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On Nonlocal Elliptic Systems of p(z)-Kirchhoff-Type under
Neumann Boundary Condition
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Abstract This paper is concerned with the existence of solutions to a class of p(z)-Kirchhoff-
type systems under Neumann boundary condition. By Ekeland Variational Principle and the
theory of the variable exponent Sobolev spaces, we establish conditions ensuring the existence
of solutions for the problem. Since the Poincaré’s inequality does not hold in the space
WP (Q), we shall prove the Poincaré-Wirtinger’s inequality in a subspace of WP (Q).
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1. Introduction

In this paper we study the following nonlocal elliptic systems of gradient type with non-

standard growth conditions

—Mi([q 555 | VulP@ da)div(|VulP®) =2 Vu) = FEF(u,0) + pi(z) i Q,

*MQ(IQ $|Vv\‘1(””) dx)div(\Vv|Q(r)*2Vv) = 3—5F(u, v)+ p2(z) in Q, (1.1)
g—;‘ = % =0 on 012,
where 2 is a bounded domain in RY with a smooth boundary 99, v is the unit exterior vector
on 99, p(z),q(z) € C(Q) with 1 < p~ = mingp(z) < pT := maxgp(z) < 400 and 1 <
¢~ = mingq(z) < ¢" := maxgq(x) < +oo, Mi(t), M(t) are continuous functions. We confine
ourselves to the case where M; = My for simplicity. Notice that the results of this paper

remain valid for M7 # Ms by adding some slight changes in the hypothesis (Hz). The function
F:R xR — R is assumed to be of class C! in u,v € R.

The operator —div(|Vu|P(*)~2Vu) is said to be the p(z)-Laplacian, and becomes p-Laplacian
when p(z) = p (a constant). The p(z)-Laplacian possesses more complicated nonlinearities than
the p-Laplacian; for example, it is inhomogeneous. The study of various mathematical problems
with variable exponent growth condition has been received considerable attention in recent years.
These problems are interesting in applications and raise many difficult mathematical problems.

One of the most studied models leading to the problem of this type is the model of motion
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of electrorheological fluids, which are characterized by their ability to drastically change the
mechanical properties under the influence of an exterior electromagnetic field [1,2]. Problems
with variable exponent growth conditions also appear in the mathematical modeling of stationary
thermo-rheological viscous flows of non-Newtonian fluids and in the mathematical description
of the processes filtration of an ideal barotropic gas through a porous medium [3,4]. Another
field of application of equations with variable exponent growth conditions is image processing
[5]. The variable nonlinearity is used to outline the borders of the true image and to eliminate
possible noise. We refer the readers to [6-10] for an overview and references on this subject,
and to [11-17] for the study of the p(z)-Laplacian equations and the corresponding variational
problems.

The problem (1.1) is related to the stationary version of a model introduced by Kirchhoff
[18]. More precisely, Kirchhoff proposed a model given by the equation

2 L 2

p%— (%+% 0 |%\2dx>%20, (1.2)
where p, po, h, E, L are constants, which extends the classical D’Alembert’s wave equation, by
considering the effects of the changes in the length of the strings during the vibrations. A
distinguishing feature of equation (1.2) is that the equation contains a nonlocal coefficient 52 +
% fOL \%Pdm which depends on the average i fOL |%|2dx, and hence the equation is no longer
a pointwise identity. Some early classical studies of Kirchhoff equations can be found in Bernstein
[19] and Pohozaev [20]. The equation

{ —(a+b [, |Vu]*dz)Au = f(z,u) in Q,

1.3
u=20 on 0f) (1)

is related to the stationary analogue of the equation (1.2). Eq. (1.3) received much attention only
after Lions [21] proposed an abstract framework to the problem. Some important and interesting
results can be found, for example, in [22-24]. More recently Alves et al. [25] and Ma and Rivera
[26] obtained positive solutions of such problems by variational methods. The study of Kirchhoff
type equations has already been extended to the case involving the p-Laplacian [27-29] and
p(x)-Laplacian [30, 31].

