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Abstract

In this paper, using variational methods and critical point theory, we establish the existence of multiple
solutions for a class of p(z)-Kirchhoff-type problem with Dirichlet boundary data. Some recent results
are extended and improved. To illustrate the application of the main results, three-dimensional equation
models are presented.

1 Introduction

In the present paper, we study the following problem
—M(J, ﬁ|Vu\p(:”)d:c)div(|Vu|p(””)72Vu) = f(z,u), inQ
(1)
u =0, on Of)

where  is a smooth bounded domain in RV, p(z) € C(Q) with 1 < p~ := ming p(z) < p* := maxg p(z) < N,
M(t) : Rt — R is a continuous function and f(z,u) :  x R — R satisfies Carathe¢odory condition.

The operator —A,,yu = —div(|Vu[P®~2Vv) is called p(z)-Laplacian which becomes p-Laplacian when
p(z) = p (a constant).

Kirchhoff proposed a model given by the equation

0%u 0%u
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where p, py, h, E/, L are all constants which extends the classical D’Alembert’s wave equation, by considering
the effects of the changes in the length of the string during the vibrations. Eq. (2) received a lot of attention
only after Lions [20] proposed an abstract framework for this problem. Some important and interesting
results can be found in, for example, [1, 14]. The equation
—(a+0b [, |Vul?dz)Vu = f(z,u), inQ
_ (3)
u =0, on 0f)

is related to the stationary analogue of Eq. (2). Nonlocal problem (3) can be used for modeling, for example,
physical and biological systems. Problems of Kirchhoff-type have been widely investigated. We refer the
reader to [5, 10, 17, 18, 21, 22] and the references therein.

The differential equations and variational problems with variable exponent has attracted increasing at-
tention for the last few decades. These type of differential equations are governed by the p(x)-Laplacian
operator in general. The p(z)-Laplacian operator possesses more complicated nonlinearities than the p-
Laplacian operator, mainly due to the fact that it is not homogeneous.
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The differential equations with variable exponent have been widely used for modeling many phenomena
especially arising from the nonlinear elasticity theory, and the theory of electrorheological fluids, see [26].
Some other applications are image processing [7], magnetostatics [6], and capillarity phenomena [3]. We
refer to [2, 4, 8, 9, 12, 19, 27] for the study of the Kirchhoff equations p(z)-Laplacian operators, and the
corresponding variational problems.

In the present paper, we use the variational methods to obtain existence results for the problem (1) under
suitable conditions imposed on f and M (see, the conditions (fo), (f1), (f2), (mg) and (m;) of Theorem 5).
In Theorem 5 we establish the existence of at least two weak solutions for the problem (1), while in Theorem
6 we discuss the existence of infinitely many solutions for the problem (1). The present paper is organized as
follows. In Section 2, we recall some basic definitions and our main tools. In Section 3, we state and prove
the main results of the paper. Then, we give two examples to illustrate our results.

2 Preliminaries and Basic Notation
First, we introduce some fundamental properties of the variable exponent Lebesgue L”(”’)(Q) and Sobolev
WLP)(Q) spaces (for details, see e.g., [13, 11, 16]).

Set
C () ={h;h € C(Q),h(x) > 1 for any z € Q},

h™ =maxh(x), h~ =minh(z) for any h € C(Q).
9) )

We define the variable exponent Lebesgue space

LP(I)(Q) = {u : Q — R measurable;/ |U(l‘)|p(x)dl‘ < OO}
Q

[u| Lp) () == inf {)\ >0: /
Q

where p(z) € C(Q) satisfies condition

equipped with norm

u(z)

T
A

p(x)
der <1

1 <p”:=minp(z) < p" := maxp(z).
e z€eN

The variable exponent Sobolev space WP (Q) is defined by
WP (Q) i= {u s u € LP(Q), |Vu| € LP(Q)},
and endowed with norm
[Jull = ||u||W1~P<1'>(Q) = |U|Lp<w>(sz) + |VU|Lp<w>(sz)-

We denote by Wol’p(x)(Q) the closure of C§°(2) in WP(#)(Q), that is to say, space W&’p(x)(Q) is defined as
CSO(Q)H.”WI’I’(‘T)(Q) = Wy P(Q). Thus, u € Wy (Q) iff there exists a sequence {u,} of C3°(€) such that
l|lwn — U||W1-,p(z>(9) — 0.

Proposition 1 ([16]) The spaces L) (Q), WP (Q) and Wol’p(w)(Q) are separable and reflexive Banach
spaces if p~ > 1 and pT < +oo.

