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p(x)-Kirchhoff bi-nonlocal elliptic problem driven by both
p(x)-Laplacian and p(x)-Biharmonic operators
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ABsTRACT. We investigate the existence of non-trivial weak solutions for the following p(x)-Kirchhoff bi-
nonlocal elliptic problem driven by both p(x)-Laplacian and p(x)-Biharmonic operators

M(o) <A§<x>u - Ap(x)“> = A8 (x) 102w ( J 38 |u|@<x>dx) inQ,
u e WPt (Q) nwy (),

under some suitable conditions on the continuous functions p,q, the non-negative function ¢ and M(c),
where

|Au|P®) | Vu|p)
Ja p(x) p(x)

Our main results is obtained by employing variational techniques and the well-known symmetric mountain
pass lemma.

dx.
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1. Introduction

Intense research has been put into the study of variational problems with operators that have
variable exponents over the past ten years. These problems, which are frequently referred to
as nonhomogeneous eigenvalue problems, have a characteristic that makes it more difficult to
use many of the methods employed if the exponent is a positive constant. In many fields, such
as image processing [14], heat transfer problems [4], fluid flow problems [19], and structural
mechanics problems [18], these nonhomogeneous eigenvalue problems have wide and useful
applications.

The main objective of this work is to look into the existence of weak solutions for a p(x)-
Kirchhoff bi-nonlocal elliptic problem in a bounded domain Q of RN with smooth boundary.

(Py) : M(o) (Ai(x)u—Ap(x)u) = Ad(x ]u‘q <f0 ‘u|4 ) in Q,
u e WO (Q) N (),

where p and g are continuous functions on (), A and  are a positive reals, M(¢) is a continuous
function with

|Au‘p(x) N \VM‘W)
o p) p(x)
ol = A(|Au|P™)=2Au) are respectively the p(x)-Laplacian

o=

Apx) = div(|Vu|P¥)~2Vu) and A’%

operator and the p(x)-biharmonic, and ¢ € L") is a nonnegative function with m € C, (Q).
The terminology “bi-nonlocal” originates from the fact that the equation in (P,) contains the
following two integral over ()

|Au,p(x) |Vu,p(x) B(x)
dx and q(x
0 p0 T pl) Nl

with u depicts a process that focuses on the average of itself like the population density, and
which no longer exist as pointwise expressions when modeling biological systems. Addition-
ally, they depict several pertinent physical and engineering conditions (such as image process-
ing, describing the theorem of beam vibration, etc) and requires a nontrivial apparatus to solve
them. We point out that the research has been active in studying the problems that contain
nonlocal terms since the appearance of the work of Kirchhoff [15], in 1883, in which was stud-
ied the following hyperbolic problem that expands the traditional D’ Alambert’s wave equation
by taking into account the impact of variations in string length throughout vibrations

0u po
Paf—( L/| )Mz 0,

such that p, po, h, E, L are constants. During the last decade, there were many works concerning
similar problems by involving the variable exponent theory. In 2014, Corrta and ACDR Costa
[5] have showed several results concerning the existence of positive solutions of the problem
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defined by

{M(fQ ﬁWuV(")dx) Apyt = /\|u|ﬁ(x)_2u(f0 ﬁluw(’f)dx) in (), (1.1)
u=0 on dQO.

In 2017, Allaoui and Darhouche [1] are focused in the existence of solutions to the problem that
contains a (p1(x), p2(x))—Kirchhoff-type equations with Dirichlet boundary condition, which
is presented as follow

—M (fn ﬁ’v”’p(x)dx) Apy ()t = M2 < Ja pz%x) ’V“|p(x)dx) Apyut = f(x,u) in 0,
u=0 on 0dQ,

and established several conditions on the existence of solutions using variational methods
and the theory of the variable exponent Sobolev spaces. Recently, Lee et all [17] studied the
following elliptic equation:

1 _ .

