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Abstract. In this paper we study the nonlinear elliptic problem with p(z)-
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1. Introduction

Let Q C RY be a bounded domain with a C2-boundary 992 and N > 2. In this paper
we consider a differential inclusion in  involving a p(z)-Laplacian of the type

—A gyt — Nu(z)|P@)—2u(z) € 9j(x, u(x)) in €, P)
u=20 on 01,
where p : Q — R is a continuous function satisfying

1<p™ :=inf p(x) < p(z) <p" :=supp(z) < N < o0
e xeQ

and
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A functional j(x,t) is a measurable in the first variable and locally Lipschitz in the
second variable. By 9j(xz,t) we denote the subdifferential of j(z,-) in the sense of
Clarke [5]. The operator

Ap gy == div(|Vu(z) \p(x)72Vu(a?))

is the so-called p(z)-Laplacian, which becomes p-Laplacian when p(x) = p. Problems
with p(x)-Laplacian are more complicated than with p-Laplacian, in particular, they
are inhomogeneous and possesses 'more nonlinearity.’

In our problem (P) a parametr A appears, for which we will assume that A <

Z—;)\*, where A\, is defined by

fﬂ \Vu(a?)|p(””)d:17

A = .
wew @ @0y Jg lu(@)[P®)dz

It may happen that A, = 0 (see Fan—Zhang—Zhao [9]).

More recently, the existence of solutions for variable exponent differential in-
clusions with different boundary value conditions have been widely investigated by
many authors, which are usually reduced to the solutions of Dirichlet and Neumann
type problems. For instance, we have papers where hemivariational inequalities
involving p(z)-Laplacian are studied. In Ge-Xue [16] and Qian—Shen [24], differ-
ential inclusions involving p(z)-Laplacian and Clarke subdifferential with Dirichlet
boundary condition is considered. In the last paper the existence of two solutions of
constant sign is proved. Hemivariational inequalities with Neumann boundary con-
dition were studied in Qian—Shen—Yang [25] and Dai [7]. In Qian—Shen—Yang [25],
the inclusions involve a weighted function which is indefinite. In Dai [7], the exis-
tence of infinitely many nonnegative solutions is proved. All the above mentioned
papers deal with the so-called hemivariational inequalities, i.e. the multivalued
part is provided by the Clarke subdifferential of the nonsmooth potential (see e.g.
Naniewicz—Panagiotopoulos [23]).

Our starting point for considering problems with p(x)-Laplacian were the papers
of Gasinski-Papageorgiou [13, 14, 15] and Kourogenic—Papageorgiou [18], where the
authors deal with the constant exponent problems i.e. when p(z) = p. Moreover,
the similar kind of problems were considered in D’Agui-Bisci [6] and Marano-Bisci-
Motreanu [20]. In the first of this paper, the authors deal with a perturbed eigenvalue
Dirichlet-type problem for an elliptic hemivariational inequality involving the p-
Laplacian. In the last paper, the existence of multiple solutions is investigated by
the use of classical techniques due to Struwe and a recent saddle point theorem for
locally Lipschitz continuous functionals.

In a recent paper (see Barna$ [2]), we examined nonlinear hemivariational in-
equality with p(z)-Laplacian. We proved an existence theorem under the assump-
tions that the Clarke subdifferential of the generalized potential is bounded. In the
present paper, this hypothesis is more general and we assume the so-called sub-
critical growth condition. Moreover, we also take more general assumption about
behaviour in the neighbourhood of 0.

The techniques of this paper differ from these used in the above mentioned paper.
Our method is more direct and general.
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Hemivariational inequalities arise in physical problems when we deal with non-
convex nonsmooth energy functionals. Such functions appear quite often in me-
chanics and engineering. For instance, we have a lot of applications to modelling
electrorheological fluids (see Ruzicka [27]) and image restoration.