In [32], the authors considered a nonlocal elliptic system of the p-Kirchhoff type. By Eke-
land Variational Principle [33], they established the existence of weak solutions of the problem.
Motivated by above, we consider the nonlocal elliptic system (1.1). We establish conditions
ensuring the existence of solutions for system (1.1).

The rest of this paper is organized as follows. In Section 2, we present some necessary
preliminary knowledge on variable exponent Sobolev spaces. In Sections 3, we give our main

results and their proofs.

2. Preliminaries

In order to discuss problem (1.1), we need some theories on WP (Q) which we call

variable exponent Sobolev space. Firstly we state some basic properties of spaces W) (Q)
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which will be used later (for details, see [16]). Denote by S(£2) the set of all measurable real
functions defined on €.
Write
Ci(Q) ={h:heCQ),h(z)>1 for any z € Q}
and
L@ (Q) = {u €S(Q) : / u(z)[P®) da < +oo}
Q

with the norm
lgrioey = Iy =inf {3 0+ [ 12 plaz < 1},
and
Whr@) (Q) = {u € LP™ (Q) : |Vu| € LP@) (Q)}
with the norm
lullp) = lul Lo ) + VUl Lo q) -
Proposition 2.1 ([16]) The spaces LP\®) (Q) and W'P(®) (Q) are separable and reflexive Banach

spaces.

Proposition 2.2 ([16]) Set p(u) = [, |u(z )P da. For any u € LP®) (), then
1) Foru#0, |ul,, =\ p(x) =1;
(=1>1);

2) fulyy <1 (=1>1) < plu) <1
- +
3) If ful,,y > 1, then |ulp ) < p(u) < |ul),
p* P
4) If uf, ) <1, then [uf,,\ < p(u) < |u|p(w),
5) kl{rfoc\uﬂp(x) =0 hI—&r-loop (uk) = 0;
6) kEr—iI-loo‘qu(aj) = +oo < Erfoop( k) = +o0.

Proposition 2.3 ([13,16]) If ¢ € C(Q) and q(x) < p*(z) (q(x) < p*(z)) for x € Q, then there
is a continuous (compact) embedding W1P(®)(Q) «— L1®)(Q), where

. NN—_’; if p(x) < N,
P +oo  ifp(x) >N

+ L. =1

Proposition 2.4 ([14,16]) The conjugate space of LP(*)(Q) is L4®)(Q), where q(w) @)

For any u € L) (Q) and v € L1®)(Q), we have the following Hélder-type inequality
1 1
uvdx‘g — 4+ —)|u|p) | V] g2 -
‘/Q (p* q*)l lp() V] q(2)

Let W, = {1}, that is, the subspace of WP(#)(Q) spanned by the constant function 1, and
Wo = {z € W@)(Q) : [, zdz = 0} which is called the space of functions of W?(*)(Q) with

null mean in 2. By Hahn-Banach Theorem, we can see that
wlp(@) Q) =Wy W,,
i.e., every function u € WP(®)(Q) is of the form

u = ug + «,
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where [, updz = 0 and o is a constant. Consequently, if (u,v) € WP@(Q) x W) (Q), then

(u,v) = (uo + a,vo + B) = (uo, vo) + (e, 3),

where [, ugdz = [, vodz = 0 and «, 3 are constants.
It is well known that the Poincaré’s inequality does not hold in the space WLP(””)(Q).

However, it is true in Wy as shown in the next lemma.

Proposition 2.5 (Poincaré-Wirtinger’s Inequality) There is a positive constant C' such that

Ul p(z) < ClVulp) forall ze Wy.

Proof Let ¢ : Wy — R be the functional given by ¢(u) = |V, for all u € Wy and S be the

manifold

S = {’LLG Wo : |u\p(T) :1}

Since ¢ is bounded from below on S and lower semicontinuous, it follows that there is a mini-

mizing sequence (u,) C S, that is,
¢ (un) —infe = @o 2 0.

Consequently, |unl,,) = 1 and there is a positive constant Cy such that [Vu,|,,, < C1, for

all n € N. From tlljl(ese facts we infer that the sequence (u,) is bounded in WP (Q). Then
there is a subsequence still denoted by (u,) which converges weakly in W) (Q). Without loss
of generality, we assume that u, — u in W'P(®)(Q). By virtue of compactness of the Sobolev
embedding we have that u, — u in L"®)(Q), r € C(Q) and r(x) < p*(z) for all z € Q. In
particular, 0 = [, updz — [, udz =0 and 1 = |un|,,) — [ulps) and thus u € S.