M ([ 57 TV ) Ay O P2 = Af () i RY,
and used abstract critical point results for an energy functional fulfilling the Cerami condi-
tion to calculate the precise positive interval of A where the problem permits at least two
nontrivial solutions. Very recently, Jaafri et all [12] established the existence of a sequence of
weak solutions of a similar problem with Navier boundary condition where the expression

"M ( Ja ﬁmuyr’(")dx) A%(x)u” is used in place of the expression on the left side of (1.1).

Motivated by the works in [5] and [12] we prove the existence of a sequence of weak solutions
of (P,), and this is according to the conditions from which we proceed. To the best of our
knowledge, this work is the first involving both p(x)-Laplacian and p(x)-Biharmonic operators
on one side and nonlocal terms and weight on the other, which could open up new research
directions, at both the theoretical and applied levels.

The article is arranged as follows: We first review several fundamental concepts and prop-
erties. The existence of non-trivial weak solutions to the problem (P, ) is the focus of Section
3. Finally, we will compare our results with existing ones.

2. Definitions and fundamental properties

The problem (P,) requires the introduction of some fundamental properties of Lebesgue-
Sobolev spaces with variable exponent (to learn more, see [16, 11, 10]) and some properties
of the operators existing in (P,), which permiting our functionals to fulfill the hypotheses, in
order to guarantees the mains results.

First let p be a Lipschitz continuous function on Q, verifying

1<p :=minp(x) < p" =maxp(x) < co.
xeQ) xeQ)
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Set
C+(Q):={f:feC(Q),f(x)>1, foreachx € O},
and define
LP¥)(Q) = {v: O — R measurable : Qp(x)(lv(x)’p(x)) < o0},

where ¢, is the modular functional defined on L” (¥)(0) as follows
P(*) gy
[ ol ax
The norm which is described as follow
|U|p(.) = inf{l/ >0: Qp(x)(

is endowed in the space LP(¥)(Q)).
Notice that if p(x) is equal to a p € R, then LP(¥)(Q) is the classical Lebesgue space L (Q})
1

0

) <1,

1%

and the norm |v|,,(,) is the standard one |[v||.» = (fQ |U|de) "in LP(Q)).
Similar to the constant exponent case, we consider for each positive integer k
WP () = {v e LPM)(Q) : DYv € LPY)(Q), |v| < k},

such that v = (71,...,vn) is a multi-index, |y| = YN, v; and D7v = %
WkP()(Q) is equipped with the norm

||U||k,p(x) = Z |D%0|P(x)’
lv[<k

. The space

is a reflexive and separable Banach space. W(l)c,p () (Q) is the closure of CP(Q) in WEP()(Q).

In what follows, we set X := W27 (Q) N Wg #C) (Q)) and see that weak solutions of problem
(Py) are taken in X, with the following norm

[l oy = [B0],) + VO,

According to [20], let us notice that the norms |[v||,() and |Av|, ) are equivalent. They are also
equivalent to the norm defined by
p(x)
>dx <1 }

o] = iﬂf{K >0: /Q (’AUT(JC) " + ‘Vv—(x)
Ap(v) :/Q(|Av(x)|P(x)+|vv(x)|p(x))dx.

K

Proposition 1. Assume that for each v € X

Then
o o] <1(=1,>1) & Ap(v) <1(=1,>1),
o o <1=Jolf,, < Ay(0) < o],
p(x) = 7P — p(x)’

- +
o ol > 1= o], < Ap(@) < oI,
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o [[oall = 0= Ap(vn) =0,
o [0, = 0= Ay(vy) — 0.

The above statements can be proven in the same way as in [8, Theorem 1.3].

