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1. Introduction and main results

In recent years, a great deal of attention has been paid to the study of prob-
lems involving nonlocaloperators, both in the pure mathematical research
and in the concrete real-world applications, such as, optimization, finance,
continuum mechanics, phase transition phenomena, population dynamics,
and game theory, see [7, 8, 6] and references therein.

In this paper, we are interested in the existence of weak solutions for
the following fourth order elliptic equations of Kirchhoff type, with an ad-
ditional nonlocal term,

1 . ,

_— (z) 2 _ )—2 (2) )
M ([ i) A5u =2 [ e n g
Au=u=0 on 09,

(1.1)
where Q ¢ R (N > 1) is bounded smooth domain, Az(x)u = A(|AufP®) =2 Aw)
is the p(x)-biharmonic operator, A\, > 0 are real parameters and p,q €
Ci(Q) ={h:heC(Q);h(z) > 1,V € Q}. Here M : [0,+00) — R is a
continuous function satisfying condition which will be stated later.

Since the two equation in (1.1) contains an integral over €2, it is no
longer a pointwise identity; therefore it is often called bi-nonlocal problem.

/ —— | AulP®dg and / \u!‘Z(I x.
Qp( )

As it is well known, the interest of such problems comes from the fact
that Kirchhoff type problems usually model several physical and biologi-
cal systems, where u describes a process which depends on the average of
itself, such as the population density. Moreover, problems like (1.1) is re-
lated to the stationary version of a model, the so-called Kirchhoff equation,
introduced by Kirchhoff in 1883 (see [11]). To be more precise, Kirchhoff
established a model given by the equation

> 022 =9

0%y PO /
P or 3
where p, Py, h, E, L are constants, which extends the classical D’ Alambert’s
wave equation, by considering the effects of the changes in the length of
the strings during the vibrations.

In recent years, there has been increasing attention to study a problem
like (1.1) because such equations can describe some phenomena appeared in
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physics and engineering, such as describing the theorem of beam vibration,
image processing, and so on.
In [8], the authors studied the following Kirchhoff equation

1 1 r

-M (/ —1|Vu p(x)dx) At = Au|1@) =2y, [/ —u q(z)da:} in Q
apa) pioyt = A rou

u=20 on Of).

(1.2)

By using variational methods, they proved several results on the exis-
tence of positive solutions.

In the [7], the authors study the existence and multiplicity of solutions
via Krasnoselskii’s Genus, to the following bi-nonlocal p(x)-Kirchhoff equa-
tion,

{ —M (/Qzﬁ]Vu\p(x)d:L) Apyu = f(z,u) {/Q F(:v,u)d:cy in Q,
u=0 on 0f),

(1.3)
t
with F(t) = / f(s)ds, where f: R — R is a given regular function.
0
The p(x)-biharmonic problem is the general form of the p-biharmonic
problem. The operator is no longer a satisfied homogeneous and pointwise
identity. Many authors have studied the following problem (see for example

[1],[2],[3],[41,[5])

A(|AulP@)=2Au) = f(z,u) in €,
u=Au=0 on O

(1.4)

In [1], when f(z,u) = A|u|9®) =24, the authors proved the existence of
many eigenvalue sequences via Ljusternik-Schnirelmann theory on C'—manifolds.
In [2], through the mountain pass lemma and Ekelands variational princi-
pale and under a suitable conditions, they established the existence of a
continuous family of eigenvalues. When f(z,u) = AV (z)|u|?®) =24y in prob-
lem (1.4), many existence and nonexistence results are obtained [4, 5].

In the literature, biharmonic equations with a nonlocal term have re-
ceived more attention and have been the subject of extensive study, we refer
to [13, 14, 15, 16, 17] for more detail. To the best of our knowledge, the
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study of elliptic problem with bi-nonlocal terms of the form (1.1) possesses
more complicated because there is no maximum principle for the bihar-
monic problem and the combined effects of the bi-nonlocal terms provoke
some mathematical dificulties. As far as we are aware, bi-nonlocal problems
like (1.1), have not yet been studied. That is why, at our best knowledge,
the present paper is a first contribution in this direction.

Motivated by the above works papers, the chief aim of this article is to
research the system (1.1) under appropriate conditions.

Let us define, for every = € €,

Np(x
) = { Yooty p(@) s 7
400 p(r)5.

*

P*(

Throughout the paper, we will assume that:
(H) 1 <p(z) <& with 1 < g(z) < p*(z) for all z € Q,
(M) There exist my > mg > 0 such that for all t € R, mg < M(t) < mj.

