2 dr
§2slt1p|\0(t)|\2z / IVe(m)llz dr
i=1"%;

:251:p|0'(t)|2/uj e VROl

=119 .7
Since £'(U,[s5 1.t 1)) < (tj +2)/j* — 0 as j — oo, and V¢ € L'([0,T]; L*(D;
RY*4)) we get fU/_[siL-_fl #1) IV@(T)|| dr — 0 as j — oc.

Hence it remains only to prove that

i:/jj1<o.(s§)’v¢(7—)>2 dr —/0 (a(T)Vep(T))2 dT — 0, (7.61)

as j — o0.
Let us first prove that

> [ ol Vet dr=3 [ (0(s) Voisins ar— 0. (162
i=1"%; i=1"%;

as j — o0.

Thanks to (7.59), using Holder inequality and the fact that sup,c 1 [[o(?)]|2 is
finite we deduce that

Vo =S 7 lo(si), Vs s dr
Z/ ) 2 ;/le ¥ 2

<Z/ o ()2 V() — V(s |2 dr <

s

\,Qk

< s o) ||22 / V() — V(s dr — 0,

as j — o0.
Finally

> / i1<0<83>»v¢<8§>>2 dr — /0 (o(r)V(r))s dr| — 0,  (7.63)

as j — oo, thanks to (7.60).

8. Euler conditions. In this section we derive the Euler equations for the partial-
global stability condition.
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Theorem 8.1. Let (b,\) € L>=(D;[0,1])? x Y(D; RN*)4 satisfy (3.5) and (3.13)
with p = 2. Assume that (b, \) satisfies

zq:/ ( W) dAg(F)) dz

;/Mga b (RNXdW(ﬂ,F—kVﬂ(x)) dAg(F)) dr  (8.1)

+ZHﬂv /Mﬁa a da

a,f=1

or every @ € H} (D;RN) and every measurable map M: D — M%L*? and denote
0 St
by o the stress, i.e.,

. oW
x) = Zba(x /]RNxd 8F( JF) dXL(F), for a.e. x € D.
a=1

Then the following conditions are satisfied:
(ec)1 equilibrium condition: divo(t) = 0;
(ec)2 optimality of active phases: for every a, 5 =1,...,q and every t € [0,T], we
have

[ W (F) = WP () < H(Bo),

for a.e. x € D with by (z) > 0.

Remark 8.2. We say that a phase « is active at x if by (2) > 0. Hence the condition
(ec)a can be rephrased as follows: if « is active at x, then « is a minimizer over Z
of the functional

g W(B, F) dX(F) + H(f, )

RNXd

This is the reason why we call (ec)2 optimality of active phases.

Remark 8.3. Note that from (ec)s it descends immediately that

S~ Miabale) [ W(a,F) = W(B,F) - H(B.0)] dXs(F) <0,
o5 RN xd

for a.e. x € D and every stochastic matrix M € M%; 7.

Proof of Theorem 8.1. Let (b, \) satisfy the prescribed hypotheses. Choosing in
(8.1) the map M associating to every x € D the identity matrix I, we obtain

Z/Dba(m)[/ﬂwm [W (o, F + Vi(z)) ~ W(a, F)] dA)*(F)] do >0,

for every 4 € H}(D;RY), which implies immediately (ec);.
Let us denote by (67)?\/ , the canonical basis of the vector space R?. Fixed o, 3
in {1,...,q}, define M € M%7 by
Me, = e, foreveryy#a
]\Zfea = €3.
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Let us choose now in (8.1) @ = 0 and M :=I(1 — 14) + M1, for any measurable
subset A of D: we obtain

/Aba(x)[/RNXd [W(a, F) — W (3, F)] dAg(F)} da
§/ H(S,a)by(z) dx;
A

By the free choice of A among all measurable subsets of D, from (8.2) we deduce
immediately (ec)s. O

(8.2)

Appendix. In this Appendix we briefly recall the notion of cubic quasi-minimum,
introduced by Giaquinta and Giusti in [16], and the related results.
Given ¢ € HY(D;R™), let G be the functional defined by

G(v) =G(v,D) = /D G(z,Vu(z)) dx

for every v € ¢ + HE(D;RY), where G: D x R¥*4 — R is a function satisfying
|Gz, F)| < L(IF]* +1)

for a suitable positive constant L, for every (z, F) € D x RV*4,

Definition 8.4. Let Q > 0. A function v € H*(D;RY*4) is said to be a cubic

Q-quasi-minimum for the functional G if for every cube of side R, Qr CC D, and
for every function w € H(D; RN*?) with supp(v — w) C Qr, we have

g(”» QR) < Qg(wv QR)

We restrict our analysis to the particular case of G(F) = 1+ |F|?, since this is
the integrand we will consider; for the reader’s convenience, we recall the statement
and the proof of the Caccioppoli inequality for quasi-minima of the corresponding
integral functional: for our purposes, we need a slightly different statement of the
result contained in [17, Theorem 6.5]; our statement does not involve the L2 -norm
of the quasi-minimum but it is valid for every cube Q. The precise result we will
use is the following.

