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Abstract

In this work we study the solvability of the initial boundary value problems, which model a
quasi-static nonlinear behavior of ferroelectric materials. Similar to the metal plasticity the energy
functional of a ferroelectric material can be additively decomposed into reversible and remanent
parts. The remanent part associated with the remanent state of the material is assumed to be a
convex non-quadratic function f of internal variables. In this work we introduce the notion of the
measure-valued solutions for the ferroelectric models and show their existence in the rate-dependent
case assuming the coercivity of the function f. Regularizing the energy functional by a quadratic
positive definite term, which can be viewed as hardening, we show the existence of measure-valued
solutions for the rate-independent and rate-dependent problems avoiding the coercivity assumption

on f.

1 Introduction and setting of the problem

Due to the ability of ferroelectric materials to transform a mechanical action into an electrical impulse
and vice versa they are being used in a broad range of modern engineering devices as actuators and sen-
sors. Recent technological developments enabled the reduction of the production costs for ferroelectric
ceramics and thereby increased the interest to use them in the novel implementations. Demand for the
reliable mathematical models, which on the one hand are capable to describe a complicated nonlinear
electromechanical behavior of ferroelectric devices in order to optimize their design and predict failure
processes and on the other hand are simple enough for numerical implementations, caused a rapid
progress in this field in the last years. A brief review of recent advances in modeling of ferroelectric
material behavior can be found in [7]. In the present work we study the solvability of the nonlinear
initial boundary value problems associated with phenomenological constitutive models of ferroelectrics
[3, 4, 6] [8, 12, 14]. Similar to models in the metal plasticity the type of ferroelectric models consid-
ered here is formulated within a thermodynamic framework by using the standard material relevant
description method of an energy function and a flow rule. In contrast to the micro-electromechanical
models, which contain a large number of internal variables standing for the distribution and the volume
interaction of ferroelectric domains, the main goal of the phenomenological models mentioned above
is to improve the speed and the robustness of numerical implementations by keeping the number of
internal variables as small as possible. The models presented in [3] [4, [6] 8, 12 4] and studied in this
work use as internal variables only the remanent strain and the remanent polarization.

Setting of the problem. The model equations are formulated as follows. Let 2 C R? be an open
bounded set with the C'-boundary 992 and S* denote the set of symmetric (3 x 3)-matrices. Unknown
are the displacement field u(t,z) € R3, the Cauchy stress tensor o(t,z) € S3, the remanent strain
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tensor r(t,x) € S®, the electric potential ¢(¢,x) € R, the vector of electric displacements D(t,z) € R?
and the vector of remanent polarization P(t,z) € R? in a material point 2 at time ¢. The symbols

c(u(t,z)) = %(un(t,x) + (Voult,2)T) € 53
and

E(¢(t71')) = _vm(b(tﬂx) eR?

denote the linearized strain tensor and the electric field vector, respectively (¢ and E for short). The
fundamental assumption of the models under consideration is that the strain tensor € and the vector
of electric displacements D can be additively decomposed into reversible and irreversible parts, i.e.

e=(e—-r)+r, D=(D-P)+P.

In this case € —r and D — P are reversible and r and P are irreversible parts of ¢ and D, respectively.
For (t,z) € Qr := (0,T) x Q the unknown functions satisfy the following system of equations

—div o = b, (1.1a)
div D = ¢, (1.1b)
oc=C(e—r)—¢"E, (1.1c)
D=e(e—r)+e E+ P, (1.1d)
Tt o— fr r
(n) e ((225) <)) a1
completed by the initial conditions
r(0,7) = r%(x), P(0,2) = P’(x), 2 € Q (1.1f)
and the homogeneous Dirichlet boundary conditions
u(t,z) =0, ¢(t,z) =0, (t,x) €[0,T) x ON. (1.1g)

The equations and are the equilibrium equation and the Gauss equation in a quasi-static
case, respectively. Here, the function b(t,z) € R? denotes a given body force and q(t,z) € R is a given
density of free charge carriers. The functions g, f : S x R® — R in (1.1e]) denote constitutive functions,
the form of which are usually determined by experiments. Based on the thermodynamical considerations
we give in the next two paragraphs the precise conditions, which g and f should satisfy, and discuss the
equation . The mapping £ : S xR? — 3 x R? in equation is linear symmetric and positive
semi-definite and stands for the hardening effects. This mapping is not contained in the engineering
models considered here and is introduced because of mathematical reasons, which are discussed in the
last two paragraphs of the introduction. An overview of the previous results concerning the existence
theory for the ferroelectric models and the structure of the present work can be found in the last
paragraph of this section as well.

Due to the additive splitting of the strain tensor £ and the vector of electric displacements D into the
reversible and irreversible parts, the constitutive relations ((1.1c)), (1.1d) can be equivalently rewritten
as follows

o= (C+elele)e—r)—ele (D -P)

E= —ctle(e—r)+eY(D-P), (1.2)

that implies that the reversible parts of € and D satisfy the constitutive equations of linear piezoelec-
tricity. Here the mappings C : S% — S3, € : R? — R3, ¢ : §2 — R? are material dependent elastic,
dielectric and piezoelectric tensors, respectively. In the engineering literature [3], 4, [6] [8 12} [14] the en-
tries of the constitutive tensors C, € and e often depend on the internal variables r and P. For example,
in [8] the tensor e has the following form

Pl 1
Chij = ?(63377,]@%1'”]' + ez1ngay; + 5615(’/7/1‘04]% + njaik)), (13)



where n = %, ay;j = 0;5 — nynj, e; are constants and P, is the remanent polarization saturation
constant. However, because of the difficulties arising in the mathematical treatment of the problem
, in the present work we suppose that the tensors C, € and e are independent of the internal variables
r and P. Our approach to the derivation of the existence of the solutions for relies heavily on
the LP-existence theory for elliptic systems with 2 < p < co. In order to apply such a theory to our
purposes we have to require that the entries of the tensors C, € and e are continuous functions of « € Q.
But since it is expected that the functions r, P belong only to LP(£2) for some 2 < p < 0o one can not
guarantee that the mappings C, € and e possess this regularity. Therefore, we suppose that the tensors
C, € and e are independent of P and r and continuous functions of z € . Additionally, according to
the engineering models considered here we assume that the mappings C, € and e are linear and bounded
and that C and € are symmetric and positive definite uniformly with respect to = € €.

The method presented in this work can be easily generalized to the case of nonhomogeneous Dirichlet,
Neumann or mixed boundary conditions.

Thermodynamical considerations and choices of the function g. A general form of the energy
function corresponding to the models considered here can be derived by using the constitutive relations
and the Clausius-Duhem inequality. Although the different types of thermodynamic potentials are
used in the literature (for example, the Helmholtz free energy function in |8 [7] or the enthalpy function
in [12]) it is typical in modeling of the nonlinear behavior of ferroelectric materials to derive model
equations by means of the Helmholtz free energy in the form ¥ = ¥(e, D, r, P). The main requirement
is that the function ¥ satisfies the Clausius-Duhem inequality

0<0é+ED -V =(6-V.)é+(E—Vp)D—V,7— UpP. (1.4)
The arguments in the thermodynamics of irreversible processes yield that the equations
oc=V.e,D,r,P)and E =¥p(e,D,r P) (1.5)
hold. The Clausius-Duhem inequality can be then reduced to the following inequality
0< —W,/—UpP. (1.6)

Integrating the relations (1.5) and using (1.2) we conclude that the free energy function can be repre-
sented in the form

U(e,D,r, P) = Ve, + f(r, P), (1.7)

where V.o, = 2 ((C+ eTe te)(e —r),e —1) — (eTe Y (D —P),e —r) + 1 (e (D — P),D — P) is the
reversible part of the energy. The function f corresponds to the remanent state of the material under
consideration and is given by

f(r.P) = 7(r, P) + 51£120, PYT .

