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EXISTENCE OF SOLUTIONS FOR p(z)-KIRCHHOFF TYPE
PROBLEMS WITH NON-SMOOTH POTENTIALS

ZIQING YUAN, LIHONG HUANG

ABSTRACT. We consider a class of p(z)-Kirchhoff type problem with a subdif-
ferential term and a discontinuous perturbation. Assuming the existence of an
ordered pair of appropriately defined upper and lower solutions, by the method
of lower-upper solutions, penalization techniques, truncations, and results from
nonlinear and multivalued analysis, we show the existence of solutions, and of
extremal solutions in the interval defined by the lower and upper solution.

1. INTRODUCTION

In this article, we study the problem
—M(t) div (|Vu\p(m)_2Vu) + OF (z,u) + j(z,u(z), Vu(z)) 3 g(u(z))
for a.a. z € Q, (1.1)

“|aQ =0,

where, N > 1, M(¢) is a continuous function with

t ::/ i|Vu\p(“”) dz,
o p(x)

p(x) € C(Q) with 1 < p~ = infgp(z) < pt = supyp(r) < o0, F: QA xR — R

and j : @ x R x RN — R are not necessarily smooth potential functions. We denote

OF (z,u) the partial generalized gradient of F(z,-) at the point u.

The operator — div(|Vu[P(*)=2Vu) is called p(x)-Laplacian, which becomes p-
Laplacian when p(z) = p (a constant). The p(z)-Laplacian possesses more com-
plicated nonlinearities than the p-Laplacian, for example, it is inhomogeneous and
in general it does not have the first eigenvalue. The study of various mathemat-
ical problems with variable exponent growth condition has caused great interest
in recent years, and raised many difficult mathematical problems. Problems with
variable exponent growth conditions appear in electro-rheological fluids [39, [42],
stationary thermo-rheological viscous flows of non-Newtonian fluids [Il 2] and im-
age processing [7, 24] and so on. The more details can be found in [40] 44} [43].

Problem is a new variant of Dirichlet problem of Kirchhoff type. Indeed,
if the function F' is continuously differentiable with respect to the real variable u,
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OF (x,u) = —f(z,u), j =0, p(x) =2, g =0 and M(t) = a+ bt, then problem (|1.1))
reduces to the Dirichlet problem

—(a+b/ |Vu|2dx)Au:f(x,u) in Q,
Q

(1.2)
ulyo =0,
which is related to the stationary analogue of the equation
Ut — (a + b/ |Vu\2dx>Au = f(xz,u) in Q,
Q (1.3)

“|aQ =0.

Such problems are viewed as being nonlocal because of the presence of the term
(Jq IVu|? dz) Au, which means that problems and are no longer a point-
wise identity and are very different from classical elliptic equations. We know that
such problems are proposed by Kirchhoff in [27] as an existence of the classical
D’Alembert’s wave equations for free vibration of elastic strings. Kirchhoff’s model
takes into account the changes in length of the string produced by transverse vi-
brations. Problem caused much attention only after Lions [31] proposed an
abstract framework to the problem. Some interesting and important results can be
found in [6], [16], B0, [32, [33] 36, [37] and references therein. Especially, Dai and Hao
[9] studied the following p(x)-Kirchhoff-type problem

—M( / L gyp@ d;v) div(|VuP®=2Vu) = f(z,u) inQ,
Q

p(z) (1.4)

U|BQ = 07

where f is a continuous function. By means of a direct variational approach and
the theory of the variable exponent Sobolev spaces, they established conditions
ensuring the existence and multiplicity of solutions for problem .

Recently, the study of partial differential equations with nonsmooth potentials
has received considerable attention. The area of nonsmooth analysis is closely re-
lated with the development of a critical point theory for nondifferentiable functions,
in particular, for locally Lipschitz continuous functions based on Clarke’s general-
ized gradient [§]. It provides an appropriate mathematical framework to extend
the classic critical point theory for C'-functionals in a natural way, and to meet
specific needs in applications, such as in nonsmooth mechanics and engineering.
For a comprehensive understanding, we refer to the monographs of [19] [32] 34] and
References [B], [T, 17, 22} (26, 29, 41]. More precisely, if M(¢) =1, j =0, and g = 0,
there exist several existence results for the problem

— div(|VulP®=2Vu) € OF (z,u) in €,

N (1.5)

Ul =
Qian and Shen [38] established conditions ensuring the existence and multiplicity
of solutions for problem via the theory of nonsmooth critical point theory and
the properties of W,"? (x)(Q). Dai and Liu [I0] obtained the existence of at least
three solutions for problem with OF (x,u) replaced by AOF(z,u) via a version
of the nonsmooth three critical points theorem. Ge et al. [2I], using a variational
method combined with suitable truncation techniques, proved the existence of at
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least five solutions under the suitable conditions for problem (1.5). Furthermore,
Duan et al. [I2] considered the problem

— M (t)(div(|Vu|P@=2Vu) — [u[P@~2u) € OF) (z,u) + ANOFy(x,u) in Q,
a—u =0 z€099Q, (1.6)
on
where ¢t = [, ﬁﬂvmp(m) + |u|P®)) dz. They established at least three solutions
by employing the nonsmooth version three critical points for problem (L.6).