Theorem 8.5. Let v € H'(D;RY) be a Q-cubic quasi-minimum of the functional
G(w) = / (1+ |Vwl?) da.
D

Then there exist a positive constant C' > 0, depending only on Q, such that

1
[Vul? do < c{( |Vo|2m dm) ™4 1}, (8.3)
QRry2 Qr
for every cube Qr CC D, where m = L
Y R ’ T 24d

Proof. Let R/2 <t < s < R. We consider a cut-off function n € C3°(Qs), with
0<n<1,n=1o0nQ and |Vy < 2. Let ¢ := n(v — vy), where vy denotes
the mean value (v)g, of v over Qs; define a function w by w = v — ¢, so that

w=vs + (1 —n)(v —vs). We have

/ V| dmg/ (V]2 +1) dﬂc+/ [[Vo]* — |Vu[?| da; (8.4)
- Qs

s s



RATE-INDEPENDENT PHASE TRANSITIONS IN ELASTIC MATERIALS 295

Since by construction V¢ = Vv on @, we have

[ ver = voP = [ |V~ (Vo] da
Qs Qs\Qt (8.5)

§2{/ |Vol? dm—i—/ |Vw|? dm}.
Qs\Q¢ Qs

Moreover, by the quasi-minimum property of v, we have

/ (|Vo]? +1) dx < Q/Q (|Vw|? +1) dax; (8.6)

therefore (8.4), (8.5), and (8.6) imply

/ |Vo|? dx :/ |Vé|? da g/ |Vé|? da
Qt Qt Qs

(8.7)
S(Q+2)/ (Vul? + 1) dm—|—2/ Vol da.
Qs Q.@\Qt
Using the relation
[Vwl* = |1 =)V + (v —v)Vil* < (1 =0)?*[Vol* + (s = 1) v — ],
we obtain from (8.7)
/ [Vo]? do <(c+ 1)(Q +2){ |Vo|? dz
t 1 QS\Qt (8,8)
_ 2
e ), ol A riQul)
Since we have
/ v — v,]? da < c/ lv — vp|? dr,
Qs Qr
(8.8) implies
/ V[ dz <(c+1)(Q +2){/ |Vo|? da
t Qs\Qt (8.9)

1
+W/@ |’U—’UR|2 d$+|QS|}

Now we use the “hole filling” method: we add to both terms of (8.9) the quantity

(c+1)(Q+2) / Vof? de,

t

to get

1
/ Vol? dxga/ Vol do+ - t)2/ v — gl do + |Qxl, (8.10)
t Qs - Qr

: o _(+1)(Q42)

technical Lemma as in [17] (see [17, Lemma 6.1]), obtaining

1
/Q |Vo|? do < C{ﬁ/ |v —vgr|? da + |QR|}. (8.11)
R/2

R

Therefore, we are in the position to apply the same
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Set now 2, := i—dd, we have 2, < d and
2,d
2* * = =
(2" =75
hence, by the Sobolev-Poincaré inequality (see [17, formula (3.32)]), we have

/QR |v —vg|* do < c(/QR |V dm)z/z* = c(/Q | Vo2 dx)l/m,

R

which together with (8.11) gives (8.3). O

2.

)

If we deal with quasi-minima satisfying a prescribed boundary condition, the
following result can be proved with similar arguments (see [17, Section 6.5]).

Theorem 8.6. Let V€ WHP(D;RY), for2 < p, and let v € V + HE(D;RY) be a
Q-cubic quasi-minimum of the functional

G(w) = /D(l + |[Vw(z)[?) dz,

i.e., for every cube Qr C R?, and every function w such that v —w € Hi(DNQRr)
we have

/ (1+ |Vol?) dz < Q (1+ |Vwl?) da.
(QrND) QrND

Then there exist a positive constant C' > 0, depending only on Q, such that

W@—WFWSCK W@—WWWQ%+@, (8.12)
QRry2 Qr

for every cube Qr C R, where m = and v —V is extended to 0 in Qr\ D.

d
2+d

Using Theorem 8.5 and Theorem 8.6, we can obtain as in [17, Theorem 6.8] the
following result

Theorem 8.7. Let V € WLP(D;RYN), for 2 < p, and let v € V + HL(D;RY) a
Q-cubic quasi-minimum of the functional

G(w) = /D(l + |Vw(z)[?) da.

Then there exist constants v > 0 and r > 1, depending only on Q and V', such that

/D |Vo?" dx < 7{(/17 \Vol? dz)” + 1}. (8.13)
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