Let us show that ¢g > 0. Suppose on the contrary that ¢y = 0. In this case, up to

subsequences, we have

0= lm [Vinlpq = Tm (Vunlyq) + [tnlpa) = [tnlpem)

L (@) = [nly@) = Hmluallye) = Hmfunlyey 2 [ullp@) = lulpe

= |vu|p(w)v

which yields |Vul,,) < 0. Therefore, u(z) = Cy a.e., in Q, with Cs a real constant. Since

u € S C Wy, one has
/udx:/C’gdm:O
Q Q

and we conclude that Cy = 0, which is impossible because |u|,) = 1. Consequently, po > 0.
Thus,

o= lim |Vun|p(x) > |Vulpz)y > po-

n—-+o0o

Hence, ¢(u) = |Vulp) = @o, which shows that the infimum of ¢ is attained on S. Consequently,

o < |vu|p(w)
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for all u € Wy with |u|p(m) =1.1If0 7é u € Wy,

u | |Vu|p
p(z) |u\p () :

wo < |V
|u‘p(

It follows that .
|u|p(m) < ;|Vu|p(x) for all u € Wy,
0

which shows the Poincaré-Wirtinger’s inequality in Wj.
For every (u,v) and (g, 1) in W := WhP@)(Q) x Wha(@)(Q), let

F(u,v) ::/QF(uw)dm.

Then F'(u,v)(p, %) = D1 F(u,v)(p) + DaF (u, , where
D1 F(u,v) / ey (u,v)pdx
and
Dy F(u,v) / 0 (u, v)pde.

The Euler-Lagrange functional associated to (1.1) is given by

T, v) :J\?(/meuw(r)dm) +J\7(/ﬂm|wq<r>dx)—
f(u,v)—/Qpl(x)udm—/ﬂpg(x)vdm,

where M = fo 7)dr. It is easy to verify that J € CY(W,R) and (u,v) € W is a weak

solution of (1.1) if and only if (u,v) is a critical point of J. Moreover, we have

Jl(“a”)(@vw) = DlJ(uv U)(QD) + D2J(U7U)(¢)7

where

1
Dy J(u,v)(p) = M(/Q m|Vu|p(’”)dx) /Q |VulP@=2TuVpdz — D1F(u,v)(p) — /Qp1<,0d337

DgJ(u,v)(go):M</Qﬁ|Vv|q@)dx)/Q|Vv|q(m)_2VUV1/)dx—Dg}'(u,v)(z/J)—/ngz/de.

Let us choose on W the norm || - || defined by

(s )| = [lullpe) + [[0llg)-

3. Existence of solution

In this section we shall discuss the existence of weak solution of (1.1). For simplicity, we
use C, Cy, 1 =1,2,... to denote the general positive constant (the exact value may change from
line to line).

Before stating our results, we introduce some natural hypotheses on the righthand side of
(1.1) and the nonlocal coefficient M (t).
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(Hy) There is k > 0 such that F(u+ k,v + k) = F(u,v), for all (u,v) € R?.

(Hz) 3Imgo > 0 such that M(t) > my.

(H3) pi(z) € LP'®)(Q) with m + ﬁ =1, py(z) € LY@ (Q) with q(w) + le) =1 and
Jo pi(z)dz = [, pa(z)dz = 0.

Lemma 3.1 If (Hy), (Hz) and (Hs) hold, the functional J is bounded from below.