2. Mathematical preliminaries

Let X be a Banach space and X* its topological dual. By || - | we will denote the
norm in X and by (-,-) the duality brackets for the pair (X, X*). In analogy with
the directional derivative of a convex function, we define the generalized directional
derivative of a locally Lipschitz function f at x € X in the direction h € X by

. +a2' +Ah) — f(z+2)
Yz;h) = limsu I .
) m’%O,AEO A

The function h — fO(x, h) € R is sublinear, continuous so it is the support function
of a nonempty, convex and w*-compact set

Of(x) ={a* € X*: (x*,h) < fO(x,h) for all h € X}.

The set 9f(x) is known as generalized or Clarke subdifferential of f at x. If f is
strictly differentiable at a (in particular if f is continuously Géateaux differentiable
at x), then df (x) = {f'(z)}.

Let f : X — R be a locally Lipschitz function. From convex analysis it is
well know that a proper, convex and lower semicontinuous function g : X — R =
R U {400} is locally Lipschitz in the interior of its effective domain domg = {z €
X :g(x) < oo}

A point z € X is said to be a critical point of the locally Lipschitz function
f: X = Rif0€ df(x). Ifx € X islocal minimum or local maksimum of f, then x is
critical point, and moreover this time the value ¢ = f(z) is called a critical value of f.
From more details on the generalized subdifferential we refer to Clarke [5], Gasinski—
Papageorgiou [14], Motreanu-Panagiotopoulos [21] and Motreanu-Radulescu [22].

The critical point theory for smooth functions uses a compactness type condition
known as the Palais—Smale condition. In our nonsmooth setting, the condition takes
the following form. We say that locally Lipschitz function f : X — R satisfies
the nonsmooth Palais—Smale condition (nonsmooth PS-condition for short), if any
sequence {z, }n>1 C X such that {f(z,)}n>1 is bounded and m(z,) = min{||z*|. :
x* € 0f (xn)} — 0 as n — oo, has a strongly convergent subsequence.

The first theorem is due to Chang [4] and extends to a nonsmooth setting the
well known 'mountain pass theorem’ due to Ambrosetti-Rabinowitz [1] (see also
Radulescu [26]).

Theorem 1. If X is a reflexive Banach space, R : X — R is a locally Lipschitz
functional satisfying PS-condition and for some p > 0 andy € X such that ||y|| > p,
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we have
max{R(0), R(y)} < inf {R(z)} =:n,

lzll=p
then R has a nontrivial critical point v € X such that the critical value ¢ = R(x) > n
is characterized by the following minimaz principle

¢ = inf max {R((7))},

~Er 0<7<1
where T' = {~ € C([0,1], X) : v(0) = 0,~(1) = y}.

In order to discuss problem (P), we need some theories on the spaces LP(*)(Q)
and W) (Q), which we call generalized Lebesgue-Sobolev spaces (see Fan-Zhao
[10, 11] and Kovécik—Rékosnik [19]).

By S(€) we denote the set of all measurable real-valued function defined on RY.
We define

LP@(Q) = {u e 5(Q) : /Q u(z)[P@dz < oo}

We furnish LP(*)(Q) with the following norm (known as the Luxemburg norm)

oy = ey =int {3 > 0+ [ |92 s <1},
Also we introduce the variable exponent Sobolev space
WhP@(Q) = {u € LPP(Q) : |Vu| € LPE(Q)},
and we equip it with the norm
ull = lullwrre @) = ullp@) + [Vellp@)-

By Wol’p(x)(ﬂ) we denote the closure of C§°(Q) in W1HP(#)(Q).

Lemma 1 (Fan—Zhao [10]). If Q C RY is an open domain, then

(a) the spaces LP@)(Q), WP (Q) and Wol’p(z)(Q) are separable and reflexive Ba-
nach spaces;

(b) the space LP\®)(Q) is uniformly convez;

(c) if 1 < q(z) € C(Q) and q(x) < p*(x) (respectively q(x) < p*(x)) for any x € Q,

where
Np(x
p*(x) = N—prg(fz) p(x) <N
00 p(z) = N,

then WhP)(Q) is embedded continuously (respectively compactly) in LI®)(Q);