Being influenced by the reading of the above cited papers, we will study the ex-
istence and multiplicity of solutions for problem via the method of upper and
lower solutions. It is an effective tool to discuss the existence theorems for differen-
tial equations to generate monotone iterative techniques which provide constructive
methods to obtain solutions (see [6l 18] 23]). Compared with the previous works
(see [9] [12], 211, B8] and so on), this method can avoid complex computation. To
the best of our knowledge, there exist few results to study the extremal solutions of
p(z)-Laplacian equations with nonsmooth potentials. So our results are new even
for the smooth case. The main difficulties in this paper lie in the appearances of
the nonlocal term, the non-differentiable functionals and the nonhomogeneous non-
linearities. The lack of differentiability of the nonlinearity causes several technical
difficulties. This implies that the variational methods for C'! functions are not suit-
able in our case. Therefore our method of proof will be based on techniques from
multivalued analysis and nonlinear analysis. Furthermore, our framework presents
new nontrivial difficulties. In particular, the presence of set-valued reaction terms
OF (z,u) and j(z,u, Vu) requires completely different devices than in [9] 12} [38], 21]
to obtain the existence of solutions for problem . We think that our results in
this direction presented here can be applied to study other different topics as well.

This paper is organized as follows. In Section 2, we present some necessary
preliminary knowledge. In Section 3, we prove the existence of solutions for prob-
lem by the method of upper-lower solutions combining with two fixed points
theorem. In Section 4, the extremal solutions for problem is derived.

2. PRELIMINARIES

We firstly give some basic notation.

e — means weak convergence, and — strong convergence.

e ¢ denotes the estimated constant (the exact value may be different from line
to line).

o (X, ||-|I) denotes a (real) Banach space and (X*, || -||«) its topological dual. Let
(€2,%, 1) be a finite measure space. 2% \ {0} stands for the family of all nonempty
subsets of X and B(x) means the Borel o-field of X.

e h~ =infyeqh(x), and h™ = inf,cq h(z).

® Pr)(X)={A C X : Ais nonempty, closed (and convex)}.

® Pupey(X) = {A C X : Ais nonempty, (weakly-)compact (and convex)}.

Definition 2.1. We say that the multifunction ¢ : @ — P;(X) is measurable, if
for all v € X, the R;-valued function

¢ = d(u, 9(C)) = nf{[Ju — w]| : w € p(C)}
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is Y-measurable. A multifunction ¢ : © — 2%\{@} is said to be graph measurable,
if its graph

Gro ={((,w) e 2 x X :we ()}
belongs in ¥ x B(X).

For P¢(X)-valued multifunctions, measurability implies graph measurability,
while the converse is true if ¥ is u-complete. Given a multifunction ¢ : Q — 2%\ {0}
and 1 < r < oo, we define the set

S; = {w € LT(Q,X) TwE @(C)M-a_e.}_
This set may be empty. An easy measurable selection argument, shows that for a

graph measurable multifunction ¢ : @ — 2% \ {0}, the set S/, is nonempty if and
only if the function ¢ — inf{||lw|| : w € dp(u)} belongs to L™()4.

Definition 2.2. Let Y and Z be Hausdorff topological spaces. A multifunction
G :Y — 2%\{(} is said to be upper semicontinuous (usc for short), if for all C C Z
closed, the set

G (C)={yeY :Gy)nC # 0}

is closed.

If Z is regular, then an usc multifunction G : Y — 2%\ {(} with closed values,
has a closed graph, i.e., Gr G = {(y,2) € Y x Z : z € G(y)} is a closed subset of
Y x Z. The converse is true if G is locally compact, i.e., for every y € Y, we can
find an open neighborhood U of y such that G(U) is compact.

Definition 2.3. Amap A: D C X — 2X" is said to be monotone, if for all
u,v € D and all u* € A(u), v* € A(v) we have

(u* —v*,u—v) >0.
We say that A is strictly monotone if (u* — v*,u — v) = 0 implies that u = v.

The map A: D C X — 2% is called maximal monotone, if it is monotone and
its graph is not properly contained in the graph of another monotone map. This is
equivalent to saying that (u* —v*,u —v) > 0 for all u € D and all u* € A(u), then
v € D and v* € A(v).

A maximal monotone map A : D C X — 2X" has closed and convex values and
its graph

GrA={(u,u") e X x X" :u* € A(u)}
is sequentially closed in X x X and in X,, x X*. Here by X (resp. X, ) we
denote the space X* (resp. X) furnished with the corresponding weak topology.
If A: X — X* is monotone, single valued, everywhere defined (i.e., D = X)
and demicontinuous (i.e., u, — w in X, implies A(u,) — A(u) in X*), then A is
maximal monotone.

Definition 2.4. We say that A: D C X — 2% is weakly coercive, if D is bounded
or if D is unbounded and

inf{|lu*]] : u* € A(u)} — o0 as ||ul]| = o0, u€ D.
IfA: D C X — 2X" is maximal monotone and weakly coercive, then it is surjective.

