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AN EXISTENCE RESULT FOR A KIRCHHOFF
p(z)-LAPLACIAN EQUATION

S. Khademloo, M. Fattah

Abstract. In this article, using Mountain Pass Theorem, we investigate the existence of a
nontrivial weak solution for nonlocal equations driven by p(z)-Laplacian, under Dirichlet boundary
condition.

1. Introduction

Let © be a bounded smooth domain in RY and N > 3. In this paper, we
consider the problem

{ ~M (fo 55Vl @ de ) div(| V@ -2Va) = pf(z,u) i, 1)

u=0 on 0,

where M : Rt — R* is a continuous map, p € C(Q) with 1 < p~ := info p(x) <
p(z) < pt:=supgp(x) < N, f: Q xR — Ris a Carathéodory function satisfying
some certain conditions and p is a parameter.

The problem (1.1) is related to the stationary problem

0%u P, E [ ou, 0%u
l)atz—<h+2L A |%‘ dl‘)ala—o, (1.2)

for 0 < x < L, t > 0, where u = u(x,t) is the lateral displacement at the space
coordinate x and the time ¢, E is the Young modulus, p is the mass density, h is
the cross-section area, L is the length and pg the initial axial tension, proposed by
Kirchhoff [19] as an extension of the classical D’Alembert’s wave equation for free
vibrations of elastic strings. Such nonlinear Kirchhoff model can also be used for
describing the dynamics of an axially moving string. In recent years, axially moving
string-like continua such as wires, belts, chains, band-saws have been subjects of
the study of researchers (see [24]).
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In recent years, elliptic problems involving p-Kirchhoff type operators have
been studied in many papers, we refer to [2, 3, 5, 10, 15-18, 20, 23, 25], in which
the authors have used different methods to get the existence of the solutions for
(1.1) in the case when p(x) = p is a constant.

If p : Q — R is a continuous function, the problem (1.1) has been firstly studied
by variational methods in [6, 7]. The p(z)-Laplacian possesses more complicated
nonlinearities than p-Laplacian, for example it is not homogeneous. The study of
differential equations and variational problems involving p(x)-growth conditions is
a consequence of their applications.

Infinitely many solution of the problem (1.1) in the special case when M (t) =
a-+bt, has been studied by Dai and Liu in [7], by using a direct variational approach.
In [4], the author considered the problem (1.1) in the case when M : Rt — RT is
a continuous function satisfying the following conditions:

(M,") there exists mo > my > 0,8, > d; > 1 such that
mit® ™t < M(t) < mot®? ™t
for all t € RT;

(My') for all t € R, M(t) > M(t)t holds, where M(t) = [}

o M(s)ds;

and the special case
S, u) = A (a(@)lul =20 + b() [u " 2u)
where p, a, 3 € C(Q) satisfy
- + - + - + : Np~
l<a <a”™ <dp <dhp” <7 <F7 <min N’ﬁ .
-p
Using the Mountain Pass Theorem and Ekeland variational principle, he has proved
that the problem (1.1) has at least two distinct, nontrivial weak solution.

In the present paper, we establish the existence of a nontrivial weak solution
of the problem (1.1) on a certain range of A. For this purpose, we will adapt some
arguments developed in [21]. In fact, we will make use of the Palais-Smale condition
introduced by Ambrosetti-Rabinowitz in [1] to prove the existence of a nontrivial
weak solution for the problem (1.1) which corresponds to the local minimum of the
energy functional.

We assume that:

(M) there exists a constant mg such that 0 < mg < M(¢), Vt € [0, 00);

(My) there exists tg > 0 such that M(t) > tM(t), for every t € [tg,0), where
M(t) := [y M(s)ds.

DEFINITION 1.1. We say that u € X = Wol’p(x)(Q) is a weak solution of the
problem (1.1) if

M(/ L|Vu|17(w) d:v) / |Vu|P(:v)f2Vu -Vodx — u/ f(z,uw)vdx =0,
o p(x) Q Q

for any v € X.
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Let us associate with the problem (1.1) the functional energy ¢ : X =
WP (Q) — R defined by

p(u) = (u) — p¥(u),
where

@(U)M(/ﬂl)wuz’(z) dx), \Il(u):/QF(:c,u)dx, (1.3)

p(z

and F(z,u) = [} f(x,s)ds. The functional ¢ associated with problem (1.1) is well
defined and of C* class on X. Then

(o' (u),u) = M(/Q $|Vu|p(x) dw) /Q |VulP®)=2VuVo do — ,u/gf(w,u)vd:c
= (®'(u),v) — u(¥'(u),v)

for all u,v € X. Thus, weak solutions of the problem (1.1) are exactly the critical
points of the functional .