The authors of the engineering models [3, [6l [8 T2} [14] make different assumptions concerning the form
of the function f. Their choices are usually based on the experimental results. Several examples of the
function f are given below. The quadratic term with the linear positive semi-definite operator £ is not
contained in the models considered here. It can be regarded as a hardening term and the reason of its
introduction is discussed in the next two paragraphs.

Since the entries of the given tensors C, e and € are assumed to be continuous functions and inde-
pendent of r and P, using the expression for ¥ we rewrite the Clausius-Duhem inequality as
follows

0< (0~ f)i+(E—fp)P. (1.8)

The second law of thermodynamics (|1.8)) restricts the choice of the function g in the equation (|1.1€)).
The inequality (1.8) holds if g is a proper convex function. Additionally, we suppose that the function



g is lower semi-continuous. In most models in [3] 6] [8, T2 [T4] the function g is chosen as an indicator
function of some bounded, closed and convex set K C S3 x R3 with 0 € K, namely,

0, r e K,
g K {+oo, r € K. (19)

This choice of the function g corresponds to a rate-independent process. Rate-dependent effects such
as time-dependent relaxation of ferroelectric polycrystals have been observed experimentally as well.
To describe the rate-dependent behavior of a ferroelectric material in [6] the function g is chosen in the
form of a polynomial. In the rate-dependent case we require that the function g satisfies the following
two-sided estimate with ¢1,c3 > 0 and ¢co,¢c4 > 0

c1|v]P — 2 < g(v) < eslvl? + ey, (1.10)
which holds for any v € S? x R3. The condition ([1.10)) implies that
g"(v) > di[ol”” — da, (1.11)

for di > 0, do > 0 and any v € S3 x R?, where g* is the Legendre-Fenchel conjugate of g (see
Appendix [A| for basics on convex analysis). Throughout the whole work we assume that the number p
satisfies 2 < p < oo with p* such that 1/p+ 1/p* = 1.

Possible choices of the function f. In most models in the engineering literature the remanent
part of the energy f : S x R?® — R is given by a convex function whose domain dom(f) is a convex
(possibly unbounded) open subset of S% x R3. In [12] [14] 8] it is assumed that the function f = f(r, P)
depends only on P. In particular, in [12] [14] f has the following form

Py (P,a) (P,a) (P,a) (P,a)
=((1 In(1 1- In(1 — , |(P,a)| < Ps,
) — popy = [F (O E MO+ G2+ 0 - G2 - G2 (Pa) L12)
+00, [(P,a)| = P,
where a € R? is a given direction with ||a|| = 1 and P is a saturation constant, and in [8] the function
f is of the form
—P2(m -+ ), i< P
f(r,P) = f(P) = s\ =)+ ). [PI< P, (1.13)
+OO7 |P‘ Z PS'

In Theorem we suppose that if the function f depends only on P, then it has to satisfy the following
coercivity condition

f(r,P) = f(P) > a1|P|* — as, a1 >0, az > 0. (1.14)

The coercivity condition is satisfied by the function f given by , but not by the function f
in . Thus, the result of Theorem can not be applied to the function f defined by .

In [6] and [3] the function f depends on both internal variables r and P and satisfies the following
coercivity condition

f(2) > b1]zP —be, by >0, by >0, z=(r,P). (1.15)

The present work is especially focused on the rate-dependent processes with the function g satisfying
the polynomial growth condition . Under the condition we prove the existence of the
measure-valued solutions in the sense of Definition for the model without the regularizing
term, i.e. with £ =0 (see Theorem [2.5)). However, in this case we have to assume that the function f
satisfies one of the coercivity conditions given above, i.e. either if f depends only on P or
if f depends on both variables r and P. If the linear mapping £ in is positive definite, then we
are able to prove the existence of measure-valued solutions for the problem in the rate-dependent
case without assuming the coercivity of the function f (see Theorem as well.



To prove the existence of measure-valued solutions for the rate-independent case (Theorem [2.6
the linear symmetric and positive definite mapping £ : S2 x R? — S2 x R3 in the equation di:e
is introduced. As we mentioned in the previous paragraphs this mapping is not contained in the
engineering models. The additional quadratic hardening term (Lz,z) with z = (}) in the energy
function ¥(e, D, r, P) regularizes the model with g given by and the existence of measure-
valued solutions in the sense of Deﬁnition can be obtained. The well-posedness of the problem

in the rate-independent case without the regularizing term £ is an open problem at the moment.

Previous results and structure of the present work. The first existence result for the nonlinear
ferroelectric models in the rate-independent case is obtained in [I0] via the energetic approach. However,
in order to use the compactness argument the authors of [I0] regularize the energy function by the
additive quadratic gradient term of internal variables (£LVz, Vz) with z = (r, P) and positive definite
L, which is not present in the energy function . For such a modification of the model the authors
of [I0] prove the existence of strong solutions. Hereby the tensors C, e, e are allowed to depend on
the internal variables. For the free energy regularized by the term (Lz,z), which can be regarded
as the hardening, we mention the following existence results [5], [0]. In these works the tensors C, e, e
are independent of the internal variables. The derivations of these results require that the Nemytskii
operator F' : L?(Q2) — R, generated by the function f : % x R® — R, is Frechet differentiable in
L?(€2). The last requirement is satisfied if and only if the function Vf is affine. In [5,[9] the existence
and uniqueness of the strong solution is shown in the rate-independent case under the assumption
F e C*UP(12(Q, 8% x R3)) and F € C3(L?(, 5% x R?)), respectively. In the rate-dependent case it
is believed that there are no mathematical results concerning the existence of solutions. In the present
work we show the existence of measure-valued solutions of the rate-dependent problem , when
L =0, i.e. the energy function in does not contain regularizing terms. In Section 2| we introduce
and motivate the notion of measure-valued solutions for the ferroelectric model formed by equations
as well as formulate the main existence results in Theorems and for the rate-dependent case
with £ = 0 and for both rate-dependent and rate-independent cases with the positive definite mapping
L, respectively. For the rate-dependent model with £ = 0, we assume that f satisfies either the
coercivity condition or . The proofs of these existence results are given in the subsequent
sections. We note here also that the measure-valued solutions generalize naturally the notion of the
strong solution of the problem investigated previously in [5] 9] [10].

In Section [3| we show that for some given functions r and P the system of equations —,
is an elliptic system of partial differential equations. Since the proof of the main existence results
to the problem relies heavily on the existence theory for the equations of linear piezoelectricity,
we use LP-existence theory for elliptic systems of partial differential equations and present the main
properties of the solutions of the linear piezoelectricity model in full details in Section

In Sectionwe reduce the system to the evolution problem , 4.7). In Section we use the
Rothe time-discretization method to construct an approximating problem (5.1), and show that
it has a unique solution. In the following Sections [0} [7] we show the convergence of the approximating
sequence and prove the main existence results.

2 Statement of main results

In this section we introduce the notion of the measure-valued solutions of the problem (1.1)) and then
state the main results of the work. For completeness, we give the definition of the strong solutions of

the problem (|1.1)).
Definition 2.1 (Strong solution). A function (u, ¢, r, P) such that

(u,¢) € W' (0, T; Wy P (Q,R® x R)), (r,P) € W' (0,T; L7 (Q, $° x R?))

is called the strong solution of the initial boundary value problem (1.1)), if for every ¢ € [0,7] the
function (u(t), ¢(t)) is the weak solution of the boundary value problem (1.1a]) - (1.1d)), (1.1g) with the
given r(t) and P(t) and the evolution problem ([1.1€)), (1.1f]) is satisfied pointwise.