Proposition 2. [6] Let p and q be two measurable functions verifying p € L*(Q)) and for all x € Q)
one has 1 < p(x)q(x) < oo. Then we have for each v € L1 (Q),v # 0

+ X
oy S 1= 1ol < [l

.
q(x) = |U|p(X)q(X)’

ol 2 1= [ol] g0 < [P

p+
x) = |U|p(X)q(X)'

Lemma 3. [7] A2 : W™ (Q) — W 20'0)(Q)) is belong to the class (S.); that is, if v, —
v in Wg’p(')(Q) and limsup(Afo(.)Un,vn —v) <0, therefore v, — v in Wg’p(')(ﬂ).

n—oo
Lemma 4. [9] -4, : W&’p(')(ﬂ) — ng’pl(')(Q) is belong to the class (S).

Proposition 5. (Holder inequality) Assume that p’ is the conjugate function of p. Then for each
u e LPO(Q) and v € LP'0)(Q) one has

1 1
ool < (5= + 2= ) Wl lolyo < 2Dl oo

. 1 1 1 ;
Furthermore, if p1, p2, p3 € C+(Q) such that o T e Ty = U then according to [9,

Proposition 2.5] we have for all u € LX) (Q), v € LP2Met w € LP3(¥)

/ |uvw|dx < (i g i) [ty ) [0 ) [0 s ()
Q P1 2] Ps3

Theorem 2.1. [3] Assume that p,q € C(Q)).
If g(x) < p*(x) where
Np(x) N
p*(x) = { N=2p(x)’ p(x) <2,
too,  p(x) >4,
then there exists a compact and continuous embedding X — L1¥)(Q)).

In what follows, it is assumed that ® € C!(X,R) with X is a Banach space.

Definition 2.1. Let up € X and k = ®(up). If ®'(up) = 0, then k and ug are called respectively
a critical value of ® and a critical point of ®.

Definition 2.2. The Palais-Smale condition (PSC) is said to be satisfied by a functional ® at the
level k (k € R) if for all sequence {uy,},en of X verifying ®(u,) — k in R and ®'(u,) — 0
in X* (the dual space of X) it is possible to extract a sub-sequence strongly converging to a
critical point of @ in X.
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Lemma 2.1. If ® satisfies the (PSC) at the k level (k € R) and is bounded from below, then ® reaches
its minimum k.

Theorem 2.2. [2](Mountain pass Theorem) Consider a real infinite dimensional Banach space
X. If ® € C'(X,R) checks the following conditions

(1) @’ is Lipschitz continuous on bounded subsets of X,

(2) ®(u) verifies the (PSC),

(3) (0) =0,

(4) there are positive constants R and C that satisfy ®(u) > C if ||u|| = R, and there exists
w € X with ||w|| > R such that ®(w) < 0.

Then
¢ = inf sup @ (7(t)),
€l tejo]
is a critical value of ®, where

I'={te€C(0,1],X): t(0) =0,7(1) = w}.

Theorem 2.3. [13](Symmetrical mountain pass lemma) Let I';; be the family of closed symmet-
ric subsets H of X with 0 ¢ H and v(H) > n where (H) is the genus of H, i.e.,

y(H) =inf{n € N:3g¢: H — R"\ {0} such that g is an odd continuous mapping }.

If ® checks the following conditions

(1) ®(u) is even,
(2) ©(u) is bounded from below,
(3) ©(0) =
4) ©(u) Ver1f1es the (PSC),
(5) Vn e N, 3H, € T, : supP(u) < 0.
u€Hy
Then, each ¢, := inf sup ®(u) is a critical value of ®. Furthermore, ® admits a sequence of
nueH
non-trivial critical points {u,} verifying

®(uy,) =0, D(uy,) <0 and liign u, = 0.

3. Main results

In this section, using mountain pass theorem and under some conditions we show in the first
result that the problem (P, ) has a non-trivial weak solution, and using symmetrical mountain
pass lemma and other conditions we prove in second result that there is existence of a sequence
of non-trivial weak solutions of (P), and this for each strictly positive A and subject to the
following conditions

(A1) 1<q(x) <plx) < <m(x) with q(x) < p*(x) for each x € Q.
(A2)  ® € L™ (Q) such that there is a measurable set Oy C Q) verifying

d(x) >0, for each x € Q.
(Az) There exist 61 > 6y > 0 such that 6y < M(t) < 01 for each t € R™.

