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INFINITELY MANY SOLUTIONS FOR A CLASS OF ELLIPTIC
VARIATIONAL-HEMIVARIATIONAL INEQUALITY PROBLEMS

GIUSEPPINA D’AGUI AND DONAL O’REGAN

Abstract. The aim of the present paper is to give some results on the exis-
tence of infinitely many solutions for a class of nonlinear elliptic variational-
hemivariational inequalities. The approach is based on a result of infinitely
many critical points.

1. Introduction

In mechanics and physics there is a variety of variational inequality formula-
tions which arise when the material laws or the boundary conditions are derived by
a convex, generally not everywhere differentiable and finite superpotential ([12]).The
variational inequalities have a precise physical meaning: they express the principle
of virtual work (or power) in its inequality form. Moreover, there exists a variety of
nonmonotone laws which manifests the need for the derivation of variational formu-
lations for nonconvex and not everywhere differentiable and finite energy functions
(nonconvex superpotentials). Such variational formulations have been called by P.D.
Panagiotopoulos ([10], [11]) hemivariational inequalities and describe large families
of important problems in physics and engineering. It should also be noted that the
hemivariational inequalities are closely connected to the notion of the generalized
gradient of Clarke, which in the case of lack of convexity plays the same role as
the subdifferential in the case of convexity (at least for static mechanical problems).
Roughly speaking, variational-hemivariational inequalities may be regarded as hemi-
variational inequalities subject to variational constraints. Consequently, a further
term, namely the subdifferential of some proper, convex, and lower semicontinuous
function, appears inside the equation.

Several authors have been interested in the study of variational-hemivaria-
tional inequalities, for example, S. A. Marano and D. Motreanu, in the very nice paper
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[8], studied the existence of infinitely many solutions for a class of elliptic variational
hemivariational inequality with p—Laplacian.

Let Q be a non-empty, bounded, open subset of the Euclidian space RY,
N > 3, with a boundary of class C!, let p €]N,+oco[, and let ¢ € L*>(£) satisfy
essinfyeq g(z) > 0. Given a closed convex subset K of W1P() containing the
constant functions, they consider the following variational-hemivariational inequality
problem

Find u € K fulfilling
- /Q [[Vu(@)[P~2Vu(2)V (v(z) = u(z)) + q(z)|u(@) [P u(@) (v(@) —u())] do

< /Q[a(l‘)F"(U(l'); (v(@) — u(@))) + B@)G° (u(@); (v(x) — u(@))ldz, Vv e WP(Q)

1 £
where F'(£) :/ fyde, G(€&) :/ g(t)dt for all £ € R, with f,g : R — R locally
0 0

essentially bounded, a, 8 € L1(2) such that min{a(z),s(z)} > 0 a.e. in Q.

In the study of this problem, they apply a result obtained by the same authors
([8, Theorem 1.1]), on the existence of infinitely many critical points.

The main purpose of the present paper is to establish the existence of infinitely

many solutions for an elliptic variational-hemivariational inequality with p—Laplacian
type: Find u € K fulfilling

- /Q [[Vu(@)[P~*Vu(z)V(v(z) — u(@)) + (@) u(@) [P~ *u(z)(v(z) - u(z))] dz

<A / Fo(r, u(z); (u(x) — u(z)))de

for all v € K, with X\ positive real parameter.
The approach is based on a result of infinitely many critical points due to G.
Bonanno and G. Molica Bisci [4] which is a more precise version of [8, Theorem 1.1].
It is worth noticing that our results allow us to consider also the case when
the sign of the nonlinear term is constant, see for instance Theorem 3.2 and Example
3.3, in which the nonlinear term h is nonpositive. We observe that this case cannot
be investigated by applying [8, Theorem 2.1], (see Remark 3.5).

2. Preliminaries

Let (X,| - ||) be a real Banach space. We denote by X* the dual space
of X, while (,-) stands for the duality pairing between X* and X. A function
h : X — Ris called locally Lipschitz continuous when to every € X there correspond
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a neighborhood V,, of x and a constant L, > 0 such that
|h(z) — h(w)] < Lg||lz —w| Vz,weV,.