2. Preliminaries

Recall that for a real Banach space X with topological dual X*, we say that
a C' -functional ¢ : X — R satisfies the Palais-Smale condition at level ¢ € R
(briefly (PS).) when every sequence {u,} in X such that

p(un) — ¢ and [|¢'(un) [ x+ — 0,

as n — 00, possesses a convergent subsequence. We say that ¢ satisfies the Palais-
Smale condition (in short (PS)) if (PS). holds for every ¢ € R.

THEOREM 2.1. [1,22] Let (X, ||-||) be a real Banach space and let o : X — R be
a continuously Gateaux differentiable function, such that p(0x) =0 and satisfying
the (PS) condition. Suppose that:

(I1) there exist constants p,a > 0 such that p(u) > « if ||u|| = p,
(I2) there exists e € X with ||e|| > p such that p(e) < 0.
Then ¢ possesses a critical value C > «, which can be characterized as

C:=inf ma u),
VEFuEW([&(l])CP( )

where
[':={y € C([0,1]; X) : 7(0) = 0A~(1) = e}.

For the reader’s convenience, we recall some necessary background knowledge
and propositions concerning the generalized Lebesgue-Sobolev spacea. We refer the
reader to [8, 9, 11, 14] for details.
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Let Q be a bounded domain of RY. Denote

Ci () ={p:peC(Q),p(x)>1, for all z € Q};

p" = max{p(z);z € A}, p  =min {p(m);az € Q} :

LP®)(Q) = {u : u is a measurable real-valued function, Jo lu(x)[P®dz < oo}.
Under the norm

. u\xr
Jullsir (@) = oy = int {20 [ |52
Q

p(z)
dr <1 }

it becomes a Banach space [11]. We also define the space

W@ (Q) = {u e D(Q) : |Vl € LO(@) },
equipped with the norm

[ullw e @) = (@)l Lo @) + (VU@ Lo )-

We denote by WolP@(Q) the closure of Cg°(Q) in W12 (Q). Then |jul| =
[Vl Lr) () is an equivalent norm in Wol’p(m)(Q).

PROPOSITION 2.2. [11] The space (WorP@ Q) || - ) is a separable Banach
space. Moreover, if ¢ € C(Q) and 1 < q(z) < p*(z) for all x € Q then the
embedding WobP ™ (Q) — LI&)(Q) is compact and continuous, where p*(z) =

N2 if p(x) < N or p*(z) = o0 if p(x) > N.

PROPOSITION 2.3. [8, 14] (i) The conjugate space of LP®)(Q) is LF'®)(Q),
where ﬁ + - = 1. For any u € LP®)(Q) and v € LP' @) (Q), we have

p'(z) —
/uvdx
Q

(ii) If p1,p2 € C+(Q) and p1(x) < pa(z) for all z € Q, then

+ W) |V (2) -
= \p- ) p(z) IVllp’ (z)

Lpz(r)(Q) N LPl(T)(Q)
and the embedding is continuous.

Variable exponent Lebesgue spaces resemble classical Lebesgue spaces in many
aspects: they are Banach spaces, the Holder inequality holds, they are reflexive if
and only if 1 < p~ < pT < oo and continuous functions are dense if p™ < co. An
important role in manipulating the generalized Lebesgue-Sobolev space is played
by the modular of the LP(*)(Q) space, which is the mapping Pp(z) - LP®(Q) - R
defined by

pp(z)(u) = /Q |u|p(r) dr.
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PROPOSITION 2.4. [11] If u € LP(™®)(Q) and p* < oo then the following rela-
tions hold

- +
lull) < poey () < 1l

provided ||ul|pz) > 1, while

n _
ullpiey < o () < llullf
provided |lul|,y <1 and

ltn —ullp@) = 0 <= pp(a)(Uun —u) — 0.

LEMMA 2.5. [12] Denote

A(u) = / L\Vu\p(m) dz, for allu e X.
o ()

Then A(u) € CH(X, R) and the derivative operator A’ of A is
(A'(u),v) = / |VulP @ =2VuVv de for all u,v € X,
Q

and we have
(1) A is a convex functional;
(2) A': X — X* is a bounded homeomorphism and strictly monotone operator;

(3) A’ is a mapping of type S+, namely: u, — u and limsup(A’(u,), u, —u) <0,
imply u, — u (strongly) in X.