Definition 2.5. If Y, Z are Banach spaces and K : Y — Z, we say that K is
completely continuous, if y, — y in Y implies K(y,) — K(y) in Z.
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If Y is reflexive and K : Y — Z is completely continuous, then K is compact
(namely, K is continuous and for every bounded set B C Y, one has that K(B) is
compact).

We recall some results on variable exponent Lebesgue-Sobolev spaces and list
some properties of that spaces. For more details the reader is referred to [13, 15, 28]
and the references therein.

Let p € L>®(Q) and p~ > 1. The variable exponent Lebesgue space LP(*)(Q) is
defined by

LP@(Q) = {u:RY — R :u is measurable and / [uP@ dz < oo}
RN
endowed with the norm

||| p(z) = inf {)\ >0: /

R

‘@ p(x)
~NloA

acgl}.

Then, we define the variable exponent Sobolev space
WhP@(Q) = {u € LPD(Q) : |Vu| € LP@(Q)}
with the norm
[ull = llullpa) = lullp@) + 1Vellpe),
or equivalently
: w@) ey V) e
Jull = oy = inf {A> 02 [ (520 4 | TP ao < 1
for all uw € WP (Q). From [14} 15, 28] we obtain that LP(*)(Q) and W) (Q)
are separable and reflexive Banach spaces.
For p € L>(Q) with p~ > 1, let p/(z) : © — R be such that ﬁ + ﬁ =1, ae.
x € Q. We have the generalized Holder inequality

Proposition 2.6 ([I5]). For any u € LP™)(Q) and v € LP *)(Q) we have

’/Quudx| <2/ p(ay 1Vl pr () -
Proposition 2.7. The function p : WP (Q) — R defined by

plu) = / (VP @ 4 [up@) da,
Q

has the following properties:
. - +
@ If llull = L, then fJull® < p(u) < lul”;
(i) If [Jull <1, then [lulP" < p(u) < [ul”
In particular, if ||ul] = 1 then p(u) = 1. Moreover, |uy| — 0 if and only if
p(un) — 0.

The following fixed point theorem is due to Bader [3].

Theorem 2.8. IfY and Z are Banach spaces, G : Y — Pui.(Z) is usc from 'Y
nto Zy, K : Z — Y is completely continuous and ® = K o G maps bounded sets
into relatively compact sets, then one of the following statements hold:

(i) the set A={y €Y :y € ud(y) for some p € (0,1)} is unbounded, or

(ii) @ has a fized point.
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The next fixed point theorem for multifunctions in ordered Banach spaces can
be found in [25].

Theorem 2.9. If X is a separable, reflexive ordered Banach space, C C X is a
nonempty and weakly closed set and H : C — 2°\ {0} is a multifunction with
weakly closed values, H(C') is bounded and
(i) the set K ={x € C:x <y in X for some y € H(x)} is nonempty;
(il) ifzr <y1in X, y1 € H(x1) and 1 < x2 in X, then there exists ya € H(x2)
such that y1 < yo,
then H has a fized point, i.e., there exists x € C such that x € H(x).

3. EXISTENCE OF SOLUTIONS

In this section we discuss the existence of weak solutions for (|1.1). For simplicity
we set X = Wol’p(m)(ﬂ).

Definition 3.1. We say that v € X is a weak solution of (1.1)), if there exist
w(z) € OF (z,u) and y(z) € j(z,u(x), Vu(x)) such that

1
M(/ — | VuP@ dz)/ |VUIP(I)’2Vqud:c+/wvdx+/de:/gvdz
o p(x) Q Q Q Q

fora.a. zr€Qandallve X.

Let A: X — X* be the nonlinear operator defined by

1
(A(u),v)x = M(/Q M|V’u|p(m) dx) /Q |VulP @2 VuVode VYu,v € X.

Wy = Wol’p(z)(Q)+ ={ue X :u(z)>0aa. in Q}.

Definition 3.2. (i) A function 7(z) € W'P(®) 7|55 > 0 is an upper solution for

problem (1.1)), if there exist w (z) € SglF(g 7.y and v+ (z) € Sf(l_(';(_) vr () Such that

(A(?)7U>W01,p<x)(m+/w+vdx+/'y+vdm2 / g(T)vdx Vv e Wy,
Q Q Q

(ii) A function 7(x) € WP 7|56 < 0 is an lower solution for problem (T.1)), if
; () ()
there exist w_(x) € SgF([(.)) and v_(x) € S;’([(.),vl(,)) such that

<A(I)av>W01‘IJ(T/)(Q)+/Qw_UdI+/

Q
To discuss problem (1.1]), we need the following hypotheses.

