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EXISTENCE AND CONVERGENCE RESULTS
FOR EVOLUTION HEMIVARIATIONAL INEQUALITIES

STANISEAW MIGORSKI

ABSTRACT. In the paper we examine nonlinear evolution hemivariational
inequality defined on a Gelfand fivefold of spaces. First we show that the
problem with multivalued and L-pseudomonotone operator and zero ini-
tial data has a solution. Then the existence result is established in the
case when the operator is single valued of Leray—Lions type and the initial
condition is nonzero. Finally, the asymptotic behavior of solutions of hemi-
variational inequality with operators of divergence form is considered and
the result on upper semicontinuity of the solution set is given.

1. Introduction

In this paper we study the problem of existence of solutions for evolution
hemivariational inequalities driven by multivalued coercive and pseudomono-
tone operators defined within the framework of an evolution triple of spaces.
We also investigate the asymptotic behavior of solutions to parabolic hemivari-
ational inequalities with single-valued nonlinear operators of divergence form.
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The problem under consideration is following

(1.1) w(0) = uo,

{ w4+ Au+90J(u) > f,

where A is a nonlinear and multivalued operator between V and 2V, f € V*,
ug € V, 8J denotes the Clarke subdifferential (cf. Clarke [4]) of a locally Lipschitz
functional J defined on X, V = LP(0,T;V), X = LP(0,T; X), V is a reflexive
Banach space such that V' C X compactly, 0 < T < oo and 2 < p < oo (see
notation in Section 2). This problem can be considered as a nonlinear evolution
inclusion with a nonmonotone multivalued perturbation.

The existence of solutions for hemivariational inequalities in the elliptic case
has been investigated by many authors using different methods, see Panagio-
topoulos [16], Naniewicz and Panagiotopoulos [15], Haslinger and Panagiotopou-
los [6] and the literature therein. The parabolic hemivariational inequalities have
been treated only recently by Miettinen [10] who used a regularization technique
with the Galerkin method, by Carl [3] and Papageorgiou [19] who both combined
the method of upper and lower solutions, the theory of pseudomonotone opera-
tors with truncation and penalization techniques. Moreover, Liu [9] has shown
an existence result for parabolic hemivariational inequalities with a single-valued
evolution operator of class (S ) while Miettinen and Panagiotopoulos [11] and
Migérski and Ochal [14] have studied the problem using a regularized approxi-
mating method.

In the present paper we generalize the results mentioned above and we prove
a theorem on the existence of solutions to (1.1) using techniques of multivalued
analysis and the theory of pseudomonotone operators. The idea of the proof
goes back to Lions [8] who delivered a surjectivity result for evolution equations.
For the preliminary version of our existence result see Migérski [13].

The second aim of the paper is to give a convergence result for the family
(indexed by a parameter h) of parabolic hemivariational inequalities of type
(1.1). The index appears in the time-dependent operators Ap(t) : V. — V*,
t €[0,T], h € NU{oo} of the form Ay (t) = —divap(z,t, D), in the functionals
Jn + X — R, in the second member and in the initial condition. The mappings
ap : Q2 x (0,T) x RY — RN are supposed to be maximal monotone on RY
for a.e. (z,t) € Q x (0,T) and satisfy suitable boundedness and coerciveness
hypotheses. Being motivated by the potential applications to some problems in
the homogenization theory, we are interested in a convergence result under the
assumption that ay, P G0, a8 h — o0 in the sense of parabolic G-convergence
of Svanstedt [22]. Under this hypothesis and other suitable conditions on the
data we will show the upper semicontinuity of the solution set. To author’s
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knowledge the related work on the dependence on parameters of the solution set
of hemivariational inequalities is not yet seen.

It should be mentioned here that the inclusion (1.1) is of interest because it
is a model for nonmonotone semipermeability problem:

%—Au:f in Qx (0,7),

(1.2) f=h+f —f1 € 9j(z,u) a.e. Qx (0,7T),
u(0) = uo,
u=0 on 990 x (0,7T),

(92 being a bounded domain in R3) which arise in electrostatics, heat conduction
problems and in the description of the flow of Bingham’s fluids. The problem
(1.2) can be written in the form (1.1) with J(v) = [, fOTj(JU,v(as,t)) dx dt.

The problems of type (1.2) were considered by Duvaut and Lions in [5], where
semipermeability relations were assumed to be monotone and they lead to vari-
ational inequalities. The case of nonmonotone semipermeability relations were
first studied by Panagiotopoulos in the stationary case in [17] under the name
of hemivariational inequalities. For the description of temperature control prob-
lems related to (1.2) see Panagiotopoulos [16], Naniewicz and Panagiotopoulos
[15], and Migérski [13]. For more motivation coming from nonsmooth/nonconvex
mechanics and details concerning applications we refer to Panagiotopoulos [16]
and [18], and the references mentioned there.

The outline of this paper is following. In Section 2 we recall basic notation,
definitions and preliminary results. In Section 3 we first deal with the existence
problem for (1.1) with zero initial data and then we study the case when the
operator A is single-valued of classical Leray—Lions type. The discussion on the
convergence of solutions to parabolic hemivariational inequalities is presented in
Section 4.