Next, we define the notion of the measure-valued solutions for the initial boundary value problem

[T




Definition 2.2 (Measure-valued solution). A function (u, ¢,r, P,7) such that
we W0, T; WP (Q,R%), ¢ e W' (0,T; W™ (Q,R)),

z=(r,P) e WP (0,T; LP" (€, % x R®)), 7€ L2(Qp, M(S® x R?))
with
St 7) = / ¢ 70 (de)
S3xR3

is called the measure-valued solution of the initial boundary value problem (|1.1)), if for every t € [0, T
the function (u(t), ¢(t)) is the weak solution of the boundary value problem (L.1a]) - (1.1d]), (1.1g)) with
the given r(t) and P(t), the initial conditions (1.1f) are satisfied pointwise and the following inequality

Jo () o ((5) - 2(3) =) o
<[ LG (o) () e o

with F(t, ) = [ga s (3 25) (€) 7.2(d€) bolds for ae. t € (0,7).

Remark 2.3. We note that the integrability of the function ®(s,x) = ((?t), (g:g;’;((’;jl;))) - E(;)) is

not required in Definition We require the existence of the double integral fQ fg (s, x)dsdz, only.

Remark 2.4. Asit is discussed in Appendix (A.3), if we could show F(t,z) = V(. p) f(r(t, x), P(t,x))
in (2.1, i.e. 7 = d( p), then the measure-valued solution (u, ¢, r, P, T) became the strong solution. The
integrability of ®(s, z) follows then automatically from the inequality (A.1).

Next, we state the main results of this work.

Theorem 2.5. Let the functions b € WP (0, T; LP(Q,R3)), ¢ € W'2(0,T; L?(Q,R)) and (r®, P©) ¢
L2(Q, 8% x R®) be given. Suppose that L = 0. Assume that the function g : S® x R® — R is convex,
l.s.c. and satisfies growth conditions , . Let the function f : S x R® — R be convex and
such that f € C*(dom f) and satisfies either the coercivity condition if f depends on P € R3
only or if f depends on both r € S® and P € R3.

Then there exists a measure-valued solution (u,@,r, P,T) of the problem . Additionally, if f
satisfies (1.15)), then ((;’;t), (73)) is integrable over Qy for a.e. t € (0,T).

If £ is positive definite the following result holds.

Theorem 2.6. Let the functions b € WP (0,T; LP(Q,R3)), ¢ € W'P(0,T; LP(Q,R)) and (r(®, P) ¢
L2(, 8% x R3) be given. Assume that L is positive definite and g : S* x R® — R is convez, l.s.c.
function, which satisfies either the growth conditions , or has the form (@ Let the
function f : S® x R® — R be conver and satisfy f € C*(dom f).

Then there exists a measure-valued solution (u, ,r, P,T) of the problem , Moreover, the function

((g), (g) — E(;)) is integrable over Q for a.e. t € (0,T).

At the end of this section we present the conditions which guarantee that a measure-valued solution of
the problem (1.1]) is the strong one. The next remark motivates the introduction of the measure-valued
solutions.

Remark 2.7. We note that in order to guarantee that the measure-valued solution is strong one has
to show that the inequality (2.1)) is satisfied with F(t,2) = V(. p)f(r(t,z), P(t,z)). Indeed, if the
inequality

JLo(Gotim) () wos [ fo((2)-r=e(i))oens 2



holds for a function ¢ satisfying (1.10) , ) for a.e. ¢ € (0,T), then the equivalence (A.3] - ) yields
that the measure-valued solution ( (;5, T, P 7') is strong. For the case £ = 0 considered in Theorem -
we just set £ = 0 in . For the function g given by we need the following condition. In
Theorem we have proved that () — £(}) — F € K, what yields that g (() — £(p) — F) =0 for
the function g defined by . Then the verification of the following condition

(,Z ~ g;?&%) - E(;) €K, ae. (t,x)e, (2.3)

implies that the second term on the left side of the inequality (2.1]) is equal to zero, and therefore it
ensures that the measure-valued solution (u, ¢, r, P,T) is strong.

3 Existence for linear piezoelectric models

In section [4| we reduce the system of equations (1.1) to a single evolution equation for the vector-
function (r, P). This equation is just the equation with the functions o and E expressed through
the functions r and P. In this section we establish the relation between the functions (o, E') and (r, P)
using the equations (L.1a)-(L.1d) with the homogeneous Dirichlet boundary conditions for the functions
u and ¢. Let us suppose first that C, € and e are measurable bounded functions of z € Q2. For simplicity
we drop the time dependence of the given and the unknown function in this section.

We use notations from section [1| and rewrite the system of equations — as follows

div ( _i zgz; j: fgg ) - < :Z ) +div ( _eff_P ) (3.1)

Next, we introduce the following notations: U = (u,¢)?, z = (r, P)T, B = (=b,—q)7,

A:<_Ce e:),and 5:(_Ce _OI>. (3.2)

Now we use the symmetric properties of the tensor C and rewrite the system of equations (|L.1al)-(1.1d)),

as follows
Dy A (2) DU () = Bi() + Dhl(2)2] (), = € O, (3.3)
U(z) =0, z € 9. (3.4)

Since the entries of the mappings C, € and e are bounded measurable functions we can suppose that
the same holds for the entries A?j’“ (x), © € Q of the mapping A : 3 x R?* — S$3 x R3. And since C
and e are symmetric and positive definite uniformly with respect to € €2 and the terms containing e
cancel each other in the expression Afjk(ac)nfnlh with 7 € S% x R? we obtain that there exists a constant
¢o > 0 such that the following ellipticity condition

Al (@)l > confinl, (3.5)

holds for every n € S x R3 uniformly with respect to z € €.

Next, we show that the system (3.3) - has a unique weak solution U € VVO1 P(Q,R3 x R) for
every given z € LP(Q, 8% x R?) and B € W~1P(Q,R? x R) for 1 < p < oo. For this purpose we use the
existence results for elliptic systems of partial differential equations. We make different assumptions
on the entries of A for p =2 and p # 2. If p = 2, we can apply the Lax—Milgram result for the bilinear
form A(U,V) f Ahk )D;U*(z), Dy V(z))dz to the problem (3.3] . In this case it is enough
to suppose that 1s satlsﬁed a.e. x € () and that the entries of ‘ are measurable bounded functions.

We prove now that for every given z € L?(Q2, 5% x R3), B € W~12(Q,R? x R) there exists a unique
weak solution U € WO1 2(0,R3 x R), which means that U satisfies

AU, V) =1(V) (3.6a)
for all V = (v,9)) € W, *(Q,R? x R), where
A(U,V) = (A DU,DV) = (A((u), Vo)L, (e(v), Vi) T), (3.6b)



and
(V)= (B,V)+(Ez,DV) = (b,v) + (g, ¢) — (£z, (e(v), V). (3.6¢)

The function A : W01’2(Q,R3 x R) x VVol’z(Q,R3 x R) — R in is a bilinear form. Taking
U = V and using the ellipticity condition together with the inequalities of Korn and Poincare
we obtain that A(U,U) > ¢|U||],. Since the entries of A are bounded functions we obtain that
[A(U, V)| < co||U||l12llV]l1,2 and |I(V)] < ¢3]|[V||l1,2- Therefore, the assumptions of the Lax-Milgram
theorem are satisfied and there exists a unique weak solution U € WO1 ’Q(Q, R3 x R) of the problem

- (3.4). Thus, we have proved the following existence result for p = 2:

Theorem 3.1. Let Q C R3 be an open bounded set with 9Q € C*, (r,P) € L*(Q,5% x R3) and
(b,q) € W=L2(Q,R3 x R). Let the entries of the mappings C : S3 — S3, ¢ : R? - R3, ¢:8% — R3
be bounded measurable functions. We suppose that for a.e. x € € the mappings C and € are linear,
symmetric, they are positive definite uniformly with respect to a.e. x € §), whereas e : S3 — R3 is just
a linear mapping for a.e. x € Q.