(HO) There exist an upper solution 7(z) and a lower solution 7(z) such that
7(x) < 7(x) for a.a. x € Q.
(HM) M(t) : [0,4+00) — (mg,+00) is a continuous and increasing function with
mg > 0.
(HF) F:Q xR — R is a function, such that
(i) for all ¢ € R, the function 2 3 x — F(x,() is measurable;
(ii) for a.a. z € Q, u — F(z,u) is convex;
(iii) for a.a. z € Q, all v € R and all w(z) € 9F (x, u), we have

vy_vdx < /Qg(z)v dz Vv € W,.

lw| < ap(z) + colulP™ 1 with ag € LP @)(Q),, ¢o > 0.
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(HG1) g¢:R — Ris a function which maps bounded sets to bounded sets and there
exist @ > 0 and 1 < s < oo such that u — g(u) + au® is nondecreasing.
(HJ1) j:Q x R x RN — Py (R) is a multifunction, such that
(i) for all (,£ € R, 2 3z — j(x,¢,§) is graph measurable;
(i) for a.a. z € Q, (¢,€) — j(x,(, &) has a closed graph;
(iii) for a.a. z € Q, all ¢ € [7,7] and all £ € RV, we have

i (2, ¢, &) < ar(@) + e (1<) + 1€lna")

with ag € LV @) (Q) 4, ¢; > 0,1 < v < p(z);
(iv) for a.a. z € Q, all § > 0, all |¢],|¢] < 8, we can find a5 € LP' @) (1)
such that |j(z,(, €)| < as(x).

Remark 3.3. (i) In [9], except hypothesis (HM), Dai and Hao also assumed that
there exists 0 < p < 1 such that M(t) > (1 — u)M (t)t, where M(t) = fot M(s)ds.
In [12], the authors assumed that kg < M (t) < k;, where k1 > ko are positive
constants. While, in our paper, we do not need these hypotheses at all. This means
that the choice of M (t) in our paper is more extensive than in [9, [12].

(ii) It is worth to point out that g need not to be continuous in hypothesis (HG1).

From [9], we have the following property.

Proposition 3.4. If hypothesis (HM) holds, then A is an operator of type (S)4+
and a mazimonotone operator.

Set A be the restriction of A in LP'®)(Q), i.e., A : LP®)(Q) D D(A) — L¥'()(Q)

is defined by
A(u) = A(u) Yu € D(A)
with
D(A) = {u e WyP™(Q) : A(u) € L @ (Q)}

(recall that LP'(*)(Q) € W~1¢'(#)(Q)). Tt is obvious that A is a maximal monotone
operator.

As is known, the method of upper and lower solutions involves truncations and
penalization techniques, which aim at exploiting the fact that we control the date

of problem (1.1 in the interval [z(z),7(x)]. So we define the following functions.
First, the truncation map 1 : W'P®)(Q) — W1»®)(Q) is defined by

T(x) if 7(
b(u)(z) = qulz) ifz(r) <ux) < 7(2),

2
SN—
N
=
5
:—/

It is obvious that 1 is continuous.
Second, we introduce a penalty function §: 2 x R — R defined by

%min{mo, 1}(\u|p(z)*2u — |f(:c)\p(m)*27_'(x)) if 7(z) < u(x),
if 7(z) < wu(x) < 7(x),

3 min{mo, 1}(JuP") "2y — |7(2) [P 21 (2))  if u(z) < z(2).

o

B(x,u) =

Evidently 8(x, u) is a Carathéodory function (i.e., measurable in x € ), continuous
in u € R).
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Third, we define a penalty multifunction V' : Q x R — Pj.(R) defined by
[wi (), +00) if 7(z) < u(x),
V(z,u)=(R if 7(z) < u(z) < 7(x),
(—oo,w_(z)] if u(z) < z(x).

Let
Bz, u(x)) = OF (x, (u)(x)) NV (z,u),
J(,u(x), V() = j(z, ¢ (u) (@), Viu) () Yo e Wy (Q).
Let (3 : LP®)(Q) — L' (#)(Q) be defined by
Blu)() = Bl u()) for all u e LP)(Q),

ie., B is the Nemitsky operator corresponding to the function §. Note that 3 is a
Caratheodory function and satisfies

1B(z,u)| < a+|uP®"t foraa zecQandalluecR

with @ > 0. So from Krasoselskii’s theorem (see Gasitiski and Papageorgiou [20]).
We obtain that § is continuous and bounded.

Now set Jy : LP®)(©2) — Pyge(LP @)(9)) be defined by Jy (u) = $5) 0 o+
B(u).

Proposition 3.5. If (HJ1) holds, then Ji(u) : LP®) () — Pso(LP #)(Q)) is usc
from Wol’p(x)(Q) into LP' () (Q).

Proof. Let C C L¥ (®)(Q) be nonempty and weakly closed. We need to show that
JINC) = {u € WeP™(Q) : Ji(u) N C # 0} is closed. So let {up}tns1 C J;H(C)
and assume that u,, — u in Wol’p(r)(Q). Set 1, € Ji(u,) NC, n> 1. Since

— —p — —npt— - — +_
[ (2)] < as (@) + elun (@) P+ max]| 7[5, 71 1715~ Izl 7 IziiE 1,

by passing to a subsequence if necessary, we may assume that 7, — 7 in Lp/(””)(Q).
Also, since u, — u in Wol’p(m)(ﬂ) and the continuity of ¢, we have u, — wu in
C(Q), Vu, — Vu in LP®)(Q), (u,) — ¥(u) in LP®)(Q) and so by passing to a
subsequence if necessary we obtain that Vu,, — Vu and Vi (u,,) — Vip(u) for a.a.
x € Q. Using [19, Proposition 1.2.12], we have

n(uw) € convlimsup Jy (un(z)) C Jy(u(x))

n—-+o0o

for a.a. x € Q, where the last inclusion is a consequence of the hypothesis (HJ1)
(ii) and the definition of 3(x,u). So we infer that € Ji(u). Also n € C' since the
later is weakly closed. Thus u € J; (C) which proves that J; (C) is closed and so
Jy is usc from LP®)(Q) into L¥'(®)(Q),,. O