Here, problem (1.1) is stated in the framework of the generalized Sobolev
space
X = {W2(Q): u=0and Au=0in 00}

for witch some stated elementary properties are stated below.
By a weak solution to problem (1.1) we understand a function
u € X \ {0} such that

M(/ L]Auyl’(@dw)/ | AuP@ =2 AuAvda
o p(z) Q

A /L"LL|Q(I)d{L{| /\u|Q(“)*2uvdm, Vv e X.
 q(x) Q

The energy functional corresponding to problem eq:Robin is defined as
Hh: X —-R

Ja(u) = NI (/Q ]%@\Au]p(”’)d:r) - 7«%1 UQ ﬁ\u!q(f”)dw

r+1

i

3 t
where M(t) = / M (s)ds.
0
It is well known, Jy € C1(X,R) and

Ji(u)(v) = M (/ L\A1L|79(95)da:)/ | AuP@ =2 AuAvda
a p(z) Q
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T
~ [/ L’u‘q(x)dx} / |u|9®) 2y d,
o q(z) )
for all u,v € X.

Thus, the weak solution of problem (1.1), coincide with the critical point
of J -
Define the mappings T, G : X — X’ by

T(u) = M(U)Lp(m) (u)7

and

where

(Lp(ay (u),v) = / |AuP@ 2 AuAvds Yu,v € X, Blu) =
Q

1 '
L@y ]
/Qq(w)|u| )

and
(N(u),v) :/ lu|?® " 2yudz Yu,v € X.
Q

We can write Jy as
Ia(u) =T(u) — AG(u).

Now, we are ready to give the main results of our paper.

Theorem 1.1. Under the conditions (H) and (M). In addition, assume

+ —\(r+1) 1

g TP _ )+ )
mo ()

problem (1.1) possesses a nontrivial weak solution.

and p™ < q~(r +1). Then, for all A > 0,

Theorem 1.2. Under the conditions (H) and (M). If p~ > ¢t (r +1).,
then, for any A > 0, there exists a sequence (uy) of non trivial weak solu-
tions for problem (1.1) such that u, — 0 in X.

The remainder of this paper is organized as follows. The section 2
countains some preliminary properties concerning the generalized Lebegue-
Sobolev space and embedding result. The proofs of main results are given
in section 3.
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2. Preliminaries

In this section, we first recall some basic results, which will be used in the
next section.

Firstly, we introduce some theories of Lebegue-Sobolev spaces with vari-
able exponent. For details, see [9, 10]. Define

Vh € C4(Q),h~ = minh(x) < ht = max h(z).
e e

For p € C(Q), we define the variable exponent Lebegue space
LP@Q)={u:Q—R mesumble;/ lu(z)[P® de < oo},
Q
with the norm

p(x)
dx <1},

u
z) =1 >O:/'—
Ul p(z) = inf{p oz

and it is a separable and reflexive Banach space.

Proposition 2.1. ([9]) For u € LP®)(Q) and v € L1®)(Q), we have

/ uvdx
Q

1 1 _
Wherem—i-m—l.

< (o= + =) ulpiolo
=\p- p(2)Vlg(z)

Proposition 2.2. ([9]) Let p(u) = / luP@de. For u,u, € LP@)(Q), we
Q

have
L |ulp@) <1 (resp=1,>1) < p(u) <1 (resp = 1,>1).

pt ).

: - + -
2. mm(]uﬁ(x), |u|£(x))p(u)maa:(]u|§(x), |u|p($)

3. |up(x) — 0 (resp — o0) < p(uy,) — 0(resp— o0).

Ip(a)
Define the variable exponent Sobolev space, for any positive integer k,
set
WEP@(Q) = {u € LP@(Q): D e LP@(Q), |a| <k},
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N
where o = (o, g, ....., ) is a multi-index, |a| = Zai and
i=1

[o]
Dau — o 0%
1 AN 9
Oz *...... Oz

with the norm

I lep@= D | D% |y -
loo| <k

Then, kap(x)(Q) also becomes a seperable, reflexive and Banach space.

We denote by Wé’p(x)(ﬂ) the closure of C§°(Q2) in WHPE)(Q).