Then there exists a unique function (u,®) € W01’2(97R3 x R), which satisfies the equations —
with the homogeneous Dirichlet boundary conditions for arbitrary fized t € [0,T) such that the
estimate

[ufli2 +llo

holds for some constant ¢ > 0, which is independent of r, P,b and q.

L2 < cllirllz + [Pl + 18] -12 + [lgll-1,2) (3.7)

For the case p # 2 we can only prove the existence of the weak solution under the assumption that
the functions A?jk(x) are continuous for all z € Q. Let 2 < p < co. We denote fi(z) = B;(x) +

DpENF(x)2,(x). Suppose that f € W12(Q,R? x R). For every f € W~2(Q,R? x R) one can find
F € LP(§, S3xR3) such that F satisfies f; = Dj, F} in the sense of distributions and the estimate ||F||, <
cllfll=1,» holds. We suppose that C, e and e satisfy the assumptions of Theorem Then since the
assumptions of Theorem are also satisfied, there exists a unique weak solution U € VVO1 ’2(9, R3 x R)
of the problem , (3.4). It is easy to prove that if C,e and e satisfy assumptions of Theorem
then the functions .A?jk (z) are continuous for all z € () and satisfy the Legendre-Hadamard condition

AP (@)nim;€née > colé)?nl? (3.8)

for some ¢y > 0 and for every x € Q, ¢ € R* and n € R? uniformly with respect to z. It is shown in [2]
p. 373| that the function U belongs then to Wy (2, R? x R) and the estimate

1Ullp0 < clFlpa (3.9)

holds with some ¢ > 0 independent of F'. If we suppose that z € LP(, S xR3), B € W~1?(Q,R3 x R),
then we obtain that F' € LP(2, 8% x R3) and || F|l,.0 < c(||zlp.0 + [|Bll-1.p.0)-
To prove that the conclusion of Theorem (3.1} holds for 1 < p < 2 as well we use the following duality

arguments. Let 2 < p < oo and p* : % + p% = 1. In the same way as above we prove that for any

function f € W—1P(, R3 xR) there is a unique solution U € Wol’p(Q) of the problem DhAfithUj =/
with the operator A replaced by AT such that the inequality ||U||1 .0 < c||f||-1p.0 holds. Therefore
we can define the linear bounded operator T : W~1P(Q) — W, *(2) by Tf = U. Then there exists a
unique operator T* : W~1P"(Q) — Wol’p* (Q), such that

[Tz, y] = [z, T"y] (3.10)

holds for all z € W~5?(Q) and y € W~1?"(Q). This proves that for every g € W—1?"(Q) the function
V € Wit () defined by V = T*g satisfies DpAlfDyVI = g; in the weak sense. The uniqueness
follows immediately. Indeed, we take arbitrary ¢ € W~'2"(Q) and U € Wy?(Q). The function
fi = Dy AF DU belongs to W—12(Q) and since U is the unique weak solution of Dy A¥ DU’ = f;
we have also Tf = U. We obtain

U9l =[Tf, gl =1f,T9]=1f,V]= —/Q (DU (), A% () Dy V7 () da (3.11)



for every U € W, ?(Q). Since U is chosen arbitrary we get that V e Wol’p* () satisfies Dy AMF D V7 = g
in the weak sense and it is unique. From the relation T*g = V we obtain the estimate ||V1 .0 <
cllgll-1.p-.a- And since for every h € LP" the estimate ||div h||_1 ,~ < |||, is satisfied we obtain that
the following existence result holds for all 1 < p < oo:

Theorem 3.2. Let Q C R3 be an open bounded set with 9Q € C*, (r,P) € LP(Q,5% x R3) and
(b,q) € W=LP(Q,R3 x R) with 1 < p < co. Let the entries of the mappings C : S3 — S3, ¢ : R? —
R3, e: 8% — R3 be continuous functions of x € ). We suppose that for every x € Q the mappings C
and € are linear, symmetric, they are positive definite uniformly with respect to x € Q, and the mapping
e: 8% — R3 is linear.

Then there exists a unique weak solution (u, ) € WHP(Q,R3 x R) of the problem (-)— with
the homogeneous Dirichlet boundary conditions for arbitrary fized t € [0,00) and the estzmate

1. <c(llrlly + 1Pl + 110l -1 + llgll-1.0) (3.12)

holds with a constant ¢ > 0, which is independent of v, P,b and q.

4 Reduction to the evolution equation

In this section we show that the function (o, E) can be expressed conveniently through the function
z = (r, P) in such a way that after substituting (o, E) into the equations and the problem
is reduced to an evolution problem for the function z.

Let us suppose that the function (r, P) is known and belongs to LP(£2, 5% x R3), 1 < p < co. We
consider the equations (1.1a))-(1.1d)), (1.1g) and suppose that the entries of the mappings C : S3 —
53, €:R3 — R3, e: 5% — R? are continuous functions of z € 2. Since the assumptions of Theorem
are satisfied we get that for every given z = (r, P) € LP(£, 8% x R3) this problem has a unique
solution U = (u,¢) € Wol’p(Q,S?’ X R3). Let us decompose U = Uy + Upg, where Uy = (ug, ¢g) is
a solution of the problem with (b,q) = 0 and (r, P) # 0, and Up = (up,¢p) satisfies
(L.1a)-(L.1d) with (b,q) %Oand (r P)fO

It follows from Theorem [3.2] that for all 1 < p < oo the following estimate holds for the functions ug
and ¢g

[wollp + l¢olly < c(llrllp + 1P1p)- (4.1)

Next, we define a linear operator @ : LP(£2, 5% x R3) — LP(, S3 x R3) by

Q(r, P) = (e(uo), Do)", (4.2)

which is bounded due to . It turns out that @) is a projection operator. To thls end, we consider
the functions &g = ¢g — r and DO = Dy — P and rewrite the equations | . as follows

(O-Oa EO)T = D(507 DO)T7 (43)
where D : §3 x R? — §2 x R3 is the operator defined by

C+ eTe —eTe !
D= ( 6_16 et ) ' (44)

It was shown in [5] that D is symmetric and positive definite.

Lemma 4.1. Let the vector (r, P)T € LP(Q, S? x R3) be gwen We define the linear mappmg Q Qp:

LP(Q, 83 x R3) — LP(Q, 5% x R3) by where (e(ug), Do)T satisfies the problem (1.1d)-(1.1d) with
(b,q) =0. Then Q, is the projection opemtor, which is adjoint to the operator Q,- with respect to the
bilinear form [z1, z2]p = (D21, 22)p p* -

Proof: The operator (), maps the elements of the space LP(£2,S3 x R3) into the subspace H =
{w = (e(ug), Do)T = wp € Wy (L, R3), Dy € LP(QL,R3) : div Dy = 0} of the space LP(, 53 x R3).
Since (4.3) contains only the differences e(ug) — 7, Dy — P we obtain from the uniqueness of the



solution of the problem (|1.1a)-(1.1d)) with homogeneous Dirichlet boundary conditions that for every
w € LP(Q, 53 x R3) the operator @, is the projection operator, namely, Qf,w = Qpw.

Now we show that @),+ is the adjoint operator to the operator @), with respect to the bilinear form
[-,-]p, i.e. we show that for every z = (r, P)T € LP(Q, S% x R3) and z* = (r*, P*)T € LP"(Q, 5% x R3)
the equality

[@p2", 21D = [z, Qpz]p (4.5)
holds.
Let us denote the images of Q,«2* and Qpz as Q,+2* = (f, Dg)T and Qpz = (g9, Do)*. We have
(00, Bo)" = D((c0, Do)" — (r, P)T) = D(Qpz — 2)

and in the same way (o, Eg)T = D(Qz* — 2*). We show now that [(Q,« — I)2*,Qp2]p = 0 and
(Qp — I)z,Qp-2z*]p = 0 are satisfied, it would imply (4.5). We obtain
[(Qp — Dz, Qpzlp = (D(Qp-2" = 2%), Qp2) = (05, Eg) ", (20, Do)") = (05, (uo))
+ (= V¢, Do) = —(div o, uo) + (¢, divDo) = 0.