We also consider the integral function .% : LP(*)(Q) — R defined by

F(u) = /QF(m,u(x)) dz  for all u € LP®)(Q).
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By hypothesis (HF), .% is continuous and convex, hence locally Lipschitz. So if
F = ﬁ\wl,p(@m), then, from Clarke [8, pp. 47, 36, 76] we obtain
0

~ (. 1,p(x
0.7 (u) = 0F (u) = S50 ) for all u € Wy (Q), (3.1)
Let H : LP®)(Q) — LP'(®)(Q) be defined by
H(u)(-) = |u(-)|PO2u(-)  for all u e LP@(1Q).
Evidently, H is strictly monotone continuous (hence maximal monotone too) and
bounded (i.e., maps bounded sets to bounded sets).

From hypothesis (HF), we obtain that A + H + 0.7 : LP(®)(Q) D D(A) —
LP' @) () is strictly monotone and surjective. So the map L = (A + H + 0.%)~ " :
LV @)(Q) — D(A) € WP (Q) is well defined.

Proposition 3.6. If hypotheses (HM) and (HF) hold, then L = (A+ H+0.%)" ! :
LP'@(Q) — D(A) C Wol’p(z)(Q) is completely continuous.

Proof. Assume that h, — h in L (*)(Q) and let
tup = L(hy), n>1, u= L(h).

We need to show that u, — u in Wol’p(w)(ﬂ) as n — oo. We have u,, € D(A) for
n > 1, and

A(up) + H(up) + wn, = hy,
with w, € 0.% (uy), n > 1. Thus

<A(un)7un>LP<m>((2)+<H(un)7un>LP(E>(Q)+<Wmun)LP(E)(Q) = <hn7un>m<w>(sz)- (3:2)
For any wg € .%(0), we obtain
(Wny Un) L) (@) = (Wn — W05 Un) Lpe) () + (W0, Un) Lo () = —Cllunls (3.3)

where w,, € 0.7 (uy), n > 1 (recall that 9.% (-) is monotone and 0.% (0) is bounded).
Also from Holder’s inequality and the continuous compact embedding of WO1 »(@) Q)
in LP(*)(Q), we have

i tin Loty < Cltin] (3.4)

for all n > 1. Using (3.3)), (3.4), (HM) and returning to (3.2), we have
min{mo, 1} / (IVunP® + u, [P@) da
Q

< mo/ |vun|P(a:) dx+/ |un|P(z) dz
Q Q

1
< M(/ — |V, [P®) dx) / |Vt [P dz +/ lu [P@) da < |
o p(x) Q Q
for all n > 1. Note that p™ > p~ > 1, i.e.,
) - +
min{mo, LH{{lunl|? , [[unll” } < cflun].

Noting 1 < p~ < p™, one has that the sequence {uy}n>1 C Wol’p(x)(Q) is bounded.
By passing to a subsequence if necessary, we may assume that

Uy — 0 inWol’p(x)(Q) and wu, — @ in LP®)(Q)
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as n — oo. We have H (u,,) — H (@) in LP®)(Q) and (uy,, by — H (u,)) € Gr(A4+0.7
for all n. > 1. Since u, — @ in LP*)(Q), hy, — H(u,) — h— H(@) in LF'®)(Q), and
A+ 8.7 : D(A) C LP®)(Q) — LP (#)(Q) is maximal monotone, we have

(i, h — H(@) € Gr(A + 0.7),

hence & = L(h) = u. Also, for all n > 1, we have
<A(Un)= Un = U) Lr) () + (H(Un), Un — 1) Lo () + (Wns Un — U) Lo () (3.5)
= <hn7 Un — u>LP($)(Q)-

So

(A(un), un — u>W01’P(I)(Q) + (H(un), tn — ) 1o (@) + (Wi, Un — 1) Lo (@) (3.6)
= <hna Up — U>Lp(w)(ﬂ)-

By hypothesis (HF)(iii), we derive that {wy},>1 € L”*)(Q) is bounded. Fur-
thermore, the sequences {H (up)}n>1, and {hy}n>1 € LP ) () are bounded and
U, — u in LP(*)(Q), we obtain that
(Wny un =) o) — 0, (H(Un), un —u) o) — 0, (s Un — U)oy () — 0,
and so

nll}l}»loo<A(’U/n), Up — U>W(J1YP($)(Q)
From Proposition we already know that A is of type (S)4+. So it follows that

Up — u in Wol’p(m)(Q)7

=0.

which proves the continuity of the operator L. (I

Next, we introduce the order interval
T=[r,7] = {ue W@ (Q): r(z) < u(z) < 7(z) for a.a. = € Q}.
Fix 6(x) € T. We consider the auxiliary problem

1
- M /—Vup(z)dx div(|VulP®—2vy
([ o vl de) div(19ul )

+ Ba,u(@)) + (o, v(u)(@), V(@) + 5, u(2)) 57
3 —ay(u)*(z) + g(0(z)) + at®(x),
“|aQ =0.