Definition 2.3. Assume that spaces E, F are Banach spaces, we define
the norm on the space ENF as || u||=||ul|lg + | v]|F -

From the above definition, we can know that for any u € X, || u || x=]|
U [l1p) + | ll2p()s thus || [ x= [ulp@) + [Vilp@) + Xja=a | DU [pe) -

In Zanga and Fu [18], the equivalence of the norms was proved, and it
was even proved that the norm |Au(z)|,(,) is equivalent to the norm || u || x
(see [[18], Theorem 4.4]). Let us choose on X the norm defined by

[ [|= 1Au(z)]pe)-

Note that, (X, || . ||) is also a separable and reflexive Banach space. Similar
to Proposition 2.1, we have the following

Proposition 2.4 (1). Let I(u) = / |AuP®de. For u,u, € LP@)(Q), we
Q
have
1. |ull<l(resp=1,>1) < I(u) <1 (resp =1,>1).
2 min(| w7, | 7 ) umaa() w7 ).
3 | up —ul|— 0= I(u, —u) — 0.
Remark 2.1 Let h € C(Q) and h(z) < p*(z) for any z € Q. Then,

by [[1], Theorem 3.2], we deduce that X, is continuously and compactly
embedded in L*®)(Q).
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Proposition 2.5 (2). i)- N is completly continuous, namely, u, — u
in X implies N(u,) — N(u) in X'.

ii)- L,y satisfies condition (S.), namely, u, — w and limsup(Ly(z)(un), tn—
w) <0, imply u, — u in X.

We need the following Symmetric Mountain Pass lemma to prove the-
orem 1.2.

Theorem 2.6. ([12]) Let X be an infinite dimentional Banach space and
I € C'(X,R) satisfy the following two assumptions:

(A1) I(u) is even, bounded from below. I(0) = 0 and I(u) satisfies the
Palais Smale condition (PS), namely, any sequence u, in E such
that I(uy,) is bounded and I'(u,) — 0 as n — oo has a convergent
subsequence.

(A2) For each k € N, there exists an Ay, € I'y, such that sup J(u) < 0.
u€A

Then, I(u) admits a sequence of critical points uy, such that
I(ug) <0, up #0 and liinuk =0,

where I', denote the family of closed symmetric subsets A of E such that
0¢ A and y(A) > k with y(A) is the genus of A, i.e

Y(K) =inf{k € N :3h: K — RM\{0} such that h is continuous and odd}.

3. Proof of Theorems 1.1 and 1.2

Proof of Theorem 1.1.

For applying the Mountain Pass Theorem. We start with the following
lemmas.

Lemma 3.1. There exist p,C" > 0 such that J\(u) > C' for all u € X
such that ||u|| = p.
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Proof. Recalling that

mo A 1
> 0 p@) gy _ 2 [/ = qyla(®@)
Ia(u) > e /Q |AuP* dx 751 Lo 70 |u| T dx

In other hand, since q(x) < p*(x) for all z € Q, it follows that X in
continuous embedded in L) (Q). So, there exists a positive constant C}
such that

r+1

(3.1) |u|q(m) < ClHUH7 Yu € X.

Let us fix p € (0, 1) such that p < C% Then relation p4 implies |u|y(,) <
1, for all uw € X with ||u|| = p.
By proposition (2.2) and immersions Sobolev, we have

1l < Jult, < €F Jlull”, Vue X,

it follows that,

mo o+ A ~(r+1) o (r
Aw) 2 R 1)<q_)r+1CiJ )ty
A _
7 (r+1)—p*
= (s DT )

mo A

pr (P +1)(g )Y
strictly positive an neighborhood of the origin. So, we find positive numbers
p, C' such that

Since ¢~ (r+1) > p™, the function p — Cp? (r+)-p*

Ia(w) = ¢l = p.
O
Lemma 3.2. There exists e € X with ||e|| > p such that Jy(e) < 0, where

p is given in lemma 3.1

Proof. Choose @b € Cg°, ¥ #0. For t > 1, we have

myt?” . g (1) i
Ta(ty) < — /|A¢|p( dﬂ?‘ﬁ TORE (/ 7 dﬂﬁ) :

Using the fact that ¢~ (r + 1) > p*, we obtain J)(t1)) — —oco as t — +oo.
Therefore, for ¢ > 1 large enought, there is e = ¢ such that ||e|| > p and
Jx(e) < 0. This completes the proof. O

Lemma 3.3. The functional Jy satisfies the condition (PS).
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Proof. Let (u,) C X be a sequence such that,
Ix(un) — d and Jy(up) — 0 in X'
By contradiction suppose that

||lun|| — 400 as n— oo and |ju,|| >1 for any n.