(d) Poincaré inequality in Wol’p(w)(ﬂ) holds i.e., there exists a positive constant ¢
such that

lullpe) < el Vullpey — for allu e W™ (Q);
(e) (LP@)(Q))* = LP' @)(Q), where ﬁ + ﬁ =1 and for all u € LP*)(Q) and
v e LP@)(Q), we have

/\ |d <(—1 +—1 )H [ p(ay V]l
uv|ar < — J[U||p) |Vl (2)-
A P p(@) |1V]lp ()
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Lemma 2 (Fan-Zhao [10]). Let p(u) = [, |u(z)|P™dx for u € LP@(Q) and let
{tn}nz1 C LPOI(Q).
(a) for w # 0, we have

”u”p(w) =a < 30(%) =1
(b) we have
U||pzy < L(respectively =1, > < u) < I(respectively =1,>1);
pz) <1 jvel 1,>1 %) 1 jvel 1,>1

(c) if ||ullp) > 1, then

) < o) < ull?

(d) if Hqu(w) < 1, then
lull?s, < () <l
(e) we have
Tt fn o =0 <= lim () = 0;
(f) we have

hm ltn|lp) = 00 <= hﬁrr;O o(uy) = co.

Similarly to Lemma 2, we have the following result.

Lemma 3 (Fan-Zhao [10]). Let ®(u) = [,,(|Vu(2)[P® + |u(z)[P@)dz for u €
WP (Q) and let {up}ns1 € WHPE )(Q) Then
(a) for w # 0, we have

Jull =a < @(3) =1;

(b) we have
llu]| < 1(respectively =1,>1) <= ®(u) < L(respectively =1,> 1);

(c) if |u]| > 1, then

luf?” < B(u) < [Juf?”;
(d) if ||ul| < 1, then

lul?™ < @) < [full”;
(e) we have

nh_}n;o lun]| = 0 <= nlggo D(up) =0;

(f) we have

lim [|u,| =00 < lim ®(u,) = .
n—roo n—r o0



46

Consider the following function

1
J(u) = /Q M\W\P(%x, for all u € Wy P)(Q).

We know that .J € C1(W, ™) (Q)) and operator —div(|Vu[P®)=2Vu), is the deriva-
tive operator of J in the weak sense (see Chang [3]). We denote
A= WP Q) = (W PO ()",
then
(Au,v) = / V(@) [P (Vu(z), Vo(x))dz, (1)
Q

for all u,v € Wy "™ (Q).
Lemma 4 (Fan—Zhang [8]). If A is the operator defined above, then A is a contin-
uous, bounded, strictly monotone and mazximal monotone operator of type (Sy) i.e.,

if u, — u weak in Wol’p(w)(ﬂ) and lim sup(Au,,, u, —u)y <0, implies that u, — u in
n—oo

Wy ().

3. Existence of solutions

We start by introducing our hypotheses on the function j(z,t).

H(j) j: QxR — Ris a function such that j(z,0) = 0 on Q and

(1) for all z € R, the function Q >z — j(x,t) € R is measurable;

(ii) for almost all = € Q, the function Q > ¢ — j(z,t) € R is locally Lipschitz;

(iii) for almost all x € Q and all v € 9j(x,t), we have |v| < a(z) + c1]t]" ! with
a € L¥(Q),c; >0 and r € C(Q), such that p™ <7t := r;leaér(x) <pri=r_.

N—p—
(iv) we have
j(x, t)

@ <

lim sup
[t]|—o00
uniformly for almost all x € €;
(v) there exists > 0, such that

jt)

lim sup NEGIS 14

[t|—0

uniformly for almost all z € §;
(vi) there exists u € Wol’p(z)(Q) \ {0}, such that

L / V(@) P de + 2= / ()P de < / (e, u(x))dr,
p Q p Q Q

where A_ := max{0, —A}.
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Remark 2. Hypothesis H(j)(vi) can be replaced by
(vi’) there exists U € Wol’p(m)(Q) \ {0}, such that

et < /Q j@a@)de, i @ > 1,
or

daP < / ja@)de, if @l <1,

1 A

where € := max{ >, 7=}.