_cr'() 3
Let Ny(u) = S50 00 .wucy T B
Proposition 3.7. If hypotheses (HO), (HM), (HF), (HJ1), (HG1) hold, then prob-
lem (3.7) has a solution uy € Wol’p(z)(Q).
Proof. Let S : W™ (Q) — Ppe(LP'®)(Q)) be the multifunction defined by
S(x) = =Ny(u) + H(p(u)) — ap®(u) + 9(0) + afb®,

where §(6)(-) = g(0)(:) € L>®(Q) C LP' @) () (see hypothesis (HG1)). From Propo-
sition and noting that v is continuous, we can easily obtain that S is usc from
Wy (Q) into LP' @) (Q),,. So we only need to show that the set

A={ue Wy (Q):ue p(Lo8)(u),ue (0,1)}
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is bounded uniformly in p € (0,1). For convenience we assume that v € E, |Ju| > 1.
Then we have iu € (Lo S)(u), hence

i.e.,
1 1
<A(ﬁ“)7“>wg~””>(m + <H(;“)’“>Lp<w>(9) + (W, 1) Lo (@) = (hy W) Loy () (3.8)

for some w € 39(%11) and h € S(u). Note that
1 1
= - I p(z) p(z)
<A(u“)7u>w(}’p(z)(ﬂ) - M(/Q pP(@) p(x) [Vl dx)/ o=t | Vul do

> 0 /\vuv’<w>dx
w1 Jo

> mo/ \Vu|p(z) dz (since 0 < p < 1),
Q

(3.9)
and
1 1 - -
(H (;U)’ W) Loy () = / WWP( dz > /Q ufP™ da. (3.10)
For any wy € 0.%(0), we have
(w, u)me(Q) {w — wo, U>Lp<z>(g) + {wo, U)yo(m)(gz) (3.11)

> (Wo, u) Loy (@) > —cllull.

Since w € &?(iu), p > 0 and 9.7 (0) C LP' @) (Q) is bounded. Furthermore, from
the definition of Ny, 8 and 1, we derive

min{my, 1 .
(o) sy < clull + 20 pupte) o
i 1
< cf|ul| + % / (IVulP@ + [uf@) dz
Q
Returning to (3.8) and using (3.9)—(3.12), we have

1
min{mo,1}/(\Vu|p(x)+\u|p($))dx §c||uH+§min{mo,1}/(|Vu|p(‘”)+|u|p(’”))dx
Q Q

(3.12)

l.e.,
%min{mo, 1}/§z(|wp<$> + [ulP™@) da < cfjul.
Hence
5 min{mo, 1}l < cful.
Since p~ > 1 and mg > 0 we have
lu]| <e forall u € A.

This implies that the set A is bounded. Note that S is usc from Wol’p(m)(Q) and
LV @)(Q)y, L : LV @(Q) — Wol’p(x)(Q) is completely continuous and L o S maps
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bounded sets into relatively compact sets, we can employ Theorem 2.8 to obtain
u € Wol’p(x)(Q) such that u € (Lo S)(u). Then, we have

Au) + w(x) +7y(x) = 9 () (@) PO 2 (w) (@) + [u(@) [P 2u(@) + Bz, ulx))
= —ay®(u) + g(0(2)) + ab” (),

(3.13)
where w(z) € SSF(w ) and ~v(z) € s” (a: w(:v Va(a))- Note that T € Whr)(Q) is a

lower solution of problem (1.1]). Using a test function (7 —u)* € VVO1 p(e) (Q) (recall
that I|BQ < 0), we have

J A 2= 0t @y oy do+ [ o

T—U dz + Y — (T —Uu dx
(7 ) / (7 )
< / g(L)(L - u) dz.

(3.14)
Analogously, acting with (7 —u)t € Wol’p(m)(Q)7 we also have
(400 (= 0 @y o+ [ oz =)o+ [ 5zt
- / (¢ (u) (@) PO =2 (w) (2) — [u(@) P~ 2u(@)(z — u)* (2) d
o (3.15)

4 / Bz, u(@))(z — u)* (z) da
- /Q<—aws<u> +9(0(2)) + ab®(2))(z — u)* (z) d.