(3.1)
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%. By (A1) one get
for all x € Q, 7(x) < p*(x) and m'(x)g(x) < p*(x). Hence, according to Theorem 2.1, the

embeddings X < L™ ()41(*)(Q) and X — L7 (Q) are compact and continuous.

Let m’(x) be the conjugate exponent of m(x) and consider 77(x) :=

Definition 3.1. A fixed point u € X is called a weak solution of (P,) if for each v € X one has

B 3 _ d(x)
p(x)—2 VulP®) -2y, v — q(x)-2 hASAPATICY)
M(a)(/ (|Au| Aulv+ |Vl uVo) dx) /\/ |u] uvdx(/ e |u] dx) .

In the case where u # 0, it is said that A is the eigenvalue of (P)).

The energy functional &, : X — R associated to (P,) is set as follows

o AuP®) )P A 9) )
CDA(u)_M(/Q P P dx)_r+1</nq(X)|u|q( )dx) /

such that M(c) = [ M(s) ds.
It is easy to show that ®, € C!(X,R) and that for each u,v € X one has

@'\ (u) (v) =M(U)( /Q (|Au|PO2Aunv + [Vu|PH) =2V uVo) dx)

—/\( A jgz)>|u|”’(x)dx>r [ 0G0l 2w

Consequently, the weak solution of problem (P, ), coincides with the critical point of ®,.
We consider the functionals ¢, x : X — X* defined as follows

¢(u) = M(u)F(x)(u),

and

where for each u,v € X
(F(u),v) = / (JAuPO2AuA0 + | Vu|PX=2VuVo) dx,
0

r
) = (28 upran) and (), 0) = [ B00lalt) Puois.
We are able to write @, as follows:

D (u) = @(u) = Ax(u).

Now, we can introduce our first main result.

Theorem 3.1. Assume that
(i) conditions (A1), (A2) and (As) stated in (3.1) holds,
(i) p™ <qg (r+1),
oy Opt ()Y (1)
(iii) =5 - < CiDE
Then for each A strictly positive, the problem (P,) admits a non-trivial weak solution.
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Proof. The proof consists of three steps:
Step 1: There are two strictly positive reals R and C satisfying

®, (1) > C for each u in X with [|u]| = R. (3.2)
Recalling that

6o A B(x) rH
> 29 p(x) p(x) — / q(x) )
D) (u) > = /Q(|Au| + |Vu|PY) dx . 1{ Qq(x)|u| dx

First, through the continuity of the embedding X — L™ (4()(Q) we get the existence of
Cy > 0 such that for all # € X one has

|u|m’(x)q(x) < Cl””“' (3.3)

Let us fix R € (0,1) with R < C% Hence by (3.3) one has for any u € X, [u,r(y)q(x) < 1 with
||| = R. Then, one get

/Qﬂ(x)luw(x)dx < |l9|m(x)||u|q(x)|m/(x) < |l9|m(x)|u|qm/(x)q(x); (3.4)

for any u € X with |lu|| = R.
Using (3.3) and (3.4) together, we deduce that

9(x) [ulf@dx < C] |0 T,
[ 8l < €T (8l 1]

for any u € X such that ||u|| = R.
It follows that,

Oo op+ A q-(r+1) | o1r+1 pg~ (r+1
D) (u) > pTRp . (r+1)(q*)r+cl Wls(x)Rq i
6 A - - +
> ppt (Y0 g (r+1)) gr+1 e~ (r+1)=p* |
> R (2~ et IR

From (ii), we deduce that, in a neighborhood of 0, the function
% A g (1) | 4 (r+1 pq- (r-+1)—p*
R+— — — R (r+1)—p
MR e
is strictly positive. This implies the existence of the positive numbers R, C satisfying (3.2).
Step 2: There is w € X with ||[w|| > R and ®,(w) < 0.
Let ¢ € C3° with ¢ # 0. For t > 1, one has