In the same way one can show that [(Q, —I)z, Qp-2*]p = 0 holds. Then we have proved that @, is the
projection operator, which is adjoint to the operator @), with respect to the bilinear form [-,]p. O

Now, let us define M := D(I — Q,), 2 := (o5, Ep)T, z :== (r,P)T and 2° := (r°, P°)T. Inserting
the expression (09, Eo)T = D(Q, — I)(r, P)T into the equation (1.1} with the initial conditions (1.1f)
yields that equations (L.1e) - (1.1f) can be rewritten in the following abstract form
2 €0Iy (—Mz— Lz —0I;(2)+ 2), (4.6)
2(0) = 2°,

where Iy, I : L*(Q, 9% x R®) — R are functionals defined by (A.7).

5 Existence and uniqueness for a time-discretized problem

We show the existence of measure-valued solutions using the Rothe method (a time-discretization
method). In order to introduce a time-discretized problem, let us fix any m € N and set h := % From
the assumptions for the functions b and ¢ we can conclude that 2 € LP(9, 5% x R?). We set
1 nh
o= = 2(s)ds € LP(Q, 8% xR3), n=1,...,2™.
h Jn=1)n

Then we are looking for functions 27 € L?(£2,93 x R?) solving the following problem

Lﬁ € dly(=n,), (5.1)
20 =20 (5.2)
with
N0 i= =Mzl — 0Ip(2) + 20 € LA, 8% x R?), (5.3)
where

M, := (D(I — Qq) + L + lI) 1 L2(9,5° x R?) — L?(Q, 5% x R?).
m

To show that the discretized problem has a solution we need M, to be positive definite. This holds due
to the term %I even if £ is only positive semidefinite. Therefore we consider here rate-dependent case
with £ = 0 and rate-independent case with £ > 0 simultaneously and suppose that £ is only positive
semidefinite. Recall that the functionals Iy and I, are proper, convex and lower semi-continuous (see
Section . We want to show that the equation can be rewritten as

OW(zn) > 5m, (5.4)
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where )
"
v — pm

1
V() = - () + I + I v).

The functional ®(v) = %HM%%H% : L2(, 8% x R?) — R is proper, convex and lower semi-continuous.
Indeed, since M, is bounded and positive definite operator, then it is maximal monotone by Theorem
I1.1.3 in [I]. Since the operator M, is also self-adjoint, one has that M,, = 0® by Proposition I1.2.7
in [I]. All other properties of ® follow from its definition. The last thing which we have to verify is
whether the following relation

O = 0, + 0D + I,

holds. By the definition of ®, we conclude that the domain of ® is equal to the whole space L?((2, S x
R?). By condition the domain of the functional I, is also the whole space L?((2,S% x R?) in
the rate-dependent case. In the rate-independent case the domain of I, also coincides with L?(£, S x
R3). Therefore, condition (A.6) is fulfilled and, since all functionals are proper, convex and lower
semi-continuous, Proposition gives the desired result. With the relation in hands the last
observation implies that
dom(90¥) = dom(0Iy).

Since ® is coercive in L2(£2, 53 x R3), which obviously yields the coercivity of ¥, the operator A = oW
is surjective by Theorem [A2] Thus, we conclude that for every fixed m € N and n = 1,...,2™ the
problem , (5.2) has a solution 27 € L?(£2,5% x R3) for every given 27 € LP(,S% x R?) and
20 € L?3(Q, 5% x R3). The solution 27, is also unique. Indeed, suppose there are two functions 2; and
z2, which satisfy the equation for a given 2. We substitute the functions z; and zs into
and consider the difference of both equations. Then using the monotonicity of 01, and 01¢ we obtain
that

(M (21 — 22), 21 — 22) <0,

which together with the positive definity of M, implies that the solutions coincide.

Rothe approximation functions: For any family {¢* },,—o, . 2m of functions in a reflexive Banach
space X, we define the piecewise affine interpolant &,, € C([0,T], X) by

Em(t) := (2 —(n— 1)> &+ <n - 2) ¢! for (n—1)h <t <nh (5.5)
and the piecewise constant interpolant &,, € L>(0,T; X) by
En(t) := €0 for (n—1)h <t <nh, n=1,...,2™, and &,(0) := £°,. (5.6)

For the further analysis we recall the following property of &, and &,:

1]

_ _ 1/s
p07%) < Jemllzenri < (BIELI + 1Enlieorn)) (5.7)

where &, is formally extended to t < 0 by ¢% and 1 < s < oo (see [13]).

6 A-priori estimates.

Rate-dependent case. We suppose that g satisfies the conditions (1.10)) and (1.11)). Let us fix
m € Nand n = 1,...,2™. Since the problem (5.1), (5.2) has a unique solution, we obtain with the
Young-Fenchel property (see Appendix [A

Ip (P =Em) 4 I (5y,) = (Pt
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which together with the relation (5.3)) implies

1 (G 1) + e e M)
+%<z;;— n=laIp(2n, >:<7nlz&> (6.1)

We note that (27 — 2271 9¢(2m)) > ¢(27) — ¢(271) holds for any convex functional ¢. Therefore,
multiplying (6.1) by A and summing the obtained relation for n = 1,...,1 for any fixed [ € {1,...,2™}
we derive the following inequality

I
" 1
th (Fm =i )+h21q2 2 (102022, + 1403 + 152k
1 1 zp — ;L;
< 5(||<M+ L)+ —|12013) + Iz +hZ | Fm (6.2)
Applying the conditions ( and (1.11) to the terms, which contain I, and I, and the Young
inequality with € < d; to the last term in (6.2)) we obtain
!
h(dy —¢) Z || ||p + hey Z X115 + ( (M +L)V220 15 + ||ZmH ) + Iy (21,)
n=1
1 1 n
< §(||(M +L)22°3 + E”ZOH%) +1p(27) + Cc hZ 12 Ip + (d2 + c2) |01 . (6.3)

Now, taking Remark 8.15 in [13] into account and using the definition of Rothe’s approximation
functions we rewrite (6.3]) as follows

1
telEnllg, +5 (104 + 0220 @) + - lzn @)

1
FIp(en(®) < 5 (M2 + - 12018) + I (%) + (da + )] + Cellomll?

o
p*,Qr

(di —¢)

PO (6.4)

Since Z,, — # in LP(Q7), the last term in (6.4) is bounded by a constant. The estimate (6.4) implies
that

{%m }m is uniformly bounded in W™ (0,T; LP" (Q, 8% x R?)), (6.5)
{im}m is uniformly bounded in LP(Q7, 5% x R?), (6.6)
{(M + £)1/2zm}m is uniformly bounded in L>(0,T; L*(22, S® x R?)), (6.7)
{\;ﬁzm}m is uniformly bounded in L*(0,T; L*(2, 5% x R?)), (6.8)
{f(zm)}m and {f(Z,)}m are uniformly bounded in L>°(0,T; L* (2, R)). (6.9)

We can improve the estimates — and show that {f}m}m is uniformly bounded in the space
L>®(0,T; LP(Q, 5% x R?)) and the sequences {(M + £)'/?Z,,},, and {\/%Em}m are uniformly bounded

n—1

in W12(0,7; L?(2, S? x R?)). Indeed, multiplying 1) by the term # and integrating over {2
we obtain

(E R TR R e

(Iy(Z5) — Ly(Z571)- (6.10)

S| =
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Then we use that 0l is a monotone operator and estimate the left side of (6.10)) from above

<zﬁ1—z;};1 Z"m—hzﬁjl>:_<z;}l—z” 1 (M-i—ﬁ—i—;l)z —z;‘;1>

o h h
o = 0Ly (o) = O G DN Lz = A =
_< n I3 )+ o h )
—1 n n—1 zn sn—1
_ 1/22' zy =z Zpy =zt Ay — 2
I(M +£) n2n¢f m|ff g (It I o, (6.11)