If x,z € X, we write h°(z; z) for the generalized directional derivative of h at the
point x along the direction z, i.e.,

h(w +tz) — h(w) .

h°(x;z) := limsup
w—x, t—0t t
For locally Lipschitz hi, hs : X — R, we have
(h1 + ho)°(x, 2) < h(z, 2) + hy(zx, 2), Va,z € X. (2.1)

The generalized gradient of the function h in x, denoted by Oh(z), is the set
Oh(x) :={a* € X*: (a*,2) <h®°(z;2)Vz € X}.
We say that x € X is a (generalized) critical point of h when
he(x;2) >0 VzeX,

that clearly signifies 0 € Oh(x).

When a non-smooth functional, g : X —]—00, +00], is expressed as a sum of a
locally Lipschitz function, h : X — R, and a convex, proper, and lower semicontinuous
function, j : X —] — 00,400, that is g := h + j, a (generalized) critical point of g is
every u € X such that

R (u;v —u) 4+ j(v) — j(u) >0,
for all v € X (see [9, Chapter 3]).

Here and in the sequel X is a reflexive real Banach space, ® : X — R is
a sequentially weakly lower semicontinuous functional, T : X — R is a sequentially
weakly upper semicontinuous functional, A is a positive real parameter, j : X —
| — 00, +00] is a convex, proper and lower semicontinuous functional and D (5) is the
effective domain of j.

Write
U:="T—5 and I,:=P -V =(d—-AT)+ \j.

We also assume that ® is coercive and
D(G)N@~ (] —oo,r)) #0 (2.2)

for all » > infx ®. Moreover, from (2.2) and provided r > inf x ®, we can define

< sup \I/(u)> — U(u)
(p('r') _ inf wueP—1(]—o0,r|)

wed—1(]—o00,r[) r— ®(u)
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and

~v:=liminf p(r), d6:= liminf (7).

r——4o00 r—(infx @)+

Assuming also that ® and T are locally Lipschitz functionals, in [4] the au-
thors obtained the following result, which is a more precise version of [8, Theorem
1.1].

Theorem 2.1. Under the above assumptions on X, ® and ¥, one has

(a) For every r > infx ® and every A €]0, ﬁ[, the restriction of the func-
tional Iy = ® — AU to ®~1(] — oo, 7[) admits a global minimum, which is
a critical point (local minimum) of Iy in X.
(b) If v < 400 then, for each A €]0, %[, the following alternative holds:
either
(by) Ix possesses a global minimum,
or
(bg) there is a sequence {un} of critical points (local minima) of I such
that lim,— 4 oo P(uy,) = +00.
(c) If § < 400 then, for each X €]0, [, the following alternative holds:
either
(c1) there is a global minimum of ® which is a local minimum of I,
or
(co) there is a sequence {u,} of pairwise distinct critical points (local min-
ima) of In, with lim,_ o P(u,) = infx @, which weakly converges to
a global minimum of .

3. Existence Results

In this section, we present an applications of Theorem 2.1 to a Neumann-type
problem for a variational-hemivariational inequality involving the p-Laplacian.

Let © be a non-empty, bounded, open subset of the Euclidian space RY,
N > 3, with a boundary of class C!, let p €]N,+oo|, and let ¢ € L>(f) satisfy
essinfeq g(z) > 0. On the space WHP(Q), we consider the norm

1

[Jull := (/Q(IW(DJ)I” +<J(fﬂ)u(x)|”)dx> "

which is equivalent to the usual one.
Let f:Q xR — R be locally essentially bounded. Put

3
Fla,€) = /0 (o, t)dt.
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The function F' is locally Lipschitz. So, it makes sense to consider its generalized
directional derivative F°.