Proposition 2 ([16]) In Wol’p(gg)(Q) the Poincaré inequality holds, that is there exists a positive constant
C such that
|U|Lp(z)(Q) < C‘vu|Lp(z)(Q), Yu € WOLP(?:) (Q)
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As a consequence, |Vu|rpe) o) and [lu]| are equivalent norms on the space Wol’p(w)(Q). We will use the
equivalent norm in the following discussion and write ||lu|| = [Vu|pp@) ) for the sake of simplicity.

Proposition 3 ([15, 16]) Assume that the boundary of Q) possesses the cone property and p € C(Q) with
p(z) < N. if g € C(Q) and 1 < q(z) < p*(z) (1 < q(x) < p*(x)) for x € Q, then there is a continuous

(compact) embedding WP (Q) — LI*)(Q), where p* = ]\I,V_ngz).

Proposition 4 ([16]) Let p(u) = [, |ulP@dz for each w € LP™)(Q). Then, for any u,u, € LP®)(Q) we
have

(8) |ulpror @) <1(=1;>1) & p(u) <1(=1;>1);
g - i
(i) ulpoe @) > 1= [ull e gy < P(U) < Jul] 0 )

R +
(i) [l oy < 1= ul? ) < P(0) < [l

(i’U) ‘un|Lp(Z)(Q) —0& p(un) — 0.

In the rest of this paper, we let X = Wol’p(z)(Q).

Definition 1 We say that uw € X is a weak solution of (1), if

M</ 1|Vu|p(‘r)dm>/|Vu|p(‘”)QVqudm/f(x,u)vdzr,
a p(x) Q Q

Throughout this paper, weak solutions of the problem (1) mean the critical points of the associated

where v € X.

energy functional J acting on the Sobelev space WO1 P (z)(Q). Let’s define the functionals

®(u) =M (/Q p(lx)vup<w>> dz

and

where M (t fo s)ds, and F(z,u) = [ f(z,t)dt.

The energy functlonal corresponding to problem (1)is J : X — R, with J = ® — ¥, is well defined.
Obviously, by the assumptions on f and M, J € C*(X,R) and J is weakly lower semi-continuous. Therefore,
u € X is a weak solution of (1) if and only if it holds

1
J(uyv=M (/ |Vu|p(x)d;r) / |Vu|p(z)72Vqud;r—/ f(z,w)vdx
o p(z) Q Q

for all v € X.

Definition 2 Let E be a real reflexive Banach space. If any sequence {uy} C E for which {J(ux)} is bounded
and J'(ug) — 0 as k — 0 possesses a convergent subsequence. Then it is said that J satisfies Palais-Smale
condition.

Theorem 1 ([24, Theorem 4.4]) Let X be a Banach space and J : X — R be a function bounded from
below and differentiable on X. If J satisfies the (PS).-condition with ¢ = infx J, then J has a minimum on
X.
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Notice that it is clear from Theorem 1 that the (PS)-condition implies the (PS).-condition for each
ceR.

Theorem 2 ([24, Theorem 4.10]) Let J € C1(X,R), and J satisfies the Palais-Smale condition. Assume
that there exist ug,u; € X and a bounded neighborhood S of uy satisfying u; ¢ Q and

ulenafsz J(v) > max{J(uo), J(u1)},

then there exists a critical point w of J, i.e. J'(u) = 0 with J(u) > max{J(ug), J(u1)}.

Theorem 3 ([25, Theorem 9.12]) Let E be an infinite dimensional real Banach space. Let J € C1(E,R)
be an even functional which satisfies the (PS)-condition, and J(0) = 0. Suppose that E =V @ X, where V
is finite dimensional, and J satisfies that

(1) There exist o > 0 and p > 0 such that J(u) > « for all w € X with |ju| = p;
(iz) For any finite dimensional subspace W C E there is R = R(W) such that J(u) <0 on W\Bg.

Then J possesses an unbounded sequence of critical values.

Theorem 4 ([28, Theorem 38]) For the functional F : M C X — [—o00, +00] with M # 0, ming,e s F(u) =
a has a solution in case the following conditions hold:

(i3) X is a real reflexive Banach space,
(ig) M is bounded and weak sequentially closed,

(i5) F is weak sequentially lower semi-continuous on M, i.e., by definition, for each sequence {u,} in M
such that u, — u as n — 0o, we have F(u) < lim,,_ o inf F(u,) holds.

We want to remark that in the papers [5, 29], Theorems 2 and 3 have been successfully applied to show
the multiple solutions of Nonlinear impulsive differential equations with Dirichlet boundary conditions and
the existence of solutions for a class of degenerate nonlocal problems involving sub-linear nonlinearities,
respectively. Moreover, in the paper [30], Theorem 3 has been successfully applied to obtain the existence
of infinitely many solutions for a boundary value problem.