Now we combine (6.10) and (6.11)), multiply the obtained relation by h and sum it up for n = 1,...,1
and any fixed | € {1,...,2™}. We obtain

l

n 1 20 Zn—l
h M 4 L)/ em = Em e 7m2+/g§]fnd:c
> ) - I3 H\F ) A (Xm)

n=1

which implies the estimate

M + £ 220al 0, + =l + 182 < T,(500) (6.13)
Since by (6.5 the rigth side of (6.13]) is bounded we obtain
{Em}, is uniformly bounded in L>(0,T; LP(, S* x R?)), (6.14)
{(M + £)"?2,,}n is uniformly bounded in W12(0,T; L*(€2, $° x R?)), (6.15)
1
—Zm is uniformly bounded in W2(0, T; L*(Q2, S® x R?)). (6.16)
{\/TW }m

In conclusion we note that if the function f depends only on P and satisfies the coercivity condition

, we would obtain from

{Pmn}m and {P,,},, are uniformly bounded in L>(0,T; L*(Q, S* x R?)) (6.17)
and if f depends on both r and P and satisfies the coercivity condition , we would get then from
(6.9)

{#m}m and {2}, are uniformly bounded in L>(0,T; LP(Q2, S* x R?)),. (6.18)

Here we emphasize that the estimates of this paragraph hold for positive semi-definite operator L.
Suppose now that £ is positive definite. Then the estimate (6.15) immediately implies that

{2 }m is uniformly bounded in W*2(0,T; L*(Q2, S* x R?)) (6.19)

without coercivity assumptions for the function f.
Rate-independent case. Now we suppose that g is defined by (1.9) and L is positive definite. The
proof runs the same lines of the second part of the previous paragraph except some slight changes. We

n n—1

multiply li again by the term Em_%, integrate over Q2 and use that I,(X},) = 0, m,n € N to
obtain

Zﬁl — ZTT;;l Ezz — Enmi1 1 n n n—
< h ) h >:E<alg(2m)azmizm 1> 2
It follows from (6.20]) that

(Ig(Zh) — L(31)) =0. (6.20)

S| =

< (M +L+ ;) Zm _th’_l  Zm _hzzl_l > + %<81f(z;’1) — Ol (zp ), 2 — zﬁl—l>

m — #m > (6.21)
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Since M is positive semidefinite, 01 is monotone and L is positive definite we obtain the estimate

n _ ,n—1

20
which after multiplying by h and summing for n =1, ..., implies
[2mtllz,0r < CllZmell2,00- (6.22)

Since the equation (6.1)) holds also rate-independent g, we use it with the same arguments as in the
previous paragraph to obtain the following estimate

Az@@mmvgé S(S)dt + 1 (2 (0)

< S+ £)1 722005 + HZ°||§)+If(zO)+ 12mell2.00 112 (6.23)

l\')\»—t

Since the sequence {2, },, converges strongly in W1?(0,T; LP(Q)) and the domain of I is the bounded
convex set K we obtain in the rate independent case that the estimates and (6.23) imply

{2 }m is uniformly bounded in W2(0, T; L*(Q, S x R3)), (6.24)
{im}m is uniformly bounded in L>°(0,T; L>(£2, S* x R?)), (6.25)
{f(2m)}m is uniformly bounded in L>(0,T; L' (2, R)). (6.26)

7 Existence of measure-valued solutions

Based on the results of the previous sections we are able now to prove the main existence results of this
work, Theorem [2.5] and Theorem [2.6]

The proof of Theorem

Proof. In a similar way as in the beginning of section@we use the equality (6.1]) to derive the following

inequality
/ / (zme(z, s) dsdx—i—/ / (x,s))dsdx + (MZy,, Zmt )y o
+ [ Hemtoydo = [ FC@)e < 51 + G (7.1)

Using a-priori estimates from section |§| we want to pass to the limit in the inequality (7.1 .

First, we obtain by . ) that, at the expense of extracting a subsequence, the sequence {zm}m
converges weakly in the space Wl’p (0,T; LP" (Q)) to some z. Next we claim that the sequence {Z,,
converges weakly in L?" (Qr) and the weak limits of {Zm}m and {zm}m coincide. Indeed, using
this can be shown as follows

gm o o
~ . . t—nh
12 = Zmlle 0 = Z/ ) dt
n=1 (’I’L—l)h p*
I [ o ‘ dem | (7.2)
prt+1 = h o PPELdE o)

which implies that Z,, — z,, converges strongly to 0 in L?" (Q7). Then the sequence {Z,,},, converges
weakly in LP (Q7) to the same weak limit z € W1HP™(0,T; LP" (Q)) as {zm }m-
In the same way, using (6.15)) and (6.16)), we obtain that

1
M(Zp — 2m) — 0 and —(Z,, — 2,,) — 0 in L*(Qr). (7.3)
m
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Since the elements of {2, } men belong to the space LP(Qr), we can use the deﬁnition to define
the convex functionals I, : LP(Q;) — R and Iy : L?" () — R by I, fo Jo g% (2(s,x))dsdx and

fo fQ g(z(s,x))dsdz, respectively. Then the functionals satlsfy . = (Ig) Slnce Zmt converges
Weakly to 2z, in LP" (QT) we obtain

liminf Tye (2me) > T (21). (7.4)

Due to there exists a subsequence of {2, },,,, which converges weakly to ¥ in L?(Q27). Therefore
we get

liminf I,(2,,) > I,(2).
Our next goal is to compute the function Y. To this end, we consider the sequence ¥,, = —MZ,, +
—zm — 0f(Zm) + 2m, m € N.

By constructions, Z,, converges strongly to 2 in LP(Qr). It follows from (6.16) that the sequence
{ﬁzm}m is uniformly bounded in L?(Q27). By ll the sequence {ﬁim}m is also uniformly bounded
in L2(Qr) and therefore -z, converges strongly to 0 in L?(Qr) .

Moreover, it follows from (6.15) and ([7.3)) that the sequence { M z,, },,, converges weakly in L?(Q27) and
the weak limit coincides with the weak limit of the sequence { Mz, },, = {(g’;)}m By Theorem [3.2| we
get that for every 2, € W1H2(0,T; L2()) there exists a solution (0, E,,) € WH2(0,T; L2(Q; S2 x R?))
of the problem

—div o,, =0, div D,, =0, (7.5)

(si) =P ((T) =20 ) = —DU1 = @a)zs = =, 6)

with homogeneous boundary conditions for the functions (um,, ¢m)-

Now, let us define the operator M, = D(I — Q) : LP" (Q) — LP (£2). Due to the uniqueness of the
solution of the problem - , instead of the operator M we can consider the operator M- in
. We note that the operator M, is the extension of the operator M on L?(£2). Thus, because of the
linearity of the operator M,-, the sequence {( )}m converges weakly in the space VV1 2(0,T; L2(Q))
to Mp-z = ( ) which is the solution of the problem , ! corresponding to the function z. Since
the sequence {—M%,, + + - Zm + Zm }m converges Weakly in L?(Qr) and {%,,},, converges weakly in
L?(Qr), the sequence {Zﬂf(zm)}m converges weakly in L2(QT) to some F € L%*(Qr). By Theorem
there exists a Young measure 7 € Ly, (Q7; M(S3 x R?)) associated with the sequence {zy, }m such
that F(t,2) = [gs, ps Of(E)Tt,0(d€) for ae. (t,x) € Qp. Thus, we get that ,, converges weakly to
—M,y-z — F + % in LP(Qr) and that the inequality holds

liminf I,(2,,) > I,(=My.z — F + 2). (7.7)
Since J(z) = [, f(2(2))dz is a convex functional on LP" () and z,(t) converges weakly to z(t) in