Given a closed convex subset K of W1P(Q) containing the constant functions,
denote by (P) the following variational-hemivariational inequality problem:

Find u € K fulfilling

- /Q [IVu(@) P Vu(@)V (v(z) — u()) + q(@)u(@) " *u(@)(v(z) - u(2))] dz

< )\/QFO(x,u(:L‘); (v(z) — u(z)))dx

for allv € K, with \ positive real parameter.
Put

Sup;eq [u(2)]

c= sup T (3.1)
weWrr(\{0} ([, [Vu(z)|Pdr + [, q(z)|u(z)Pdz)
From (3.1), we infer at once that
gl = 1. (3.2)
Let
max — F(x,t)dx / —F(z,€)d
A = liminf SHUES , = limsup =*——F——
§—+o0 fp £—+o0
" Jal
qll1 1
! pB’ 2 pcP A (3:3)
Our main result is the following.
Theorem 3.1. Assume that
max (—F(z,t)) dz / (=F(z,8))dx
.. Q lt|<e 1 .
lim inf lim sup (3.4)
€0 134 Pllglly e—too 13

Then, for each A €]\1, Xa[, where A1, Ay are given in (8.3), problem (P) possesses an
unbounded sequence of solutions.

Proof. Our aim is to apply part (b) of Theorem 2.1. Take as X the Sobolev space
WhP(Q) endowed with the norm

ot = ([ 19u@raz + [ a@luepa)’

For each v € X, put

D(u) := %Hqu, T(u) = /Q —F(z,u(z))dx
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and

. 0, ifueK,
J(u) = .
400, otherwise.

Since, ¥ := 171 — j,

b= Sl A ([ ~Faato)ds = it ) = (Sl =3 [ =P ayie) «

Pick A €A1, A2[. Let {p,} be a real sequence such that lim p, = +oo and
lim Jamaxiy<,, (= F(x,1))dx
n—oo p])n
Pn\P

1
ut ry, = - — or all n € N. Taking into account ||v||? < pr, and ||v||c < |||,
Put for all N. Taking int t P d <
c

= A.

one has |v(z)| < py, for every x € Q. Therefore,

|U|Spu<€)rn</ﬂ_F( vie)de = v ) (/ —F(, u(w))de — j(u ))

p(ry) = inf
(a) lull?<prs  ul?
p
sup (/ —F(z,v(x))dz — j(v )) sup / —F(x,v(x))dx
Hvl\”<P7‘n < IwlP<prn /O
< -
max —F(x,t)dx
Q lt<en
< -
Hence,
|IT1<aX (—F(x,t))dx
Q 1tI<pn
(P(Tn) < pcp pﬁ Vn € N.
Then,

v < hmmf o(ry) < pcPA < +o0.

n—-+

Now, we claim that the functional & — AW is unbounded from below.
Let {d, }be a real sequence such that lim d,, = +o00 and

n—oo

—F(z,dy)d
lim / (Zip)x = B. (3.5)
Q n

n—oo

For each n € N, put w,(z) = d,, for all z € Q. Clearly w,, € WH?(Q) for each n € N.
Hence,

[wnl” = dilglh
78



A CLASS OF ELLIPTIC VARIATIONAL-HEMIVARIATIONAL INEQUALITY PROBLEMS

and
_ lwall?

S (wy,) — AV (w,) = T - )\/Q —F(z, wy(z))dz + Aj(w,)

A f>\/ —F(z,dy,)dz.
p Q ’

Now, if B < +o00, let € € ]O, B - % [ From (3.5) there exists v, such that
p

/ —F(z,dp)dz > (B —¢e)d, Vn>v..
Q

Therefore,
dr dr
D (wy) — AV (wy,) = M — )\/ —F(z,d,)dz < M — AP (B —¢)
b Q b
lallx
—dfl< ) —AMB—¢)].

From the choice of €, one has

lim [®(w,) — AV (w,)] = —.

n—-4oo
If B =+o0, fix M > % From (3.5) there exists vy such that

b
/ —F(z,dp)de > MdE, Vn > v
Q

Moreover,

_ dhllall
p

Taking into account the choice of M, also in this case, one has

dP
P (wy ) =AY (wy) A/ —F(x,d,)dx < M_M\Mg =dr (|q|1 _ AM) .
Q p p

lim [®(wy) — AT (w,)] = —c0.

n—-+4oo

From part (b) of Theorem the functional ® — AU admits a sequence of critical points
un, € WHP(Q) such that lim,, o ®(u,) = 400 , that means for each point u,

(@ — AT)° (U, v —up) +5(v) — j(uy) >0 YveX. (H)

Since ® is bounded on bounded sets and taking into account that lim, 4o ®(u,) =
+00, then {u, } has to be unbounded. Moreover, from (H) we obtain u,, € K, Vn € N,
SO

(@ — AT)°(up,v —up) >0 Vv e K.