We introduce locally Lipschitz functional R : W, ™) (Q) — R defined by

u) = L u(z)|P@ dx — Luxp(””)xf j(z,u(x))dx
Rw) = [ V(@) de - [ Zofut@)p@ds = [ ).

for all u € Wy P(Q).

Remark 3. The existence of nontrival solution for problem (P) was also consid-
ered in paper Barna$ [2]. In contrast to the last paper, instead of linear growth in
H (j)(iii) we assume the so-called sub-critical growth condition. Moreover, condition
H(j)(v) is more general.

Lemma 5. If hypotheses H(j) hold and X\ € (—oo,g—;)\*), then R satisfies the
nonsmooth PS-condition.

Proof. Let {u,}n>1 C Wol’p(w)(ﬂ) be a sequence such that {R(uy)}n>1 is bounded

and m(u,) — 0 as n — co. We will show that {uy,}n>1 C Wol’p(z)(ﬂ) is bounded.
Because |R(uy,)| < M for all n > 1, we have

L ()P da — Lu )P D de — |z, un(z))de
| 5V @p@de = [ spu@P e = [ (@)de <01 (2

o p(x) p(z)

So we obtain

/ %\Vun(x)\p(x)dx 7/ A—j U, ()P da — / Gz, un(x))de < M, (3)
Qb Qb Q

where A; := max{\,0}.
From the definition of A\, we have

A / i ()P d < / IVt () [P dar, (@)
Q Q

for all n > 1.
Using (4) in (3), we get

A A / p(a) / :
— - — Uy ()| dr — T, U (2))de < M. 5
(i =55 | el [ un(a) (5)
By virtue of hypotheses H(j)(iv), we know that

jla,t)

\t|p(w)

lim sup <0,

[t]| =00
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uniformly for almost all x € €2. So we can find L > 0, such that for almost all x € §,
all ¢ such that |¢| > L, we have

J(z, 1)
|t|p(r)

< —c<0. (6)

It immediately follows that
j(2,t) < —clt|P®  for all ¢t such that |t| > L.

On the other hand, from the Lebourg mean value theorem (see Clarke [5]), for
almost al x € Q and all t € R, we can find v(x) € Jj(x, ku(z)) with 0 < k < 1, such
that

3(z, 1) = j(z,0)] < Jv(@)[|¢].

So from hypothesis H (j)(iit), for almost all €
i@, )] < a(@)[t] + e[t < a(@)lt] + et + s, (7)

for some ¢y, 3 > 0. Then for almost all z € Q and all ¢ such that |t| < L, from (7)
it follows that

i (@, t)] < cs, (8)

for some c3 > 0. Therefore, it follows that for almost all z € Q and all t € R, we
have
jla,t) < =t + 5, 9)

where 8 > 0.
We use (9) in (5) and obtain

Sy /
— — — Unp ()P de < M — lun ()P — B)dz,
(55 -55) [ 1ua) [ (Clun(@P — p)
for all n > 1, which leads to
Ao At p(z)
— x < >
<p+ pe + c) /Q |t ()P de < My Vn > 1, (10)

for some ¢, My > 0.

We know that ;\i - gf +c¢>0,s0
the sequence {u, }n>1 € LP®)(Q) is bounded (11)

(see Lemmata 2 (¢) and (d)).

Now, let us consider two cases.
Case 1.

Suppose that A < 0.

In this case, from (3), we get

1
—+/ \Vun|p(””)dx—/j(x,un(m))dmgM.
T Ja Q
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Using (9) and fact that {u,},>1 C LP(*)(Q2) is bounded, we obtain

1
— | |Vun,|P®dx < My,
pt Jao

for some Ms > 0. So, we have that
the sequence {Vu, }n>1 € LP® (Q; RY) is bounded (12)
(see Lemmata 3 (c) and (d)).

Case 2.

Suppose that A > 0.