3. Proof of the main result
Put

) Ja |Vu(z)[P®) da 1
Al p(x) = inf cu € Wol P (Q)\ {0} ¢
e m{fﬂuwpm we W@ (0}

In [13], the authors were interested in the eigenvalues of the p(x)-Laplacian Dirichlet
problem. They showed that A, the set of eigenvalues, is a nonempty infinite set
such that sup A = +o00. Moreover, they proved that if there is a vector I € RY \ {0}
such that for any x € Q, p(z + tl) is monotone for t € I, = {t | x + tl € Q}, then
A =inf A > 0.

LEMMA 3.1. [13] Ax > 0 <= Ay ) > 0.

THEOREM 3.2. Let us assume that M : [0,00) — [0,00) is a continuous map
such that conditions (M7) and (Ms) hold. Further, require that f : Q@ x R — R is
a continuous function that verifies:
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(GR) the subcritical growth condition:
|flz,t)] < c(1+[t]9@Y) Ve e Q, VteR,
where ¢ > 0 and p(z) < q(z) < p*(x);
(AR) the Ambrosetti-Rabinowitz condition: there exists t* > 0 such that
0<0F(z,8) < f(z,6)¢, VaeQ, V[ >t
where 6 > pT.
We assume that

: f(z,t)
e g < @

uniformly for x € Q, where \ < MoA1p@) (). Then there exists p* > 0 such that
the problem (1.1) has at least one nontrivial weak solution in X, for u € (0, u*).
Proof. We will complete the proof of this theorem in four steps.
STEP 1. We claim that there exist constants m; > 0 and mo > 0 such that

mollu”” _ o < milll”” 652)
>~ U) = mao. .
pt p-
Pick t; > tg, where ¢y appears in the relation (Ms). Then we have J]\é—gg < % for

every t €]t1,00).

~ ~ 5

So
t y t
/ M(s) ds = log M) < ds =1 t
tr M(s) M(t1) ty S ty

for every t €]t;, 00). Thus M(t) < %fl)t for every t €]t1,00). Hence we can say
that

M(t) < mqt + ma,

for every t € [0, 4+00). For instance, my := %fl) and mg = max;e(o 4, M(t)

Noting this for constants m; and ma, Step 1 is completed.
STEP 2. We claim that every Palais-Smale sequence for the functional ¢ is
bounded in Wol’p(m)(Q).

Let {u,} C Wol’p(m)(ﬂ) be a Palais-Smale sequence, that is, ¢(u,) — ¢ for
c € R and
1" (un )l w-1.p2) — 0.
Suppose the contrary. Then passing to a subsequence if necessary, we may assume
that ||u,|| — +oo. By conditions M; and Ma, it follows that there exists ng € N
such that

e(un) — W = M(/Q $|Vun|p(m) da:)

- M/QF(x,un)dx - ;(((I>/(un)7un> - ”/Q (@, )i d:c)

S ) L e L O R

pt 0
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for every n > ng. Thus
6—p* - 1
o (22 P < ) = 5 ()
f(l‘, un)un .
— =7 " — F(x,up)dr | + Cmeas(Q), Vn < nyg,
[up | >t*
where “meas({2)” denotes the standard Lebesgue measure of Q and
t)t =
C:= Sup{‘f(gce’) - F(amt)‘ cx et < t*}.
Now, we observe that, the (AR) condition yields

[ [P p | a0

So, we deduce that
9 -pt - < ! n/)y Yn >
mo (])*Z) unll” < (un) — % + pC meas(92),
for every n > ng. Then, for every n > ngy one has

[

0

O funell?” < {w(un) R T, +queaS(Q)},

N
where C7 := my (61;”9 ) > 0. In conclusion, dividing by ||u,|| and letting n — oo,
we obtain a contradiction. This completes the proof of the claim.

STEP 3. We claim that the functional ¢ satisfies the compactness (PS) condi-
tion.

Take {u,} C X to be a Palais Smale sequence. Thus, by Step 2 the sequence
{un} is necessarily bounded in X. Since X is reflexive, we may extract a subse-
quence, that for simplicity we call again {u,}, such that v, — u in X. We will
prove that w, strongly converges to u € X. Exploiting the derivative ¢(uy,)(u, —u),
we obtain

(0 (un), un —uy = (D' (up), un —u) + M/Q flx,un(z))(un — u) de,

(@ (1), i — 1) = (9 (i), 4 — ) + / £t (2)) (1 — ) .