2. Preliminaries

In this section we fix our notation, recall some basic definitions and facts
from multivalued analysis and present auxiliary results.

Let V and X be two reflexive separable Banach spaces and let H be a real
Hilbert space with V. C X C H, where V is dense in X and X is dense in H.
The embeddings are assumed to be continuous and V embeds compactly in
X. Typically V.= WIP(Q;RY) or V = Wol’p(Q;RN), X = LP(OQ;RY), H =
L2(;RY) with some 2 < p < oo, Q being an open bounded subset of RY with
Lipschitz boundary.

Let 2 <p<ooand 0 < T < co. We introduce the following spaces V =
LP(0,T;V), X = LP(0,T;X), H = L*(0,T;H) and W = {w € V : w' € V*},
where the time derivative involved in the definition of W is understood in the
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sense of vector valued distributions. Clearly we have W C V C X C H =
H* C X* C V* with dense and continuous embeddings, X* = L9(0,T; X*),
V* = L90,T;V*) and 1/p + 1/q = 1. Recall that if for a Banach space Y, Y*
has the Radon—Nikodym property (in particular if Y is a reflexive Banach space
or a separable dual Banach space), then we have LP(0,T;Y)* = L4(0,T;Y™),
1/p+1/q¢ = 1 (see for example Hu and Papageorgiou [7], Theorem A.3.98,
p. 918). Equipped with the norm [|v||y = ||v||y + ||v'||y= the space W becomes
a separable, reflexive Banach space. The pairing for the pair (V,V*) is denoted
by (f,v)y = fOT<f(t),v(t)) dt and the inner product on the Hilbert space H by

(f,0)m = [ (f(t),0(t)) s dt. Evidently (-, )|vur = (-, - )n.
The following lemma is needed in the sequel.

LEMMA 2.1.

(a) Ewery function from W is, after an eventual modification on a set of
Lebesgue measure zero, continuous from [0,T] into H; moreover, the
embedding of W into C([0,T]; H) is continuous.

(b) If the embedding of V into X is compact, then so is the embedding of
W into X.

(¢) If{vn}tn>1 CW, v, —> v in W, then for everyt € [0,T], v, (t) — v(t)
m H.

PROOF. The results in (a) and (b) are standard ones (see for example Lions
[8] and Zeidler [23]). We show (c). From (a), we have v, — v in C([0,T]; H).
Fix h € H, t € [0,T] and let v* € C([0,7]; H)* be defined by v*(y) = (h,y(t)).
Then the result follows easily. O

Let Y be a reflexive Banach space and let (-, -),- denote the natural pairing
between Y and its dual Y*. In what follows we recall some definitions for a
multivalued operator T : Y — 2Y (see e.g. [2], [8] and [23]).

e An operator T is said to be pseudomonotone if it satisfies
(a) for every y € Y, Ty is a nonempty, convex and weakly compact set
in Y*,
(b) T is u.s.c. from every finite dimensional subspace of ¥ into Y* endo-
wed with the weak topology,
(c)ify, — yinY, y € Ty, and limsup (¥, yn — )y < 0, then for
each z € Y there exists y*(z) € Ty such that

(y*(z), Yy — Z>Y § lim inf <y:7yn - Z>Y'

e An operator T is said to be generalized pseudomonotone if for every
sequence (yn,y’) € GrT satisfying y, — y in Y, y* —> y* in Y*
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and limsup (y;;, yn — y)y < 0, we have (y,y*) € GrT and (v, yn)y —
<y*7 y>Y

e An operator T is said to be of type (M) if (a) and (b) hold, and
(d) if (yn,y;) € Gr T,y — yin Y, yj — y* in Y* and

hm sup <y:, yn>y S <y*’ y>Y’

then (y,y*) € GrT.

Let L : D(L) C Y — Y* be a linear densely defined maximal monotone
operator.

e An operator T is said to be generalized pseudomonotone with respect
to D(L) if and only if (a) and (b) hold and
(e) if {y,} € D(T) N D(L) is such that y, — y in Y, Ly, — Ly in
Y*, yn € Tyn), vy — y* in Y* and limsup (45, yn)y < (" 0)y,
then (y,y*) € GrT and (y;;, yn)y — (V" ¥)y-
e An operator T is called surjective if for each f € Y™* there exists an
element y € D(T') such that f € Ty, i.e. R(T) =Y™*.
e An operator T is said to be coercive if there exists a function ¢ : Rt — R
with ¢(r) — oo as r — oo such that (y*,v)y > c(||y||yv)||y||y for every
(y,y*) € Gr T or equivalently (see [20], p. 115)

inf{(y*,y) : y* € Ty}
llylly

— o0, as ||yl — oo, y € DT).

e An operator T is said to be bounded if it maps bounded sets into
bounded sets. T is quasi-bounded if to every M > 0 there corresponds
a constant C' > 0 such that whenever (y,y*) € GrT, (y*,y) < M|ly||ly
and ||y||ly < M, it follows that ||y*||y+ < C.

e A single-valued operator T': Y — Y™* is said to be hemicontinuous if it

is weakly continuous on straight lines in Y, i.e. if s — (T(u + sv),w)
is continuous for all u,v,w € Y. It is said to be demicontinuous if it is
continuous from Y to Y* endowed with weak topology.