LP" (), we get that hmlnfm_>OO Jo fzm(z,t))dz > [, f(z(x,t))dz. Next, for a.e. x € Q we have that
2(z,-) € WHP(0,T; 8% x R3). Let us fix z € Q. From we conclude that the set f(z(z,[0,T7])) C
dom f. Since f € C'(dom f) and z(x,[0,T]) is a compact subset of dom f, we obtain that f(z(-)) :
[0,T7] — R is an absolute continuous function and therefore f(z(t)) is almost everywhere strongly

differentiable with f(z(t)) — f(z°) = fot(af(z(T)7 z¢(7))dr for a.e. t € (0,T). It follows from that
Jo(f(z(z,t)) — f(2°(2))dz < oo and hence [, fg((“)f(z(x, 7), z¢(z, 7))drdx < co. Therefore we ge

m—00

Jim inf /Q (Flem (1) — F(0(2))dz > /Q /0 OF (2(2,7), 24(, 7)) drda. (7.8)

IThe existence of the integral fot Jo(@f (z(z,7), 2t (x, 7))dzdr is an open problem.
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Now, we estimate liminf,, . (MZ,,, zmt>2 q, from below. To this end, we note ﬁrst that 1i implies
that Hminf,, oo (M Zm, Zme) o= = lim mfmﬁoo (M zp, zmt>2 q,- The equatlons - yleld that

Oz, = (= (5 o), = (- (50) 27 (5 + (“Zi’:“>>2,m
(&) (E) -

We introduce the functions w,, = (g") Then in terms of w,, the last term can be rewritten as follows

(D™ Wi, Wint)g 0, = 1D 2w (H)]I3 — (D) 2w(0)]3,

where w(0) = w,,(0) does not depend on m since zm(O) = 2. The relation {wy, },n = {M 2., },, implies
that w,, — w in W12(0,T; L?(2)) and since D! is a positive definite symmetric operator, we obtain
that (DN 2w, (t) — (DY) 2w(t) in L2(Q). Since w — [|(D~1)2w|2 is a proper, convex and ls.c.
functional on L?(2), using Lemma we obtain

(D7) 2w (Bl = (D7) 2w (0)]13)
> (D7) 2wl = (D7) 2w(O)]l5 = (D~ w,wy)y g, (7.10)

Let (u, ¢,0, D) be a solution of the problem (7.5)), (7.6) with homogeneous boundary conditions corre-
sponding to z. And let us assume first that f satisfies the coercivity condition ((1.15)). Then we have
that z,, — z in L?(Qr). Combining (7.9), (7.10) we obtain

Hm inf (D™ wy,, Wint)y o, = lim inf(

m—00

[N

lim inf (M 2y, 2Zmt) o s > (D w, wt>2,Qt = <w,D71wt>2)Qt

m—00

B / [ (o) (5r)) ot s a2, (711)

Since z € L*>(0,T; LP(£2)), then also (E(Uv¢>)) € L*>(0,T; LP(£2)) and we obtain that the first term on
the right side of () <(E(UV¢))’ (E(VD?”)%W@T = 0. Therefore

minf (M2, 2imt)g o, > (M2, 2t), - q,- (7.12)
Altogether we obtain
¢
Tge(z) + Ig(—Mpz — F + 2) < (2, —Mpz + 2),, e, — / / (z¢, 0f (2))dtdx. (7.13)
o Jo

Suppose now that f(r,P) = f(P) and satisfies the coercivity condition (L.I4). The coercivity con-
dition implies that P € L°>(0,T;L?*(Q)). Since df(z) = (Of(()P)) and the sequence (X,,)m, is uni-
formly bounded in LP(2r), we obtain that o € LP(Qr) and (0,e1)g, = 0. Now since E,D — P €
W12(0,T; L*(Q)) we integrate by parts the term (E, Dy — P;),, with respect to ¢ to obtain

<E7Dt—Pt>Qt = <E5D_P>Q|6_ <Et7D_P>Qt

Since P € L?(Q) and D — P € L?(Q) for every t € [0,T], then also D € L?(Q2). Therefore we obtain for
every t € [0,T] that (F, D), = 0. And since E; = E(V¢;) € L*(Q), we obtain for a.e. t € [0,7] that
also (E¢, D), = 0. Thus we obtain that

<Eth—Pt>Qt :_<E7P>Q|6+<Etvp>ﬂt' (7.14)

Now we show that the function  — fot (E, P;) € LY(Q). Indeed, we have that for every fixed z € (2 the
function (FE, P) is absolutely continuous and

(E,p)|g:/0 ;lt(E P)ds_/o (E., P) + (E, P,)ds.
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It follows from the estimate l) that [, fot (E, P,)dsdz exists. Therefore we get that the equality

Ja fOt(E, Dy — Py)dsdx = — [, [, (E, P;)dsdx is satisfied and with m — oo the estimate (7.1) takes the
form

t
Ige(2e) + 1g(=Mp-z = F + 2) < <Zt’2>p7p*,ﬂt - /Q/o (2, Mpez + 0 f (2))dtdx. (7.15)
This completes the proof of Theorem O

Now we prove the existence result for the case when L is a positive definite operator.

The proof of Theorem
Proof. We start again from the inequality

/ / (zmt(z, s dsder/ / (z,8))dsdx + ((MJrE)zm,zmt)QQt
1 _
/ f(zm(x,t))dx f/ f(Z7(x))dx < —HZOHQ <th72m>2,gt- (7.16)

Using for the rate-dependent and - for the rate-independent case we obtain based on the
same arguments as in the that up to a subsequence the sequence {z,, — 2, }m converges strongly
to 0 in L?(Qr) and therefore the sequences {zm }m and {2}, converge weakly to the same limit
2z € WH2(0,T; L*(Q)) in L?(Q7) and {th}m converges weakly to z; € LQ(QT)
The functionals I, : L?(€) — R and Iy~ : L*(€) — R defined by I« (2) = [ [, 9%( ))dsdz and
fo fQ 9(z(s, x))dsdx, respectively, are convex, proper and Ls.c. for both rate- dependent and
rate—lndependent choices of the function g. Obviously, it holds 1, g* =( g) . Since z,,; converges weakly
to z; in L?(Qr) we obtain

Hminf Iy« (2me) > I (1) (7.17)

Due to and ([6.25) there is a subsequence of {3,, },,, which converges weakly to ¥ = —(M+L)z—
F+2in L?(Qr) with the function F € L?(Qr) such that F(t,z) = [gs, s O.f(£)7e.0(d€) for ae. (t,z) €
Q7 with the Young measure 7 € L, (Q7; M(S3 x R3)) associated to the sequence {2,,}n,. Then we
obtain

liminf I,(2,,) > I,(—(M + L)z — F + 2). (7.18)

m—00

Since zp, (t) converges weakly to z(t) in L?(Q), then liminf,, oo [, f(2m (2, t))dz > [, f(z(z,1))dz.
Let us fix z € Q. For every fixed = €  we have z(z,-) € WH2(0,T; S x R3). Since f € C1(S3 xR3 R),
we obtain that f(z(:)) : [0,7] — R is an absolute continuous function and therefore f(z(¢)) is for a.e.
te (0 T) strongly differentiable with f(z(t)) — f(2°) = fot(ﬁf(z(T), z(7))dr. It follows from and

that [,,(f(z(z,t)) — f(2°(x))dz < oo and hence [, fg(af(z(x,T),zt(:c,T))dex < 00. Therefore

we have

L. 0 ¢
hmlnf/Q(f(zm(:r,t))ff(z (z))dx > /Q/O (Of (z(x,T), 2z (x, T))dTdx. (7.19)

Due to the weak convergence of the sequences (2,,)m and (Z,)m in the space L?(Qr) we obtain
liminf (M + £)Zm, 2mt)s o, = hmmf (M + L)2m, 2mt)g.q, = 11m1nf(||(M+E)% m(t)]12
—I(M + £)22(0)[13) > [I(M + £)Z2(1)|[3 = (M + £)22(0) |3 = (M + L)z, 21)5 0, (7.20)

Altogether we take the limit inferior on the left side and the limit on the right side of (7.16]) and obtain

with (7.17))-(7.20) the following inequality

b () + Ly~ (M + £z — F+ 2) < (1, ~(M + L)z + 2} 0, — /Q/O (o0, OF(2))dtdz.  (7.21)

This completes the proof of Theorem [2.6] O
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Remark 7.1. In the proof of Theorem [2.5 and Theorem [2.6] the function (r, P) is obtained as the limit
of the weakly convergent sequence (r,, P,) and the measure 7 is the Young measure associated with
this sequence (r,, P,) (see Appendix [B| for the main properties of Young measures, if needed). As we
have mentioned in Remark the measure-valued solution (u, ¢,r, P) is strong if 7 = V(. p) f(r, P)
in . This holds if the mapping V(. p)f is affine. However, this case has no practical applications
and therefore beyond our interests.