Subtracting (3.15)) from (3.14) and noting the definitions of #(u) and B(z,u(x)),

we derive

[ 40 - A = 0@y gy b+ [ (o =)z = u)(w)da
+ [ -
" / @ 22(a) — @) u(w) ) do
~ 5 minfm, 1) / (&) "9 "2u() — |z(2) "D 21(2))(z — u) de
< [ (oo + az* = g(6(@)) — a8*(@))(z - w)@) do.
From Pro;osition and the monotonicity of OF(-), one has

(A = 4w, = )@y 00 0y o 2 0,

/> (w- —w)(z — u)(z)dz > 0.
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Recalling the definition of J, we have
| -= iz -w@dr=o.
Noting that 7 < 6 and -
[ ra)r o) = () 2uta))(z ~ ) do > 0
from hypothesiisi(HGl)7 we have
—gmin{mo. 1} [ (@) (o) - 22w (2 - w) de < 0

a contradiction unless 7(x) < u(z) for a.a. z € Q. In a similar way, we can prove
that

u(z) < 7(z) fora.a. z €.
So we deduce that the auxiliary problem ([3.7)) has a solution ug € VVO1 Pl (Q) where
7(z) < g < 7(x). -

Using Proposition [3.7] and Theorem [2.9| we obtain a solution of problem (|1.1f) in
the order interval T' = [r(x), 7(x)].
Theorem 3.8. If hypotheses (HO), (HM), (HIJ1), (HF), (HG1) hold, then problem
(1.1) has at least one nontrivial solution u € Wol’p(z)(Q) NnT.

Proof. Tt is obvious that T is weakly closed in WO1 P (I)(Q). We consider the multi-
function [ : T — 2We (@) \ {0} which to all § € T assigns the set of solution to
the auxiliary problem (3.7)). From Proposition we have

I0)#0 VoeT.

Moreover, it is clear from Proposition that for all 8§ € T, the set I(§) C
Wol’p(r)(Q) is weakly closed and I(T) C Wol’p(x)(ﬂ) is bounded. So it remains
to verify statements (i) and (ii) in Theorem

If 6 = 7, then from Proposition I(r) # 0 and I(z) CT. Soif u € I(1), we
have 7 < u and we have verified statement (i) of Theorem

Next, we verify statement (ii) of Theorem If6, €T, 01 <wuy, ug € 1(61) and
01 < 6, then we can find us € I(f3) such that u; < uy (In Wol’p(m)(Q), we consider
the partial order induced by the positive cone Lp(””)(Q)+, i.e., the pointwise partial
order).

Since uy € I(61) C T, we have

B(z,ui(x)) =0, Y(ur) =u1, VY(u1)=Vuy, V(z,ui(z)) =R
So we can write that
A(ur) + wi + 71 = —aui + g(01) + aby,

where w1 € OF(x,u1), 1 € j(z,u1,Vur). Noting that 6, < 63, by hypothesis
(HG1), we obtain

9(01(x)) + ab? < g(02(x)) + ab
for a.a. z € Q. So for all v € W, we derive

<A(U1)»U>W01,p<z>(9)+/g w1V d$+/ﬂ Mnvde < —a/Qufvdm—l—/ﬂ(g(@z(x))—i—aé?;)vdx,
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from which we infer that u; € VVO1 P (x)(Q) is a lower solution for problem

- M( / L gyp@ dx) div(|VulP®=2Vu) + 9F (z, u(z)) + j(z, u, Va)
o p(z)

3> —au’(z) + g(02(z)) + ab5(z), fora.a. z €,
ulpg = 0.
(3.16)

Recall that 7 € W2(*)(Q) is an upper solution of problem ([3.16) too. Arguing as
for for the auxiliary problem (3.7)) via truncation and penalization techniques, we

have a solution ug € Wol’p(x)(Q) of problem (3.16]) such that
up () <wug(x) < 7(x) for a.a. z € Q.

Therefore us € 1(62) and uy < us. This verifies statement (ii) of Theorem [2.9} So
we can obtain u € Wo"™(Q) N T such that u € I(u). Evidently this is a solution

of problem (1.1)). O

4. EXTREMAL SOLUTIONS

In this section we produce a greatest and a smallest solution of ([1.1]) in the order
interval T' = [r, 7]. These solutions are called extremal solutions 0 inT.
To produce the extremal solutions of in the order interval T = [r, 7], we
need to strengthen hypotheses (HG1) and (HJ1).
(HG2) g : R — R is a function which maps bounded sets to bounded sets, it is
upper semicontinuous and there exist a > 0 and 1 < s < oo such that
u — g(u) + au® is nondecreasing;
(HJ2) j:Q xR — R is a function, such that
(i) for all € R, @ > & — j(x,() is measurable;
(i) for a.a. z € Q, ¢ — j(x,() is continuous and nonincreasing;
(i) (- 7()),4(7()) € LP'(Q).
Note that a subset A of a partially ordered space is a chain (or a totally order set),
if for every u,v € A, either u < v or v < u. Now set

T ={ue Wol’p(m)(ﬂ) :u is a solution of (1.1)) and u € T'}.

Proposition 4.1. If hypotheses (HO), (HM), (HF), (HG2), (HJ2) are satisfied, and
K C Ty is a chain, then K has an upper bound.