The following results will be used in the sequel.

PROPOSITION 2.1. Let T : 'Y — Y™ be a pseudomonotone operator. If
Yn — y inY and Ty, — n in Y* with limsup (TYn,Yn)y < (M, Y)y, then
n="Ty.

ProOF. Let 2z € Y. Since

< limsup (Tyn, Yn) — im (Tyn, 2) < (n,y) — (n,2) = (n,y — 2),
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we have (Ty,y — z) < (n,y —z) for all z € Y. Taking z =y + v, v €Y, we get
Ty =n. g

The following surjectivity result for mappings of type (M) can be found in
Chapter IIL.5, p. 156 of Pascali and Sburlan [20] or Hu and Papageorgiou [7],
Corollary 6.29, p. 372.

THEOREM 2.1. If T : Y — 2¥ is quasi-bounded coercive operator of type
(M), then T is surjective.

Finally, we recall the definitions of the generalized directional derivative and
the generalized gradient of Clarke for a locally Lipschitz function g : F — R,
where E is a Banach space (see Clarke [4]). The generalized directional derivative
of g at x in the direction v, denoted by ¢°(z;v), is defined by

tv) —
¢°(x;v) = limsup 9ly +tv) —g(y)
y—z, 10 t

The generalized gradient of g at x, denoted by dg(x), is a subset of a dual space
E* given by 9g(z) = {¢ € E* : ¢°(z;v) > ((,v) gy - for all v € E}.

3. Existence of solutions

The goal of this section is to investigate the existence of solutions to an
abstract evolution inclusion which can be considered as a multivalued version of
a parabolic hemivariational inequality.

Let L : D(L) C V — V* be the operator defined by Lv = v’ with D(L) =
{veV:v e V* v(0)=0}. It is well known (see e.g. Proposition 32.10, p. 855
of Zeidler [23]) that L is linear densely defined and maximal monotone operator.

Let J : X — R be a locally Lipschitz function and let J°(-, -) and 87 (-)
denote, respectively, the generalized directional derivative and the generalized
gradient of J in the sense of Clarke [4].

The evolution hemivariational inequality under consideration is following:
find w € D(L) such that

(Lu+ Au— f,v —u)y, + J%(u;v —u) >0 forallv eV,

where A is a multivalued map from V to 2¥". By using the definition of the

generalized gradient, this problem can be formulated as follows: find v € W

such that

Lu+ Au+0J(u) > f,

(3.1) (u) > f
u(0) = 0.

Our hypotheses on the data of (3.1) are following.

H(A): A:V — 2" is an operator which is bounded, coercive and generalized

pseudomonotone with respect to D(L).
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H(J): J:X — Ris a function which is Lipschitz continuous on each bounded
subset of X' and there exists k& > 0 such that

(3.2) T (v; —v) < k(1+||v||x) forall v € X.

By a solution of (3.1) we mean a function u € W such that Lu+ p+w = f,
u(0) = 0 with p € Au and w € 0J (u). We have the following existence result
concerning problem (3.1).

THEOREM 3.1. If hypotheses H(A) and H(J) hold and f € V*, then problem
(3.1) has at least one solution.

ProOOF. We introduce on D(L), which is a linear subspace of V, the graph

norm by ||ul|pry = |[ully + ||Lul[y+ for u € D(L). Equipped with this norm
D(L) is a reflexive Banach space and the embedding D(L) C V is dense and
continuous.

Let F: V — V* be the duality map. It is known that it has many nice prop-
erties (see Zeidler [23], Proposition 32.22); it is single-valued, demicontinuous,
bijective, strictly monotone, bounded and F~! : V* — V = V** is equal to the
duality map of the dual space. Moreover for all u € V, we have ||Fu||y- = ||ul|y
and (Fu,u) = ||u|3.

For every positive €, we define two operators
M, : D(L) — D(L)*,
(Meu,v)p(ry = e(F~1Lu, Lv)y + (Lu, v)y,
for u,v € D(L) and
P.: D(L) — 2P(®E)"
Py = Mu+ Au+ 0J (u),

for uw € D(L). First we establish some properties of operators M. and P.. From
the estimate

[(Mu,v)pry| < ell[F~ Lully||Lo|lv+ + || Lul
< ¢||Lul| | Lv|

ve|[vllv

v ([[Lo[lv- +[lvllv) < ellullplollp),

we have ||[Mcul|p(r)« < €l|lul|p(ry, so M, is a bounded operator. Exploiting the
monotonicity of F~! we can show that M, is also monotone. It is easy to see
that M. is demicontinuous (recall that F~! is such). Since M. is defined on the
whole space D(L) and monotone, we know (cf. Pascali and Sburlan [20]) that
M, is hemicontinuous. Therefore Proposition 27.6 of Zeidler [23] tells us that
M. is pseudomonotone operator (being monotone and hemicontinuous).