017" AU r
< p(x) Py gy — / 4(x) ,
u(tg) < = [ AP Vgl v — T ([ elgl i
From (ii) one get ®)(typ) — —oco as t — +oo. Consequently, there exists w = t¢ which
verifies that ||w|| > R and &, (w) < 0.
Step 3: The function ®, satisfies the (PSC).
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Consider a sequence (u,) C X verifying ®,(u,) — d and @) (u,) — 0in X’. Assume that
(un) is not bounded and ||u,|| > 1, Vn € IN.

+ —\r+1
Hence, by choosing 919_13 <T< %, we obtain

1
d+ 1+ [Jun]| = §p(un) — ;q);t(“n)”n

> (ﬁ—i - 9—;) (/Q(munv’(x) + | Vun|P)) dx),

o (r(;*)’ - (q‘)”}(r + 1)) ( /n Bl W(x)dx) ’“’

which contradicts that p~ > 1. Thus, the sequence (u,) is bounded in X, therefore as X is
reflexive, it follows that there is a subsequence still denoted (1), that satisfies u, — u in X.
Since

@' (uy) — 0,
then
D) (uy) (un —u) — 0,

and so
M(uy) ( / | (Dt [P 2 A A1ty — 1) + [Vt [P 2V 0,V (11 — u))dx)
o)
—AB(uy) / |1, | 7 =200, (1, — 1)dx — 0.
0}
From Proposition 5, one get

|79 2 o = )| <[ 7907 (= ) x| < Claal ") = 1)

q(X)fl

Hence X is compactly embedded in L) since for each x € Q) : g(x) < p*(x). Therefore (1)
converges strongly to u in L1*), Consequently

/ 14|99 200,, (w1, — u)dx — 0.
Because (u,) is bounded, there is c1, ¢, > 0 such that
c1 < B(uy) < cp.
Hence G(uy) (1, —u) — 0. We can suppose that, there is c3,cs > 0 satisfying

c3 < ]\7I(un) < ¢y.
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In the other hand, one has
L) () (s — 1) = /Q | At PO 2 At A (11 — 10)dx — 0,

and
Ky (x) () (un — u) = /Q Vit [P 2V 10, V (1, — u)dx — 0.

Since L, ;) and K,y is belong to the class (S. ), one obtains u, — u in X.
Now, by Step 1 and Step 2, we obtain

max(P,(0), Py (w)) = P (0) < HuiﬁliR Dy (u) = B

Thus, from Step 3 and the mountain pass theorem, we reach the conclusion that there exist a
non-trivial weak solution u of (P,) related to the critical value of ®, provided by

c:= inf sup ®,(t(t)) > B,
€l 4e(0.]
where

I ={rec([01],X):1(0) =0,7(1) = w}.

In the following, our second main result where we show that it exists of a sequence of
non-trivial weak solutions of (P,).

Theorem 3.2. Suppose that conditions (A1), (Az) and (Aj3) hold true. If p~ < g*(r+ 1), then
for each A strictly positive there is a sequence (u,,) of non-trivial weak solutions of (P ) which
converges strongly to 0 in X.

Proof. Step 1: @, is even, ) (0) = 0, bounded from below and verifies the (PSC).
It is easy to show the first two assertions concerning the functional ®,; for the third we get
from Proposition 5

9 1) dy < |9 q(x)
[ 8 ulx < (8], |u

! (x) < |l9|m(x)‘u|m/(x)q(x)’ Yu € X, (3.5)

such that
j: + |u|m’(x)q(x) >1,
== ’u‘m’(x)q(x) <L

Taking into account that X is continuously embedded in L' (x)q(x) (Q)), it yields the existence
of C, > 0 satisfying

|u|m/(x)q(x) < C2|M|, Yu € X. (3.6)
Combining (3.5) and (3.6), we obtain

[ 8l dx < Cf ] )7 (3.7)
QO
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Therefore, from (3.7), it follows that