3 Main Results

We assume the following;:
(mo) 3 mg > 0 such that M(t) > my.
(m1) 3 0 < k <1 such that Z/W\(t) > kM (t)t.
(fo) there exists a constant v > % such that 0 < vF(z,t) < tf(z,t), [t| > T.
(f1) f:9Q xR — R satisfies Carathéodory condition and
(@, )] < e(@+[t*@=) for [t < T,
where a € C(Q) and pT < a(x) < p*(z) for z € Q.

(f2) f(z,t) =o(|t|P 1), t —> 0, for z € Q uniformly.

The main results of the present paper are the following.
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Theorem 5 Assume that the assumptions (fo), (f1), (f2), (mo) and (my) hold. Then, if f(z,t) >0 for all
(z,t) € Q x R, the problem (1) has at least two weak solutions.

Theorem 6 Assume that the assumptions (fo), (mo) and (my) hold. Then, if f(x,t) is odd in t, the problem
(1) has infinitely many weak solutions.

First, we start with the following lemma.
Lemma 1 Assume that (fo), (mo) and (my) hold. Then J(u) satisfies the (PS)-condition.

Proof. Assume that {u,} C X such that {J(u,)} is bounded and J'(u,) — 0 as n — +o0. Then, there
exists a positive constant ¢y such that |J(u,)| < ¢g. Therefore, letting |lu,|| > 1, by the assumptions (fo),
(mygp), (mq), and Proposition 4 we have

o+ | 2 I () = " (1) )

1 1
> (Ii - ) M (/ |Vun|p($)d:1c> / |V [P da
p v a p(x) Q

Due to assumption v > %, we infer that {u,} is bounded. By using the same argument given in [10, Lemma
2.4], it can easily be proven that {u,} converges strongly to u in X. Overall, this implies J satisfies the
(PS)-condition. m

3.1 The Proof of Theorem 5

Proof. By the definition of J, it is clear that J(0) = 0. Moreover, from Lemma 1 we know that J satisfies
the (PS)-condition. The rest of the proof is split into two steps:

Step 1. We will show that there exists M > 0 such that the functional J has a local minimum wug €
By = {u € X;|ju|| < M}. To do this, we will apply Mazur’s lemma (see, e.g., [23]) which states that any
weakly convergent sequence in a Banach space has a sequence of convex combinations of its members that
converges strongly to the same limit. Let {u,} C By and u,, — u as n — oo, then there exists a sequence
of convex combinations

n n
Up = E a'njuja E a’TL]’ = 17 anj > Oa .7 EN
Jj=1 Jj=1

such that v, — u in X. Since By is a closed convex set, we have {v,} C By and u € Bj;. Noting that J
is weak sequentially lower semi-continuous on By, and that X is a reflexive Banach space, we can infer by
Theorem 4 that J has a local minimum ug € Bjy.

Now, we assume that J(ug) = min, 5, J(u), and show that

J inf J(u).
(wo) < d3f,, /1)
Since pt < a~ < a(z) < p*(z), we have the embedding X — LP" (€2) which means that there exists ¢ > 0

such that |ul,+ < colluf, Vu € X. Let & > 0 be small enough such that 5Cg+ < 1;;10 By the assumptions
(f1) and (f2), we have

F(z,t) < 5\t|p+ + () [t|*®) for (x,t) € O x R.
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Then, from (?7?), (mo) and (my), it reads

1
J(u) > kmog (/ |Vu|p(‘”)dx) - 5/ |u|p+dx - c(a)/ |u| @) da
o p(z) Q Q

kmyg o+ + + -
ZFHUHP —ecy full” —c(e)|ul|
kmo + -
> 2]7||u||p —c(e)llul* , when [lul| <1.

Therefore, there exist r,0 > 0 such that J(u) > § > 0 for every |ju|| = r < 1. If we let M = r, then
J(u) > 0= J(0) > J(up) for u € 9Bys. Hence ug € By and J'(ug) = 0.

Step 2. Since J(up) = min,ex J(u), we can let M > 0 be sufficiently large such that J(ug) < 0 <
inf,eam,, J(u), where By = {u € X; |Ju|| < M}.

Now we will show that there exists vy € X with [Ju1|| > M such that J(u1) < infgp,, J(u). For this, let
ei1(z) € X and uy = ver,y > 0 and |le1]| = 1. By (fo), there exist constants ay,as > 0 such that F(x,t) >
arlt|” —ay for all z € Q, [t| > T. When ¢ > to > 0, from (my) we can easily see that M(t) < ct*. Indeed, by
integrating over the interval (¢o,t) and using elementary calculus lead to J/W\(t) < M\(to)(%)% = ct*. Thus

J(ur) = (@ = W)(ver)
=M 1 er[P@dz ) — x,ver)dx
M(/{ [YVeil d) F(x,vey)d

) p(z) Q
1 %
<c (/ |’7V€1|p(m)d$) - al’Y”/ ler|Vdx + as
o p(x) Q
1
C + &
< A’VPT ( |Ve1|p(m)> —alfy”/ le1]Vdx + as.
(pT)* Q Q

Since v > %, there exists sufficiently large  such that v > M > 0 which means J(ye;) < 0. Hence,
infgp,, J(u) > max{J(ug), J(u1)}. Then, Theorem 2 assures the existence of the second critical point u*.
Therefore, ug, u* are two critical points of ¢, which are two nontrivial solutions of the problem (1). m

The following example illustrates Theorem 5.