Claim 1. For every fixed positive €, the operator P is of type (M).
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From H(A) and from the fact that the values of 9J are nonempty, weakly
compact and convex subsets of X* (cf. Clarke [4]), we easily get that for all
v € D(L), P.v is a nonempty, weakly compact and convex subset of D(L)*.

Next, since the mapping 07 : X — 2% has a sequentially closed graph
in X x &7, topology and it is a locally relatively weakly compact map, by
Lemma 7.10 of Phelps [21] (or Proposition 2.23, p. 43 of Hu and Papageorgiou
[7]) we have that 07 is also u.s.c. in this topology. From H(A) again and the
demicontinuity of M., we obtain that P. is u.s.c. from every finite dimensional
subspace of D(L) into D(L)% .-

Subsequently, assume that (uy,pr) € Gr P, up — win D(L) (i.e. up, — u
in V and Luy — Lu in V*), pp — p in D(L)* and limsup <pk,uk>D(L) <
(p,w)p(ry- We will show that (u,p) € GrP.. To this end, let p; € Auy and
wy € 0J (ug) be such that

(3.3) pr = Mcug + pr + wy.

In view of the boundedness of A and 0.7, we have that {px} and {wy} remain
in bounded subsets of V* and X*, respectively. We can assume that p, — p
in V* (which entails also weakly in D(L)*) and wj, — w in X*. Using the
compactness of the embedding W C X, we suppose that uy — w in X'. Then by
using again the sequential closedness of the graph of 07, we have w € 9.7 (u).
We also have immediately w € D(L) (recall that by Mazur’s theorem, D(L) is
weakly closed since it is closed and convex subset of W).
We will show now that

(3.4) lim sup{py + wg, ux —u) p(zy < 0.
k

Suppose (3.4) does not hold. Thus, we can find d > 0 and a subsequence of
{uy}, which is identified for simplicity of notation with {ug}, such that

liI?l(pk +wy, ur — u)pry = d > 0.
Hence
1imksup<Mguk,u;C —Uu)p(r) = limksup<pk,uk — ) p(r)
- 1iI£n<p;c +wp, up — u)pry < —d < 0.
From the pseudomonotonicity of M, it follows that
(Meu,u —v)pry < limkinf<M€uk,u;€ —v)py forallve D(L).
In particular, for v = u, we obtain

0< limkinf (Mcug, up — u)p(ry < limsup(Meug, ur, — u)pry < —d <0,
k

which gives a contradiction. The proof of (3.4) is completed.
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From (3.4) and the preceding convergences, we get
lim sup(pk, ur) p(ry) = limsup(px + w, ux — w) p(z)
k k
- hin (wp, up — u)x + liin (P> u) Ly < (p,u)D(L)-

From the fact that A is generalized pseudomonotone with respect to D(L), we
have (u, p) € Gr.A and

(3.5) (P, uk) (L) — (P> U) D(L)-

Since M, is a bounded operator, by passing to a subsequence if necessary, we
may assume that there is n € D(L)* such that

(3.6) M.up, 1 in D(L)*, as k — oo.
Moreover, from (3.3), (3.5) and (3.6), we have
limksuP<Maukvuk>D(L) = limksup<pk,uk —u)p(r) + li]£n<pk,u>D(L)
- lilgn(pk, uk) p(r) + h}?l<wk7 U — Uk)x
+ 1111}1<M5uk7u>D(L) < (n,u)p(L)-

Hence and from (3.6), by Proposition 2.1, we deduce that n = M_.u. Now using
the above convergences and passing to the limit in (3.3), we obtain

p=Mu+p+w

which together with p € Au and w € 0J (u) implies that (u,p) € Gr P.. Hence
the operator P is of type (M), as claimed.

Claim 2. For every fixed €, operator P. is bounded and coercive.

The boundedness of P. follows from the one of A and 9. We show the
coerciveness. By the monotonicity of L and the properties of the duality map,
for any v € D(L), we have

(M.v,v)pry > e(F~'Lv, Lv)y = el| L] %;

From the hypothesis H(J), the coercivity of A and the inequality ||-||x < col|-||v
we get the following estimate

{p+w,v)pwy = c(l[ollv)l[olly = k(1 + col[v]lv) = e[[vllv)vllv — &

for all v € D(L), p € Av and w € 8J (v), where a function ¢ : RT™ — R satisfies
¢(r) — oo, as r — oo. In consequence, for any v € D(L) and p € P.v, we obtain

2
2 — k.

(3.7) (p,v)p(r) = c(|[v][v)]|v]lv + €| Lv]
Hence
<va>D(L)

—o00 as |[v|[ — oo,
HUHD(L)
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which ensures the coercivity of P..

Claims 1 and 2 allows us to apply Theorem 2.1 and deduce that for any € > 0
operator P. is surjective. This implies that for every f € V* C D(L)*, there
exists u. € D(L) such that f € P.u,.