Proof Firstly, we shall prove that J is well defined. To do this, it is enough to show that F,
Jo prudz and [, ppvda are well defined. Since F'is continuous on [0, k] x [0, k] and F (u+k, v+k) =
F(u,v) for all (u,v) € R?, it follows that |F(u,v)| < Cjs, for all (u,v) € R?, and so
Flu,v) < Cs3|Q| for all (u,v) € W.
On the other hand, from (Hsz), we can easily see that [, piudz < Cy for u € Wr@)(Q) and
Jq pavda < Cs for v e Whal@)(Q).
Let us show that J is bounded from below. If (u,v) € W, u and v may be written as

u=ug+a and v=wvy+ [,

where o, 3 € R and [, updz = [, vodz = 0. Thus by Poincaré-Wirtinger’s Inequality, we have
mo mo
J(u,v z—/ VulP@ dz + —/ Vol?®) dz—
(o) =22 [ [u 2 [ vl
/p1 (uo+a)dxf/p2(vg+/8)dx706
Q Q
Zm—f / |VulP@ da + mff / |Vo|1®) dz — / prupde — / pavodz — Cg
Pt Ja at Ja Q Q
mo x mo z
2 /Q |Vul?dz + e /Q Vol e — |1y o) = P2l gy Volye) = Co

|vu0|p(z) - CS |p2|q’(m) ‘Vuo‘q(z) - CG

p'(z)

Zm—f/ |Vu|p(m)dw+@/ |Vo|?@dz — C7 |p1]

|Vu0|p I)} —|- mln{|Vv0|q($) |V110|q(z -

p(z)

mo
>— = min{|Vug|?

Cr |p1‘p’(:b) |VU0\p(z) Cs |P2|q/(a;) |vv0|q(z) —Cs.
Because the function

(s,8) — 2 min{s? ", s?"} + % min{t? 17} — Oy |p|

p+ S—Cg |p2|q,(z)t—C’6, S,tZO

p'(x)

is bounded from below, we conclude that .J is also bounded from below.

Theorem 3.1 Under assumptions (Hy )—(Hs), problem (1.1) possesses a weak solution (u,v) €
w.

Proof We shall find a critical point of the functional J. As J is a C' and bounded from below
functional, it follows from the Ekeland Variational Principle that there exists (u,,v,) € W such
that

J (Un,vn) — i‘I/‘l/fJ and J' (up,vy,) — 0. (1)
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For each n € N, we have

0 0
Up = Uy, +apn and v, = v, + By,

where a, and 3, are real constants and [, uddz = [, v)dz = 0. From (3.1) we have |.J (un, vy,) | <

Cy, for some positive constant Cy and for all n € N. We now use the Lemma 3.1 to obtain
+ +
P q

q(w)}_

Cio S% min{|Vu91|§(;) , |Vu91|p(m)} + % min{|Vv2|Z(;) , V02|

0 0
clprlp(zy V“n|p(m) = clp2ly ) |vv"|q(z) < G

which implies that the sequences ’Vu?l |p(z) and ’Vv are bounded. By virtue of the Poincaré-

g‘q(z)

are bounded too. Consequently, (u) is bounded

Wirtinger’s inequality ‘u and ’v ”

| ol

nlp(x) nlg(x)
sequences in W1HP@)(Q) and (v0) is bounded sequences in W14(*)(Q). It is obvious that there
exists constant k large enough such that a,, 8, € [0, k] for all n € N. So (u,,) is bounded sequence

in W) (Q) and (v,,) is bounded sequence in W4 (Q). Hence, up to a subsequence, we have

(Un,vp) = (u,v) in W,
/plundxﬁ/pludx, /pgvndxe/pgvda:
Q Q Q Q

(tn,vn) — (u,v) a.e. in Q.

and

Due to the continuity of F, F (uy,v,) — F(u,v) a.e., in Q and because |F (u,(x),v,(z))| < Cs
for all n € N a.e., in 2, we may use the Lebesgue dominated convergence theorem to conclude
that

/QF(un,vn)dxﬁ/QF(u,v)dx.

On the other hand, by Proposition 3.1 of [31], we have

i [ V@) < tim 3 /Q |V e

) p() n—o0 p(x)
and ) )
M /—Vv 1) qr) < lim M /—an () qg ) .
(J, sty vvieedn) < tim NI( [ 2o 9 jds)
Consequently,

i‘l/qvf,] = lim J(up,vn) > J(u,v),

n—-+oo
which implies that J(u,v) = infy J. Since (u,v) € W and is a weak solution of problem (1.1),
we conclude that such a function satisfies the Neumann boundary condition in the trace sense.
This finishes the proof of the theorem. (I
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