Since [|¢"(un)llyy-1.07 @) () — 0 and the sequence {u, —u} is bounded in X, taking
into account that

(" (1), un — w)] < {|" (un) || x+ [ltn — ],

one has
(@' (un), un —u) — 0.
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Further, by (GR) and taking into account that u, — u in L¢®) we obtain

/Q If (@, un(2))|(un — u) de — 0.

We can conclude (by (M7)) that
(A(un), un —u) — 0,
as n — o0o. Since the operator A has the (S.) property, in conclusion, w, — u

strongly in X. Hence, as claimed, the functional ¢ fulfills condition (PS).

STEP 4. We claim that the functional ¢ has the geometry of the Mountain
Pass Theorem. More precisely:

1) there exist p* > 0 and p,r > 0 such that for any u € (0, u*), we have
o(u) >r >0 Yu e X with ||ul]| = p;
2) for some ug € Wo*®(Q) = X one has ¢(zup) — —o0, as z — +oo.
We choose € > 0 small enough, verifying

Ate

0 @) ()

By condition (3.1) there exists d. > 0 such that lt{;gflz < A +e¢, for every x € Q
and |t| < d.. Hence,

Ate
pt
for every |£] < d.. As a consequence of the above inequality, using (GR) condition,

the Sobolev embedding X — L9*)(Q) and (3.2), we can write

F(z,6) < €,

pu) = (u) —p | Flz,u)de
Q

- 1 A
zM(/ |Vup($)dx) fp/ t€|u\p+dfou/ |u|q+d:c
o p(z) luj<s. P Ju|>6.

mo - A+e + +
> —|lul|P — p————]u||” — Dpful|?,
+llull P M) [[ul [[ul
for a suitable positive constant D. Hence, for any u € X with ||ul| = 1, we get
1 A+te

w(u ><m —u )—D,u. 3.3

() = 5 { o Mot (3-3)

Put p* = ——202rs)  Uging (3.3), for any p € (0, u*) we have ¢(u) > 0 for all

Ate—=Dpt A1 p(a)
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Next, pick ug € X such that meas({z € Q : up(z) > t*}) > 0. Being F(z,&) a
f-superhomogeneous function if || > t*, for z > 1, we obtain

o(zug) = M(/Q %x)wzuov’(x) dz) fu/QF(x,zuo)dx

%HZUOHP+ +ma — u/ F(z, zug) dx
Q

IN

IN

m—jHuOHTﬁz”+ - zeu/ F(z,up)dx + ma + pnC meas(Q),
p |uo|>t*

where M := {|F(z,&)|: 2 € Q,[¢| <t*}. Thus, the (AR) condition implies that
p(zug) — —oo as z — +oo. This concludes the claim and completes the proof of
the main theorem.

Note that in the last inequality we use the fact that
F(z,26) > F(x,8)2’,

for every x € Q, |¢] > t* and z > 1. Indeed, for z = 1, clearly the equality hold.
Otherwise, fix [£| > t* and define g(z, z) := F(x, z£), for every z € Q and z €]1, 00).
By (AR) condition it follows that

/
g(2) > 4 and 0F (z,2) < F'(z,2)z,
glz,z) ~ z

for every z € Q and z > 1. Integrating in |1, 2] it follows that

z ! z
/ g() ds = log 9(@,2) > 9/ ds _ log 2°.
1 g($,8) g(x, 1) 1 8

In conclusion, since for every € ©,|¢| > t* and z > 1 one has
F(z,28) = g(a,2) > g(2,1)2" = F(2,6)2’. =

REMARK. The (AR) condition that has appeared in this paper plays an
important role in studying the existence of nontrivial solutions of many quasilinear
elliptic boundary value problems. It is quite natural and important not only to
insure that the Euler functional associated to problem (1.1) has a mountain pass
geometry, but also to guarantee that Palais-Smale sequence is bounded. But this
condition is very restrictive eliminating many nonlinearities. There are always many
functions that do not satisfy this condition. For example, for the sake of simplicity,
we consider f(z,t) = 2tIn(1 + |¢]), in the special case p(z) = 2.

The procedure used in this paper can be applied for some other well known
solvability conditions (see [26]).
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