Then, observing that F~'Lu. € D(L*) (cf. Lions [8], p. 317) (L* is the
adjoint operator to L) and (F~!Lu., Lv) = (L*(F~!Lu.),v), the problem f €
P.u. is equivalent to

58) {EL*(F_lLuE)—&—LuE—i-pe—i-we =f >0,

ue € D(L), pe € Aue, we € 0T (ug).

For the a priori estimate, we observe that from (3.7), we have

luelv)luelly =k <]

P* UEHV-

Hence {uc} is bounded in V uniformly with respect to . It follows from the
boundedness of A and 0J that {p.}, p € Au. and {w.}, w. € 0J (u.) remain
in bounded subsets of V* and X*, respectively. From (3.8), we have

e(L*(F~'Lu.), F ' Lu.) p(ry + (Lue, F~' Luc)y
+{pe, F ' Lue) p(ry + (e, F ' Lus) p(ry = (f. F~ ' Lus) (.-
The first term on the left hand side is nonnegative since L* is monotone (see e.g.

Zeidler (23], Theorem 32.L, p. 897). The second term, by the property of F~1,
is equal to ||Luc|[3.. Therefore, we obtain

|1 Lue 5 < (1fllve + [loellve + [Jwel v )| Lue|ly-
which obviously implies that {Lu.} is bounded in V* independently of .

From the previous steps of the proof, we deduce that {u.}, {p:} and {w.}
lie in bounded sets of D(L), V* and X'*, respectively. So we can extract subse-
quences such that

Us — U weakly in D(L) and in X,
(3.9) pe = p in V¥,
we — w in X*, ase — 0
(recall here that D(L) C X compactly). Again by the closedness properties of

D(L) and GrdJ, we get v € D(L) and w € 0J (u).
We also have p € Au. Indeed, by the estimate

(F~'Lue, Lu. — Lu)y < ||Lu.|

| Lu,|

ve + || Lul

v ( ve) <¢C
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from (3.8) we obtain

<Pa, Ue — U>D(L)

<{f —we,ue —u)y — e(F ' Lu,, Lu. — Lu)y — (Lug, ue — u)y

<{f —we,ue —u)y +e¢— (L(ue — u),ue —u)y — (Lu, ue — u)y

<{f — Lu,ue —u)y — (we, ue — u)x + €C.
From (3.9), we have limsup,_,¢{p:, us)v < (p,u)y. Because A is generalized
pseudomonotone with respect to D(L), we have p € Au and {p., ucs)y — (p, u)y,
ase — 0.

Finally let v € D(L). From (3.8) again, by taking the duality with v and

using the fact lim. .o (F~!Lu., Lv)y = 0, we get

lim ((Lue, v)y + {pe; v)y + (we, v) x) = (f,0)v-
Applying (3.9) the last equality gives
(Lu+ p+w,v)y = (f,v)y for all v e D(L).

As D(L) is dense in V, we have (Lu+p+w—f,v)y = 0 for all v € V. Consequently
u € D(L) satisfies Lu + p + w = f with p € Au and w € J(u). This means
that u solves (3.1) as required. O

REMARK 3.1. We should point out that Theorem 3.1 remains valid if the
operator A : V — 2V satisfies H(A) with the coercivity condition with a function
c(r) = r as r — oo, and the function J : X — R satisfies H(J) with a weaker
growth condition than (3.2), namely

T (v;—v) < k(1 +|jv]|%) forallve X,
with k> 0and 1 <o <p.

In conjunction with (3.1) we consider the following problem:

find w € W such that «(0) = 0 and

d T
(3.10) o) iyt [ w10y,
dat’ /., 0
for every p € Au and v € V.
We admit the following hypothesis:
H(j): j:(0,T) x X — R is a function such that
(1) t+ j(t,z) is measurable on (0,7T), for each z € X,
(2) = +— j(t,z) is locally Lipschitz on X for each ¢t € (0,7) and j(-,z) €
LY0,T),
(3) for any x € X and t € (0,T) and for any n € 9,j(t,x) we have ||n||x~ <
c(1+||z|[%") with a constant ¢ > 0 independent of z € X.
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COROLLARY 3.1. Assume that H(A) holds and f € V*. Let the function
7:(0,T) x X — R satisfy H(j) and the generalized sign condition

(3.11) Ot s —x) < a(t)(1 + ||z||x) forallz € X

with a nonnegative function o € L9(0,T). Then the problem (3.10) has at least
one solution.

PrOOF. Consider the functional J : X = LP(0,T; X) — R of the form

J(v):/o Jj(t,v(t))dt forve X.