Proof. Note that A ¢ LP(*)(Q) is bounded and LP(*)(Q) is a complete lattice. So
we can define v = sup 7 in LP(*)(Q). In fact we can find an increasing sequence
{ty}n>1 such that « = sup,, un, hence u,, — u in LP(*)(Q) (monotone conver-
gence theorem). By definition we have

1
—M(/ ——|Vu, ") da ) div([ VD72V up) 4+ wn (@) + (2, 1) = 9(un (@),
o p(z)
where wy, () € OF (z,un(z)) for a.a. z € Q and all n > 1. By hypotheses (HJ2) (ii)
and (iii) we derive
13(@, un (2))] < max{j(z, 2(x)), —j(z, 7(x))}

for a.a. € Q and all n > 1. From hypotheses (HF)(iii), (HM), (HG2), the above
inequality, and noting the fact |u,(z)| < max{—7(z),7(x)}, we deduce that the
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sequence {Vu, }n>1 C LP®) (Q;RY) is bounded. Therefore
Uy — u in W™ (Q).
Recall that A : W™ (Q) — W=12'(®)(Q) is the nonlinear operator defined by

(A(u), )

1
— - p(x) p(z)—2
Wire) () M(/Q (x)|Vu| dx) /Q |Vul VuVoudzx

for all u,v € Wol’p(m)(ﬂ). We know that A is a maximal monotone and bounded
operator. We derive

A(un) +wp + Nj(un) = g(un) Vn >1

note that N;(y)(-) = j(-,y(-))), where w, € IF(z,u,). By passing to a subse-
J
quence if necessary, we may assume that

wp —w in LV ®)(Q)
and since GroF(z,-) is closed for a.a. = € §, we obtain that w(z) € Sg;k? w()"
Also
Nj(un) = Nj(u) in LP')(Q)
(see hypotheses (HJ2)(ii) and (iii)) and as in previous proofs, we have
A(up) = A(u)  in W7 @) (Q).
Because of hypothesis (HG2) and {u,(z)},>1 is increasing for a.a. « € Q, we have
9(u(z)) + au’(z) = g(un(z)) + aug (z)
for a.a. z € Q and all n > 1, hence

o(u(w) + au (x) > limsup g(u, (+)) + 0’ (@) > g(u(a)) + v’ (z)

for a.a. x € Q, therefore
g(up(z)) — g(u(xz)) asn — oo for a.a. x € Q.
Thus as n — +o00, we have
A(u) + w + Nj(u) = g(u),
where w € OF(x,u). Then

N L Gulr® de) div (1Tl 29y vowla)) + iz
M( [ o519 o) div([ Tl 250 + 0F (o, u(o) + i)

5 g(u), fora.a. ze€,

Ufpq = 0.
So we conclude that u € WP (Q) is a solution of problem (T.1) and u € T.
Clearly u € T is an upper bound of K. O

Recall that if (Y, <) is a partially ordered set, we say that Y is directed, if for
each y1,y2 € Y, there exists y3 € Y such that y; < y3 and ys < ys.

Proposition 4.2. If hypotheses (H0), (HM), (HF), (HJ2), (HG2) are satisfied,
then the partially ordered set Ty is directed.
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Proof. Set uy, uy € Ty and us = max{ug,us}. We have uz = (u; — uz)™ + us
and so it follows that usz € Wy (€). We introduce the following truncation and
penalty function and multifunctions:

T(x), if 7(z) < u(x),
) ifuy(z) <u(z) < 7(2),
(), if u(z) <us(x),

(—oo,w_(x)], if u(x) < ug

where @_ = min{w; ,w; }, wy € Sg;gk), Py Wi (i = 1,2) are the L (*)(Q)-selector
of OF (-, u;) corresponding to the solution u; (see Definition and

Lmin{mg, 1}(|u[P®) 2y — |7(2)|P@ 27 (z)), if 7(z) < u(x)

S
e
<

w
8

~—

IA
I~
8

Bz, u) =

(
2 min{mo, 1}(JulP®~2u — |us|P®)~2u3), if u(z) < us(z).

Employing theses items, we introduce the following modification of the multivalued
nonlinearity, namely

E(z,u) = 0F (z,¢(u)(z)) NV (z,u).

In a similar way as in the Section 3, we can find a solution u € Wol’p(w)(Q) of (1.1))
such that ug(z) < u(z) < 7(z) for a.a. © € Q. Hence u € T1 and u; < u, us < u,
therefore T} is directed. O

To produce both smallest and greatest solutions in [7, 7|, we need to strengthen
further (HG2) as follows:

(HG3) ¢ : R — R is a continuous function and there exist ¢ > 0 and 1 < s < o0
such that u — g(u) + au® is nondecreasing.

Theorem 4.3. If hypotheses (HO0), (HM), (HJ2), (HF), (HG3) hold, then (1.1)) has
extremal solutions in the order interval [T,7].

Proof. By Proposition [£.I] and Zorn’s lemma, we can find v* € Ty a maximal
element for the pointwise ordering of W,"” (m)(Q). If w € Ty, then from Proposition
we can find y € T} such that v < y, and u* < y. The maximality of u* means
that v* = y. Noting that v € T is arbitrary, we have u < u* for all v € T} and so
u* is the greatest solution of problem in the order interval 7. If on WO1 P (m)(Q)
we use the partial order <, defined by u <, y if and only if y(z) < u(z) for a.a.
x € 2, then, from the same argument we can produce u, € T3, which is the smallest
element of Th. Hence {u.,u*} are the extremal solutions of problem in the
interval [z, 7]. O

Remark 4.4. If (HG2) holds, we can only generate the great solution in |7, 7]. Sim-
ilarly, if g is only lower semicontinuous, we can only produce the smallest solution
in [z, 7).
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