From (2.1) and the regularity of ®, it follows

’

D (Un, v — up) + A[=L(up,v —uy)]° >0 Yo e K.
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Therefore,

/Q [[Vtn (@) P2 Vun (@) V (0(2) = un(2)) + ¢(@) [un (@) [P 2un (@) (v(2) — un(2))] dz+

A UQ Fla, un(2): (v(z) — un(:v)))dac]o >0 Week.

From an inequality concerning the integral functionals ([7]), we have
=T =) = | [ Foun(e) (060) = (o)) <
Q

< / FO (@, tn(2); (0(x) — un()))da
Then,

/Q [[Vtn (@) P2 Vun (@) V (0(2) = un(2)) + ¢(@)[un (@) [P 2un (@) (v(2) — un(2))] dz+

+)\/ Fo(x,up(2); (v(z) — up(x)))dz > 0;
Q
that is

< )\/QFO(:r,un(x); (v(z) — up(x)))dx.

O
Given o € L'(2), such that a(z) > 0 a.e. in Q, let h: R — R be a locally
essentially bounded, such that h(z) < 0 a.e. in R. Consider the following problem:
(Py) Findu e K fulfilling

- /Q (IVu(@) P Vu(@)V(v(z) — u(2)) + q(@)|u(@) P u(@)(v(z) - u(z))] dz

< )\/ a(z)H® (u(x); (v(z) — u(z)))de
Q
for all v € K, with X\ positive real parameter.
An immediate consequence of Theorem 3.1 is the following

Theorem 3.2. Assume that

Eotoo & Pllgll emroo P
Then for every A € lall ! problem
pllafly limsup ZHEED pepyia)) tim g CEEED |
§—+oo fp £ 400 fp

(Pr) possesses an unbounded sequence of solutions.
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Example 3.3. Put

o 2nl(n+2)! -1 _ 2nl(n+2)'+1
" A1) T T 4(n+ 1)
for every n € N, and define the non-positive (and discontinuous) function h: R — R
as follows
—=2(n+ D[P~ (n+ )P — (n— P~ nl?] if &€ |J]an, bl
h(§) = n>0

0 otherwise.

Direct computations ensure that

—H(¢) —H(¢)
EP

lim sup =+oo and liminf

=0.
£—+o0 é‘p §—+o0

Owing to Theorem 3.2 for each A > 0 the problem (Pg) possesses a sequence of
solutions.

Remark 3.4. We explicitly observe that we cannot apply [8, Theorem 2.1] to the
problem of Example 3.3, since hypotheses (3.6), (3.7), recalled below, do not hold,
namely, supposed that there exist two sequences {&,} C R, {r,} C R™ such that

lim,,— 4 o0 T = +00,

H(&) = inf H(), VneN, (3.6)
[€]<c(pra)t/P
1
EHqumn‘p <rp, VYneN, (37)

and taking into account that H is nonincreasing, we obtain that ¢?|¢||; < 1, which
contradicts (3.2).

Remark 3.5. When f is an L!-Carathéodory while K = W?({2) the above inequal-
ity takes the form

—/Q [IVu(@) P~ Vu(2)V (w(z)) + q(2)|u(z) P~ ?u(z) (w(@))] do

= )\/ flz,u(x))w(x)de, Yw € WHP(Q).
Q

Therefore, in such a case, a function u € W1P(Q) solves (P) if and only if it is a weak
solution to the Neumann problem

Apu — q(x)|ulP~2u = Af(x,u) in Q

0

8—1: —0 in 0Q,
with v being the outer unit normal to 02.
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We observe that this problem has been addressed recently in [2], by applying

directly Theorem 2.1 to smooth functionals.

The results can be applied to study the above problem with discontinuous

nonlinear term (see, for instance [1], [3]).
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