From Theorem 2.7.5 of Clarke [4], it follows that the functional 7 is well defined,
Lipschitz continuous on every bounded subset of X', and for v € X and x € X'*
such that x € 0J(v), we have x(t) € 0,j(t,v(t)) a.e. t € (0,T). Moreover, by
Fatou’s lemma, we easily get

T
(3.12) T (u;v) < / 30>t u(t);v(t)) dt  for u,v € X.
0

Hence and by (3.11) and the Holder inequality, we obtain
T
T(w;—v) < / JO(tv(t); —v(e)) dt
0

T
S/ a(t)(1+ [lo(®)]|x) dt < cfferl|La (1 + [[v][x)
0

with ¢ > 0 and for each v € X. Therefore J satisfies H(J). Invoking The-
orem 3.1, we know that problem (3.1) has a solution, i.e. there exists u € W,
u(0) = 0 such that v + Au + 9J (u) > f. Let p € A(u). By the definition of
generalized gradient and (3.12), we get

T
(f = Lu—p,v)x < T°,v) < / JO(E, u(t); v(t)) dt

for v € X. Taking v € V, we have

T
(f = — o)y < / Ot u(); (1)) dt
0
which means that u solves (3.10). O

In what follows we will be dealing with the problem (3.1) with a non zero
initial data and single-valued operator A. We shall prove an existence result for
the problem

- { w4 Au+ 07 (u) > f,

u(0) = up.
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The hypothesis on the operator A is following. Let A : )V — V* be the Nemitsky
operator corresponding to a family of operators A(-), i.e. (Av)(t) = A(t)v(t).

H(A): A(t) : V — V* is an operator such that

(i) t — A(t)v is measurable on (0,7T) for all v € V|
(ii) v +— A(¢t)v is demicontinuous and pseudomonotone, for all ¢ € (0,T),
(iti) [JA(t)o|[v- < BE) + |5, ae. t € (0,T) with 2 < p < o0, B €
L90,T), 1/p+1/q=1,
(iv) (A(t)v,v)y > c|jv|[5—allv]|5—v(t),1 <r < p—1,a,c> 0,7 € L*(0,T).

THEOREM 3.2. If hypotheses H(A), H(J) hold, f € V* and uyp € V, then
problem (3.13) has a solution.

PrROOF. We transform (3.13) into an equivalent evolution inclusion which
is solved in much the same way as in Theorem 3.1. We define the opera-
tors A(t) : V — V* and 0T : X — 2% by Alt)u = A(t)(u + up) and
5?(1))( ) = 0J(v(-) + up), respectively. By hypothesis H(A), we have that
A(-)v is measurable, A(t)(-) is demicontinuous and pseudomonotone, and

[A(t)||v- < B(t) +erllo| 5, a.e. t with 3 € L7 and 71 > 0,
(A(t)v,v)y >7cl|v|[P —allv||” —F(t), ae.twithy € L' and ¢,a > 0.

This means that A inherits all properties of A. By applying Proposition 1 of
Papageorgiou [19] or Theorem 2(b) of Berkovits and Mustonen [1], we know
that the Nemitsky operator A : V — V* corresponding to A(t)(-) is generalized
pseudomonotone with respect to D(L). Clearly A is bounded and coercive.
Next, by H(J) we deduce that 53 is a bounded mapping with a sequentially

closed graph in X' x X7} its values are nonempty, weakly compact and convex

eak’
subsets of X*. Moreover, using H(J) and the property that the function h —
J%(v; h) is subadditive (see Clarke [4]), for every v € X and v* € 0F (v) C X*,

we have

—(w* ) < T+ ug; —v)
< T+ ug; — (v 4 up)) + T (v + uo; uo)
< K1+ [Jv + uol|a) + cl|uol|

with a suitable ¢ > 0. Hence 53 is subcoercive, that is,
(v v)a = =k (L+[[v]|x + [[uollv) — clluol|v-

Consider the evolution inclusion:
{ Lz+Az+8J(2) 3 f,

(3.14) £0) =0
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Using the analogous argument as in the proof of Theorem 3.1, the problem (3.14)
has a solution z € W. It is clear now that u(t) = z(t)+wuo is a solution of problem
(3.13). O

4. A convergence result for parabolic hemivariational inequality

In this section we present a convergence result concerning the upper semi-
continuity of the solution set for the parabolic hemivariational inequality of the

form: find up, € W such that
(4 1) u’h + Apup, + ajh(uh) S fr,
' up(0) = ug,

where Aj : V — V* are Nemitsky operators corresponding to Ax(t) : V — V*,
Ap(t)v = —divap(z,t, Dv), i.e. (Apv)(t) = Ap(t)v(t) for v € V, h € N. The
maps ap are supposed to be monotone and to satisfy coerciveness and bound-
edness hypotheses uniformly with respect to h € N. Throughout this section we
put V =W, ?(Q), X = LP(Q) with 2 < p < oo and H = L?(Q), where Q is an
open bounded subset of RV. Let 0 < T' < 0o and Q = Q x (0,T).

Following Svanstedt [22], we admit the following

DEFINITION 4.1. Let mg, m1, mo be three positive real constants and 0 <
a < 1. By S = S(mg, m1, mz, o) we denote the class of functions a : Q x RN —
RY which satisfy the following conditions:

(1) \a(m,t,0)| < my, a.e. in Qa

(ii) a(-, -,&) is Lebesgue measurable for every & € RV,

(iii) |a(z,t, &) —alz, t,n)| < mi(1+ €] + )P~ %€ = n|®, a.e. in Q and for
every &,n € RV,

(IV) (a’(x?t?g)ia(l,?tvn%f*n) > m2|§ - 77|p7 a.e. in Q and for all 6777 € RN

REMARK 4.1. If a € S(mg, m1, ma, ), then the following inequalities hold
la(z, ¢,€)] < const(1+ €)™, €7 < const(1 + (a(x,,£), ).

for every € € RN and a.e. in Q.