Similar to the first part of our proof, by using again (4) in (3) in another way,
we obtain

(5r = 1) [ 1vupde - [ o un(@)de < 1.
Q Q

pt o Ap~

In a similar way, from (9) and fact that {u,},>1 € LP®)(Q) is bounded, we

obtain . N
— _ 4+ (z)
+c)/ Vu, [P\ dr < Ms,
<p+ Ap™ Q IVt
for some M3z, ¢ > 0. From fact that p% — /\i‘;, > 0, we have that
the sequence {Vu, }n>1 € LP@(Q;RY) is bounded. (13)

From (11), (12) and (13), we have that
the sequence {uy, }n>1 C Wol’p(z)(ﬂ) is bounded (14)

(see Lemmata 3 (c) and (d)).

Hence, by passing to a subsequence if necessary, we may assume that

Uup — u, weakly in Wol’p(x)(ﬂ),

15
Up — u, in L7®(Q), (15)

f Q), with rt = pr = P
or any r € C(f2), with r r;leaéir(x) <p N

Since dR(u,) C (Wo1 P (w)(Q))* is weakly compact, nonempty and the norm
functional is weakly lower semicontinuous in a Banach space, then we can find
ul € OR(uy) such that ||u)]]« = m(uy), for n > 1.

Consider the operator A : Wol’p(x)(Q) — (Wol’p(m)(Q))* defined by (1).

Then, for every n > 1, we have

wt = Ay — Mup PP 20, — v, (16)
where v € d(u,) C LP' #)(Q), for n > 1, with ﬁ + ﬁ =1L

(VR Wol’p(x)(Q) — R is defined by ¢(u,) = [j(x,un(x))dz. We know that, if
Q
v} € 0Y(uy), then vl (x) € 9j(z, un(x)) (see Clarke [5]).
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From the choice of the sequence {u,}n>1 C Wol’p(x)(Q), at least for a subse-
quence, we have

((uf, w)| < e, for all w € WEP™(Q), (17)

with e, 0.
Putting w = u,, —u in (17) and using (16), we obtain

<Aun,un—u>—)\/ﬂ|un(x)\p(w)_2un(m)(un—u)(m)dx—/ﬂvZ(x)(un—u)(m)dx < én,

(18)
with g, N\, 0.
Using Lemma 1(e), we see that

U (2) PO~ 200, (2) (uy, — u)(2)dx
3 )P, ) = ()

1 1
g >\<_+_> U’TL p(m)71 /(x uniu x)s
o o el oy e = ey

1 1 _
@ trm =1

We know that {u,}n>1 € LP®)(Q) is bounded, so using (15), we conclude that

where

)\/ |t (2) [P 20, (@) (up — u)(x)de — 0 as n — oo
Q
and
/ v (x)(up —u)(x)de — 0 asn — oo.
Q
If we pass to the limit as n — oo in (18), we have

lim sup(Auy,, u, —u) < 0. (19)

n—oo

So from Lemma 4, we have that u, — u in Wol’p(x)(Q) as n — oo. Thus R
satisfies the PS-condition. O

Lemma 6. If hypotheses H(j) hold and A < Z—;/\*, then there exist By, 2 > 0 such
that for all u € Wol’p(w)(ﬂ) with ||u|| < 1, we have

R(u) = B lull?" — Balfull®,

with pt < 0 < p* = AI]V_”;.

Proof. From hyphothesis H(j)(v), we can find ¢ > 0, such that for almost all z € Q
and all ¢ such that |t| < J, we have

jla,t) < <.

On the other hand, from hypothesis H(j)(iii), we know that for almost all x €
and all ¢ such that [t| > J, we have

(2, )| < axft] + et



for some a1,c; > 0. Thus for almost all x € Q and all t € R we have
la,t) < S e,
for some v > 0 and p™ < 0 < p*.
Let us consider two cases.

Case 1. Suppose that A\ < 0.
By using (20), we obtain that

R(u) = /L\Vu(mﬂp(w)dx—/Qpi\u(x)\p(w)dx—/Qj(ac,u(m))dm

o p(z) ()
i ulx p(x) T Hu;]} p(z) €T — ulxr 0 xX
> [ SAVu@P e+ [ Bu@pae = [ juto)da.