_ p(x) p(x) r+l
&, (u) = A < [AulP™ | [Vu] dx> A {/ ﬁ(x)|u|q(x)dx:| ,
Q

o p(x) p(x) S r+1 [Jog(x)
6o et ]-
> p_JrAP(M) - (r+1)([21,)r+1|19|m(x)Hu”q’
6 AC? '
> p_g_g(‘lu”) - (1’ + 1)(27)r+1 ‘19’m(x)Hqujr

where ¢ : [0, +oo[— R is given as

trrifE <1,
H=14" =
é( ) {tf’ , ift>1.

On one hand by ¢/ < p~, we obtain that ®, is bounded from below. On the other hand since
®,(u) — oo when ||u|| — oo, then ®, is coercive.

It remains in this step to demonstrate that ®, satisties the (PSC). For this we consider a
sequence (u,) C X verifying ®, (1,) — d with ® (1) — 0in X*. According to the coercivity
of ®,, we deduce that (u,) is bounded in X, and so we can finish this proof by employing
arguments that are identical to those that were used in Step 3 of the previous proof.

Step 2: For any n € IN*, there is H,, € I, satisfying

sup @, (u) < 0.
ucH,
To show this we consider ay,a,...,a, € C5°(Q) which verify for all /,j € {1,2,...,n},i # j,
the condition supp(a;) Nsupp(a;) = @ and the Lebesgue measure of supp(a;) and supp(a;) is
strictly positive.
Let us note by A, the set span{aj, ay,...,a,}. It is easy to show that dim A, = n and for
each u € A, \ {0} we obtain

/Q 9(x) [ (x) 1 dx > 0.

Consider S = {p € X : ||u]| =1} and for all 0 < t <1 H,(t) = (SN Ap).
Clearly, we show that for any t €]0, 1] we have y(H,(t)) = n and

sup ®)(u) < sup P,(tu)
uEHn(t) ueESNAy,

_ AulP@) V™) A 8(x) r+1
= sup mi( [ e (BT dx)— ( t ”’(x)dx> }
yeszn{ (, ( T ATE) sl

91t7’_ /\tq+(r+1) ( r+1
< su Ay(x) — B (x Q(x)dx) }
2 {5 a0 - e (fy oo
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< su po| O A /19(x)| |76 dx "
= peson, U Lo Dty s U T |

Since 0 := n;%r}1 [, 8(x)|1(x)]7%) dx > 0, we can find a rather small value of t which verifies
pe n

0; A
Pt 1)(07+)r+1t%’*—wr+1>(S <0

Consequently )
sup P,(u) <0.
u€Hy, (tn)

Step 3: We conclude that ®) (1) admits a sequence of non-trivial weak solutions (u,), because

all assumptions of the symmetric mountain pass lemma have been verified, and for all , one
has

up #0, D\ (uy) =0, Py(uy) <0, limu, =0.
n

4. Final comments

We need to make it clear that if #(x) = 1, then (P,) reduces to the following bi-nonlocal
elliptic problem

M(o) (Aimu - Ap(x)”) = Alu|1) "2y ( Ja q(l—x>|u|q<x)dx> in Q,
u € WO (Q) n WY (),

then our theorems still valid in this case. If we replace in the equation’s left side of (4.1) the pos-

(4.1)

itive real o by the expression ” — M ( Ja ﬁ|Vu|P(x)dx) Ayxyu” we get the same equation in

problem presented in [5], and if we replace it with the expression "M ( Ja ﬁ |Au| P(x)dx) A%} ) u”

we get the same that one studied in [12]. Hence, our results improve the corresponding results
obtained in [5, 12]. The findings presented in this study can serve as a theoretical foundation
for further exploration of similar problems.
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