DEFINITION 4.2. A sequence of maps {an},cy C S(mo, m1,ma, ) is said
to PG-converge to a map a, and we write ap LA a, as h — oo, if for every
g € L190,T;W~14(Q)), the sequence {y,} C W of unique solutions of the
following problems

yp, —divap(z,t,Dyp) =g in Q,
yn(0) =0,
satisfies

Y —y in W, an(z,t, Dyp) —> a(x,t,Dy) in LI(Q;RY),
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where y € W is the solution of the problem

{ y —diva(z,t,Dy) =g in Q,
y(0) = 0.

It was shown recently by Svanstedt [22] (cf. also Migérski [12]) that the class
S(mo, m1, me, «) is compact with respect to PG-convergence. Namely, we have

PROPOSITION 4.1. Let {an},cy be a sequence in S(mo,mi,ma, ). Then
there exists a subsequence of {ap} which PG-converges to a map a of the class
S(mg, m1,me, @). The positive constants mg, m1 depend on the constants p, my,
my, me, a and & = af(p — ).

With every map aj, € S(mg, m1, me, ) (with constants mg, mq, me, o inde-
pendent of k) we associate a nonlinear operator Ap(t) : V.— V* of the form

(4.2) (Ap()u,v) = /Q(ah(x,t,Du),Dv) dx.

Hypotheses:
H(A); : Ap:V — V* is a sequence of operators corresponding to Ap(t) of the

form (4.2) with {ap} C S and ay, PG, 4, as h — .

H(J)1 : Jn, T : X — R are functions which are Lipschitz continuous on each
bounded subset of X and satisfy the condition (3.2) in H(J) uniformly
with respect to h, and

(4.3) lim sup graph 8.7, C graph 0.7

h—o0

in X x X, topology.

Wi

(Ho) : ulyup €V, ub 5 ug in V.

H(f) : fuo f €V fa— finV*or fr, fE€X*, fr — fin X"

We denote by N(An, Tn, fr,ull) the solution set of (4.1) corresponding to
data Ay, Jh, In, ug

THEOREM 4.1. Under the hypotheses H(A)1, H(J)1, (Ho) and H(f), for ev-
ery {un} C N(An, Tn, fn, ull) there exists a subsequence {up, } such that up, —u
inW andu € N(A, T, f,ug).

PROOF. We observe that under H(A); for every h € N the operator Ay, (¢)
is bounded, monotone, hemicontinuous (so also demicontinuous) and coercive
(cf. Remark 4.1). So from Theorem 3.1 it follows that N}, = N (Apn, Tn, fn,ul)
and N' = N(A,J, f,uo) are nonempty. Suppose up, € Nj. We first show



140 S. MIGORSKI

a priori bounds for uj,. The problem (4.1) is equivalent to the following operator
equation: find uy € W such that

uy, + Apun +wp = fh,
(4.4) wp, € OTn (up) with wy, € X*,

up(0) = ul.
From the integration by parts formula for functions in W (see e.g. Zeidler [23],
Proposition 23.23, pp. 422-423) it follows that (u}, un)y = |un(T)|% /2—|ul|% /2.
Exploiting the subcoercivity of 0Jp (i.e. (v*,v)x > —k(1 + col|v|]y) for each
v* € 0Jp(v)) and the coercivity of A, from the equality

(up, un)y + (Anun, up)y + (Wn, un)x = (fr, un)v,

we have

1 1
S lun()l = 5|U3‘|§1 +clfunll}y = k(1 + collunllv) < [[.fallv-[[unllv-

Hence

1
c|lunlly < 5\“8@1 +k+ (keo + || fullve)llunllv-

This implies that {uy} is bounded in V uniformly with respect to h. Next, since
Ap, and 07}, are bounded operators, from uj, = fr — Apup — wy, we infer that
{u},} is bounded in V*. Thus we have shown that {u;} is bounded in W. Due to
the weak compactness of a ball in the reflexive Banach space W, by passing to a
subsequence if necessary, we assume that there exists u € W such that u;, — u
in W. Now it remains to prove that u € N.

In view of the boundedness of 0.7, we have that {w} lies in a bounded
subset of X*. We can assume that

(4.5) wp, — w  in X

Using the compactness of the embedding W C X, we have
(4.6) up —u  in X = LP(Q;RY).

By (4.3), we get (u,w) € graph9J, i.e.

(4.7) w e 0T (u).