So, we have
RO > 61 [ [ [Ful@P@de+ [ fua)@ds] -l
Q Q
where (81 := min{p%,% )

Case 2. Suppose that A € (0, Z—;)\*).
By using (20) and the Rayleigh quotient, we obtain that

1 A
R(u) = /—Vu;vp(w)dx—/—uxp(w)dx—/j%um dx
W = [ —=IVuG) [ Shu) [ j(e.u@)
1 A
= —|Vu(z p(x)dxf/ = Ju(z) [P da
[ 51t [ Zjut)
+ [ Blu@pde - [ u@)ds
Q Q
1 (z) H (@)
> [ 1Vu@P@dz+ Y [ Ju(a) @
Pt Ja 2 Jo

)\ x
o= [ IVl el

1 A . Iz z
(52— 52) [ Ivu@r@de+ & [ ut@)pde = yul,

In our case, we have
1 A

pt o Ap

>0,

SO

REw) > 6i] [ 1Vu@P@ds + [ ju@ypds] -l

where 3y := mim{pL+ - /\:1‘), 51

51
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As O < p*(x) = I\]]szgz), then Wol’p(z)(Q) is embedded continuously in L?(Q) (see

Lemma 1(c)). So there exists ¢ > 0 such that

lullo < cllul]  for all u € Wo ™ (). (21)
Using (21) and Lemma 3(d), for all u € W&’p(w)(fl) with |lu]| < 1, we have

n
R(u) = Br[lull”” — Balul’,
where 3y = vc?. O

Using Lemmata 5 and 6, we can prove the following existence theorem for problem

(P).

Theorem 4. If hypotheses H(j) hold and A < Z—;)\*, then problem (P) has a non-
trival solution.

Proof. From Lemma 6 we know that there exist (1,82 > 0, such that for all u €
Wy (Q) with |ju]| < 1, we have

R(u) > Bullull” = Ballull® = Bl (1 - %Hu\\“*).

Since p* < 6, if we choose p > 0 small enough, we will have that R(u) > L > 0, for
all u € Wol’p(x)(ﬂ), with |lu]| = p and some L > 0.
Now, let T € Wol’p(w)(Q). We have

R@) = [ S ivaer s = [ S peds - [ G ae)s

—/ V()P d:z:Jr—/ (e \P@)d%/ (2, 7(2) ),

where A\_ := max{0, —A}.
From hyphothesis H(j)(v), we get R(z) < 0. This permits the use of Theorem

1 which gives us u € Wol’p(w)(Q) such that R(u) > 0 = R(0) and 0 € OR(u). From
the last inclusion we obtain

0= Au — Nu[P® =2y — v*,

where v* € 0¢(u). Hence
Au = NuP® =2y 4 v*,
so for all v € C5°(Q), we have (Au,v) = M(|u[P®) 2y, v) + (v*,v).
So we have

/Q |Vu(z) [P =2 (Vu(z), Vo(z))gy do

= /)\|u(m)|p(z)72u(m)v(m)dm+ v*(z)v(x)de,
Q Q
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for all v € C§°(9).
From the definition of the distributional derivative we have

—div(|Vu(z)[P®~2Vu(z)) = Au(z)[P@~2u(z) + v(z)  inQ, (22)
u =0 on 012,
S0
— Ay = Au(@) PO 2u(x) € dj(z,u(x))  in Q, (23)
u=0 on 0f.
Therefore u € W™ () is a nontrivial solution of (P). O

Remark 5. A nonsmooth potential satisfying hypothesis H(j) is for example the
one given by the following function:

—pt[P@) if |t <1,
Ja,t) = q (pto— 2P@)t] = 2p — o+ 2@ if 1<t <2,
o — |tjp® if |t > 2,

with p,0 > 0 and continuous function p : Q — R which satisfies 1 < p~ < p(x) <
pT < N < oo and p™ < p*.
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