A Convex analysis

In this section we briefly recall some basic facts about convex functions, their subdifferentials and the
surjectivity results for them.

Let V be a reflexive Banach space with the norm || - ||, V* be its dual space with the norm || - ||. The
brackets (-,-) denote the duality pairing between V and V*. By V we shall always mean a reflexive
Banach space throughout this section.

For a function ¢ : V — R the sets

dom(¢) ={v eV | d(v) < oo}, epi(¢) ={(v,t) €V xR |¢(v) <t}

are called the effective domain and the epigraph of ¢, respectively. One says that the function ¢ is
proper if dom(¢) # () and ¢(v) > —oo for every v € V. The epigraph is a non-empty closed convex set
iff ¢ is a proper lower semi-continuous convex function or, equivalently, iff ¢ is a proper weakly lower
semi-continuous convex function (see [16, Theorem 2.2.1], if needed).

The Legendre-Fenchel conjugate of a proper convex lower semi-continuous function ¢ : V — R is the
function ¢* defined for each v* € V* by

¢"(v") = sup{(v",v) — ¢(v)}-

veV

The Legendre-Fenchel conjugate ¢* is convex, lower semi-continuous and proper on the dual space V*.
Moreover, the Young-Fenchel inequality holds

YoeV, Y eV*: ¢*(v")+ ¢(v) > (v*,v), (A.1)

and the inequality ¢ < v implies ¥* < ¢* for any two proper convex lower semi-continuous functions

,¢: V — R (see [16, Theorem 2.3.1]). Due to Proposition I1.2.5 in [I] a proper convex lower semi-
continuous function ¢ satisfies the following identity

int dom(¢) = int dom(9¢), (A.2)

where 9¢ : V — 2V denotes the subdifferential of the function ¢. We note that the equality in (A.1)
holds iff v* € d¢(v), i.e. together with (A.1)

v* € 0¢p(v) & " (V") + P(v) < (v*,v), Yo eV, VW € V™. (A.3)

Remark A.1. We recall that the subdifferential of a lower semi-continuous proper and convex function
is maximal monotoneﬂ (see [, Theorem I1.2.1]).

The next surjectivity result on subdifferentials of convex functions is one of the key tools in the proof
of our main existence result.

Theorem A.2. Let A := 0¢, where ¢ : V — R is a proper convex lower semi-continuous function on
V. Then the following conditions are equivalent

o(v)
= o0; A4
loll—oo [Jv]] (A4
R(A) = V* and A~ is bounded. (A.5)

2 A monotone mapping A:V — 2V" is called maximal monotone iff the inequality
W*—u*o—u) >0 Vu*e Au)

implies v* € A(v).
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Proof. See [Il, Theorem 11.2.6], for example. O

To state our next result, we recall that the relation

¢+ 0 = 0(¢ + 1)

holds for any two convex functions ¢ and ¢, if there exists a point in dom(¢) N dom(¢)) where ¢ is
continuous (see [15, Proposition I1.7.7]). Then, since a proper convex lower semi-continuous function is
continuous on the interior of its domain (I, Proposition I1.2.2]), we get the following important result.

Proposition A.3. Let ¢ be a proper convex lower semi-continuous function and 1 be convex. Suppose
that

int dom(¢) N dom(¢p) # 0. (A.6)

Then
0¢ + 0 = 0(¢ + ).

We will use the following chain rule

Lemma A.4. Let ¢ : H — Ry, be proper, convex and l.s.c. on H. If 2,z € L?(0,T; H) and if there
ezists g € L*(0,T; H) with g € 0¢(2) a.e. on [0,T], then ¢(z) is absolutely continuous on [0,T] and

d dz(t)
Z0(:(0) = (h(), 52
holds for every h € 0¢(u) a.e. on [0,T).

Convex integrands. For a proper convex lower semi-continuous function ¢ : R¥ — R we define a
functional I, on LP(, R*) by

Iy(v {fQ z, ¢(v) € L'(Q,RF) (A7)

. b
400, otherwise

where Q is a bounded domain in RY with some N € N. Due to Proposition I11.8.1 in [15] the functional
I, is proper, convex, lower semi-continuous, and v* € 9I,(v) iff

v e LP (L RF), ve LP(Q,RF) and v*(z) € 8¢(v(x)), ae.

Due to the result of Rockafellar in [I1, Theorem 2] the Legendre-Fenchel conjugate of I, is equal to
I¢*7 i.e.

(Is) = Ipe,
where ¢* is the Legendre-Fenchel conjugate of ¢.

B Young measures

Let E C R™ be a Lebesgue measurable set with u(E) < oco. We denote Cy(R?) = CC(Rd)”.HOO.
Let M(R?) of signed Radon measures with bounded total variation. There is a one-to-one corre-
spondence between the dual space of Cy(R?%) and the space M(Rd), such that v € M(R?) defines a
linear continuous functional on Co(R?) in the following sense (v, f) = [ou f(z)v(dz) for f € Co(R?)
and ||v|| prey = supjpy <1 (v f)|. One says that v € M(R?) belongs to Prob(Rd) if v is a prob-
ability measure. The mapping 7 : £ — M(R?) is said to belong to the space L°(E, M(R%)),
if for all f € L'(E;Co(R?)) the function z — (74, f(2,)) = [ga f(x,A)d7-()) is measurable and
HT||L;O(E;M(Rd)) = es8 SUP,ep |l m(ra)y < 00

Definition B.1. A Young measure 7 : E — M(R?) is an element of the space L (E, M(R?)), such
that 7, € Prob(RY) for y—a.e. x € E.
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Theorem B.2. Let {u,}, : E — R? be a norm bounded sequence in L'(E;R?). Then there exists
a subsequence {u,, }1. of the sequence {u,}n and a Young measure 7 € L3 (E, M(R?)) such that the
sequence {T,, 1 konverges to T in L (E, M(R?)).

Theorem B.3. Let {u,}, : E — R? be a sequence of measurable functions and {7,}, be a sequence
of Young measures associated to functions {u,}, such that 7, — 7. Let ® : R? — R be continuous and
suppose that {®(un)}r is uniformly integrable.

Then

/E/Rd |®(€)| 72 (d€) p(dz) < o0

and ®(uy,) converges (L', L>) to w, where
w(z) = / D(&)7,(dE) for p—a.e. x € E.
Rd
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C Notations

(*,+), |- |: skalar product and norm in R? or $3

{(-,+), |l - |]2: skalar product and norm in L?(2) or L?(2)

(s )pp*> |l - |lp: bilinear form on LP(Q) x LP" () and norm in L?(Q)
(-, '>k,p,§2’ | - llk.p.2: skalar product and norm in W*P(€2)

[-,]: is a bilinear form on Wol’p(Q) x W—Lp" (Q).
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