From Lemma 2.1(c), it follows that u(0) — u(0) in H. So using (Hy), we pass
to the limit in the initial condition and we have

(4.8) u(0) = wo.
From Remark 4.1, we may assume, possibly passing to a subsequence that

(4.9) an(z,t, Dup) - b(x,t) in X* = LY(Q;RY),
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with some b € X*. Let now & € RY, let )y be an open set such that Qy € ,
and let A be an open interval with A € (0,7"). Let ® € C§°(Q2), ¥ € C§°((0,T))
be such that @[ =1 and V[, = 1. We define

v(x,t) = D(x)VU(¢) (&, x)pn -

Let us consider a sequence {v,} C W of solutions to the following auxiliary

problems
(4.10) vy, (t) — divay(z,t, Duy) =v'(t) — diva(z,t, Dv),
(4.11) n(0) = 0.

By H(A); we have

U — v in W,
(4.12)

ap(x,t, Dop) - a(x,t,€) in LI(Qy x A;RN).

Let ¢ € C5°(20 x A), ¢ > 0. The monotonicity implies
(4.13) / (ap(z,t, Dup) — ap(z,t, Dug), Dup, — Dop)e dzdt > 0.
Qo XA

From (4.4) and (4.10) we have
!

uj, — vy, — div(apn(x, t, Duy) — ap(z,t, Dvp)) + wp, = fr, — v’ + diva(z, t, Dv).

Multiplying the last equation by (uj, — vp,)¢ and integrating by parts, we obtain

(4.14) / (an(z,t, Dup) — ap(x,t, Dvy), Dup, — Dug)p dz dt
Q()XA

= <UZ - U;“ (up — Uh)80>ﬂoxA - <wh> (up, — 'Uh)QO>LP(QO><A;]RN)

- / (an(x,t, Dup) — ap(x, t, Dvp,), (up, — vp) D) da dt
QoXA
+ {fn — v +diva(z,t, Dv), (up — UR)®) Lo (AW (©20))
Claim. We have
(uf, = vh, (un —vr)p)y — (u' = ', (u —v)p)y, ash — oo.

To show this convergence, let z, = up —vp, 2 = u—v. We know that z, — 2
weakly in W and also in H. Since

1
(zh, znp)y = —§(Zh,2h<p’)n

and

\(Zh,ZMP')H - (Z7Z<PI)H| < lznllxll(zn — 2)l|ln + |20 — Z||H||Z<Pl||H —0
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we have (z;,zpp)y — (2, z¢)y which proves the Claim. Furthermore, from
(4.9), (4.11), (4.12) and (4.6) we get

/ (an(z,t, Dup) — ap(x, t, Dvp), (up — vp) D) da dt
Q()XA
- (b(.]?,t) - a(mat7§)7(u_ U)D(p) dx dtv

Q()XA

as h — oo. Using (4.5), (4.6), (4.12), H(f) and Claim, we pass to the limit in
(4.14) and we obtain

/ (ap(z,t, Dup) — ap(x,t, Duy), Dup, — Dvp)p dx dt
Q()XA

— (U =V, (u—v)p)a,xa — /Q XA(b(yc,t) —a(z,t,€), (u—v)Dy)dzdt

- <’LU, (U - U)S")QoxA + <f - U/ + diva(x,t,Dv), (’LL - U)@)QOXA
=(—u' —w+ f+diva(z,t,Dv), (u — v)P)a,xa

—/ (b(z,t) — a(z,t,8), (u —v)Dp)dxdt = I + Is.
Qo XA
On the other hand, taking the limit in V¥ __, topology, from the equation u} —

div ap(z,t, Dup) +wp = fr, we immediately get w' —divb(z,t)+w = f. Inserting
the last equality into I;, we have

I = / (b(z,t) — a(z,t,§), (u —v)Dy) dx dt
Qo XA
+ / (b(z,t) — alz,t, &), (Du— Dv)y) dx dt.
QoXA
This allows us to pass to the limit in (4.13) and we get

/ (b(x,t) — a(x,t,&), Du—&)pdxdt > 0.
Qo xA
Since ¢ can be chosen arbitrarily, we have
(b(z,t) — a(z,t,€), Du(z,t) — &) >0 ae. in Qp x A, for all £ € RY,

and hence also a.e . in @, for every ¢ € RV, Recalling that a(z,t, - ) is continuous
(by the definition of class S(mg, m1, ma,@)), by applying the Minty lemma, it
follows that
(b(x,t) — a(x, t, Du(z,t)), Du(z,t) — &) >0

a.e. in @ and for all £ € RY. From the arbitrariety of ¢ € RY, we deduce
that b(z,t) = a(z,t, Du(z,t)) a.e. in Q. By (4.4) and (4.9), letting h — oo,
we have v/ — divd(z,t) + w = f. This together with (4.7) and (4.8) gives u €
N(A, T, f,uo). The proof is completed. O
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COROLLARY 4.1. Under the hypotheses of Theorem 4.1, we have

limsup N (Apn, Tn, fr,uld) € N(A, T, f,u)  in Wieak topology.

h—o0

REMARK 4.2. It should be mentioned that the sufficient conditions for the

convergence (4.3) of Clarke’s generalized gradients have been found by Zolezzi

[24]. The key conditions imposed on the sequence Jj, were I'-convergence, local

equi-boundedness and equi-lower semidifferentiability.
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