+ —\r+1
Thus, taking TP g < w,
mo (¢")
d+ 1+ funl| > Ja(un) = 55 (un)un .
mo mq b
> (o7 - 7)/9\Aun\ dz
1 1 o(@) r+1
X (s — @) ( /Q [un] dz)

This contradicts the fact that p~ > 1. So, the sequence (u,,) is bounded
in X. By the reflexity of X, for a subsequence still denoted (uy,), such that

up, — u in X. From
J5(un) — 0,

we have
I3 () (uy, — u) — 0,

that is,

M(un)/ \Aun\p(:‘)_2AunA(un—u)d:B—/\B(un)/ |t | 7 204, (g, —u)daz — 0.
Q Q

By the Holder inequality, we obtain

’/ |t |7 20, (uy, — w)dx
Q

< | a7 =) < Clan| 07 (=)o
Q

q(x)
q(z)—1

Since q(x) < p*(x) for all z € Q, we deduce that X is compactly embedded
in L9(*) hence (u,) converges strongly to v in LI(*), then

/ || 7®) =20, (w0 — w)daz — 0.
Q

On the other hand, when (uy,) is bounded, there exist positive constants c¢;
and ¢y such that
c1 < B(uy) < co.
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So, we have G(uy,)(un —u) — 0. We may assume that, there exist positive
constants ¢z and ¢4 such that

< M(un) < C4,
we have also

Ly (un) (up —u) = /Q | At [P =2 Aty Ay, — w)dz — 0.

According to the fact that Ly, satisfies condition Sy, we have u, — v in
X. The proof is complete. O.

Proof of theorem 1.1. From lemmas 3.1 and 3.2, we deduce

max(Jx(0), Jx(e)) = Jr(0) < inf Jy(u)=p.

llwll=p

By lemmas 3.3 and the mountain pass theorem, we deduce the existence of
critical points u of Jy associated of the critical value given by

c:=inf sup Jy(v(t)) > B,
Y€l tef0.1]

where I' = {y € C([0,1],X) : v(0) = 0 v(1) = e}. This completes the
proof.

Proof of Theorem 1.2.
We start with two auxillary results.

Lemma 3.4. The functional Jy is even, bounded from below and satisfies
the (PS) condition , J(0) = 0.

Proof. It is clear that J) is even and Jy(0) = 0. Recalling that, for all
A > 0, we have

~ 1 1 r+1
N ZM(/—Aup(x)dx)—i / —— |u]?®) g
A QP($)| | rl Qq(:n)| | "
1 T
> m—B/ | AulP@) da — / —|u|?= d:r]
r+1 LJa g(z)
AulP@ g A 1 (@) g r
> o x — T
- p+/Q| U| € +1( )T+1 / |U| €L
Considering Proposition (2.2),(2.4) and Sobolev immersions, we get
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NORES Y RN I | 1l da
m . 1 r+1
> [ (8Os — Lo [maa (. )
1 _ _ r+1
> 22 [ Aupds - e [maa{C7 i, €7 )
T 1) r
> mafulr” —%Cg TL lu Hq*( +)

for all ||u|| large enough. As p~ > ¢t (r+1), Jy is bounded from below and
coercive become, that is, Jy — oo as ||u|| — oco.

It remains to show that the functional .J satisfies the (PS) condition to
complete the proof. Let (u,) C X be a sequence such that,

In(un) — Cx and Ji(up) — 0 in X'

Then, by the ceorcivity of Jy, the sequence (u,) is bounded in X, and
similar arguments as those used in the proof of lemma 3.3 completes the
proof. O

Lemma 3.5. For each n € N*, there exist an H, € I';, such that

sup Jy(u) <0.
ueHy,

Proof.  Let v1,v2,v3, ....., v, € C§°(2) such that supp(v;) N supp(v;) # 0
if ¢ # j and meas(supp(v;)) > 0 for ¢,5 € {1,2,3,4,...,n}. Take F,, =
span{vi,ve, Vs, .....,vn }, it is clear that dimF, = n and

/ lo(2)|9®dz > 0, forall ve F,)\{0}.
Q

Denote S = {v € X : |[v|]| = 1} and Hy(t) = t(SNF,) for 0 < ¢ < 1, one
has, 17" < 44(@) and @) < tP ., we have

sup Jy(u) < sup Jy(tv)

uEHy (t) vESNF,
_ 1 (@) A 1 r+1
= sup (M / — | Atv [P\ dx / — |t @ dz
vESNF, Q p(x) S+ r+1 q(z)
mytP / A pat(r+l) (/ @) )TH
< su Ay [Pl —_— v|1%® dx
- veSrIW)Fn P Al 41 (gH) 1 g v

- (M1 A 1 1 r+1
< Pl —=- q(x) '
o UGS;FPF,L t (p_ r4+1 (q+)7‘+1 tp*7q+(7«+1) </Q ’U’ d.’L')
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Since m = min / [0]7@) dz > 0, we may choose t, € (0,1] which a
vESNF, JQO
small enough such that
my A 1 1

This completes the proof. O

Proof of theorem 1.2 From lemmas 3.4, 3.5 and the symmetric mountain
pass lemma, we deduce there exists a sequence nontrivial weak solutions
(un)n such that for any n, we have

up =0, Jy(up) =0, Jy(un) <0, u, — 0.
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