Example 1 Consider N = 3, and Q = {(z1,22,23) € R% 2} + 23 + 23 <8} C R?, p(z) = 3 + Jcos(a? +
x5 +a3)m, thereforp € C(Q), p~ =1 and p™ =2, M(t) = 1 +t4, fort € RT, thus M satisfies the conditions

mo with mo =1 and by choosing k = £, M(t) > 1M (t)t satisfies the condition m;. Let

5
o, > 1,
x,t) =
@) {tﬁ, [t| < 1.

By the expression of f, we have
tll

> 1,
Fla,t) = {t171 2|

= [t] < 1.

Moreover, f(x,t) = o(|t]),t — 0 and by choosing a(x) = 4 + sin(x1 + 2 + z3)7 @ € C1(Q) and pt <
a(z) < p*(x), such that |f(x,t)] < c(1+ [t|*@ 1) for |t| < 1. And by choosing v = 11, that v > % we have
11F(z,t) < tf(z,t), so we see that all conditions (fo), (f1), and (f2) are satisfied therefore, the problem

I +af)m
u =0, on 0f)
(4)

{—M(fg %+%COS($1 |VU|%+%cos(zr{)+m§+x§)ﬂ'dx)div(‘Vu‘_Tl-‘r%cos(mf-i-zg-&-fcg)ﬂvu) = f(z,u), in Q

has at least two nontrivial weak solutions.
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3.2 The Proof of Theorem 6

Proof. From the definitions of the functionals ® and ¥, it is clear that J is even and J(0) = 0. The rest of
the proof is split into two steps:

Step 1. Since its proof is straightforward, we only depict briefly how J satisfies condition (i), in Theorem
3. Since, J is coercive and also satisfies (PS)-condition, by the minimization theorem [24, Theorem 4.4], the
functional J has a minimum critical point v € X with J(u) > a > 0 and |Ju|| = p for p > 0 small enough.

Step 2. Now, we will show that J satisfies condition (i), in Theorem 3. Let W C X be a finite
dimensional subspace. Any non-zero vector v € W has a unique representation u = fe;, where 6 = ||u|| and
|ler]| = 1. Then, similar to Step 2 in the proof of Theorem 5, it follows

J(0er) = (P — U)(beq)
= M\(/Q ])(:lx)|0Velp(I)dx) —/QF(x,Gel)dm

1 ¢
<c (/ |9Vel|p(w)das> — aﬁ”/ ler|”dx + as
o p(x) Q

1
+ &
< ¢ _9"% (/ Velp(”)> —a19"/ le1]”dz + as.
(p*)* o e

The above inequality implies that there exists §y such that ||fe1| > p and J(fey1) < 0 for every 6 > 6y > 0.
Since W is a finite dimensional subspace, there exists R = R(W') > 0 such that for all w € W\ Bpg, that is,
when |ju|| > R, we have J(u) < 0. According to Theorem 3, the functional .J(u) possesses infinitely many
critical points, i.e., the problem (1) has infinitely many weak solutions. m

The following example illustrates Theorem 6.

Example 2 Consider N = 3 and Q = {(z1, 22, x3) € R% 27 + 23 +23 < 8} C R?, p(z) = 2+ 1sin(a? + 23+
x3)7, thereforp € C(Q), p~ = % and pt = %, M(t) = 1+1t2, fort € RY, thus M satisfies the conditions myg
with mo =1 and by choosing k = %, M(t) > 3 M(t)t satisfies the condition my. Let

Fat) = {t7, lt] > 1,

t5 + sin(nt), [t] < 1.

By the expression of f, we have

1,48
Fle.t) Eftﬁ, 1 ) > 1,
510 — ~cos(mt), [t] < 1.

Moreover, by choosing v = 8, that v > % we have 8F (z,t) < tf(z,t), so we see that all condition (fy), is
satisfied. Therefore, the problem

2, .22
zitxita3)mw

~M(fo sram? V|2 3 sin(@ el +ad)m go) div(|Vu| 25 @i e +a)mgy) = f(z,u), in Q
2
u =0, on 0N)

has infinitely many weak solutions.
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