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1 Introduction
In this article, we consider the problem of the type

—Apyth + () [ulP®) 2w = AF, (x, u,v) + uGu(x, u,v), x€ L,

—AgyV + ep() V17720 = AF, (x, u, v) + uGy(x,u,v), x€Q, a)
ou v 0 c 90

= = X ,
v v

where O € RY(N > 2) is a bounded domain with boundary of class C'. v is the outer
unit normal to 9Q, A, s > 0 are real numbers. p(x),q(x) € C°(Q) with
N < p™ =inf gp(x) < p* :=sup,.gp(x), N<qg <gq', F: Q x R x R — R is a function
such that F(,, s, ) is measurable in Q for all (s, £) € R x R and F(x, -, -) is C* in R x R
for a.e. x € Q, F denotes the partial derivative of F with respect to s. We assume G(x,
s,t) and e,(x),e,(x) satisfy the following conditions:

(G) G: Q x R x R—> Ris a Carathéodory function, supys<g, <9 |G(-8,0)| € LYQ)
for all 6, 9 > 0;

(E) e,(x).e4(x) € L™(Q) and ess infq e,(x), ess infg e,(x) > 0, we denote [le,ll; = [o
ep(x)dx and e ll; = [qae,(x)dx.

It is well known that the operator -A, ) = -div(|Vu|” ®-2Vy) is called p(x)-Laplacian and
the corresponding problem is called a variable exponent elliptic systems. The study of dif-
ferential equations and variational problems with nonstandard p(x)-growth conditions has
been attracting attention of many authors in the last two decades. It arises from nonlinear
elasticity theory, electro-rheological fluids, etc. see [1,2], many results have been obtained
on this kind of problems, for example [3-9]. For the special case, p(x) = p(a constant), (1.1)
becomes the well known p-Laplacian problem. There have been many papers on this class
of problems, see [10-19] and the reference therein.
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Recently, many papers have appeared in which the technical approach adopted is
based on the three critical points theorem obtained by Ricceri [16]. We cite papers
[20-23], where the authors established the existence of at least three weak solutions to
the problems with Dirichlet or Neumann boundary value conditions. Li and Tang in
[24] obtained the existence of at least three weak solutions to problem (1) when p(x) =
p with Dirichlet boundary value conditions. El Manouni and Kbiri Alaoui [25] obtained
the existence of at least three solutions of system (1) when p(x) = p in Q by the three
critical points theorem obtained by Ricceri [26].

The main purpose of the present paper is to prove the existence of at least three
solutions of problem (1). We study problem (1) by using the three critical points theo-
rem by Ricceri [26] too. On the basis of [27], we state an equivalent formulation of the
three critical points theorem in [26] as follows.

Theorem 1. Let X be a reflexive real Banach space, ® : X — R a continuously Gdte-
aux differentiable and sequentially weakly lower semicontinuous C' functional, bounded
on each bounded subset of X, whose Gdteaux derivative admits a continuous inverse on
X% ¥ : X > Ra C' functional with compact Gateaux derivative. Assume that

(1) limy,eo(@ (1) + A (1)) = oo for all A > 0; and there are r € R and ug, u; € X
such that:
(i) D(ug) <r < O(uy);

s (®(u1) — 1) W(uo) + (r — (o)) W (u1)

iii) inf,cqp-1((— v -
(i) infyeq-1((—oo,m W (1) > ®(u1) — d(uo)

Then there exists a non-empty open set A € [0, o) and a positive real number p with
the following property: for each 2 € A and every C' functional ] : X — R with compact
Gateaux derivative, there exists 0 > 0 such that for each y € [0, o, the equation

' (u) + AV (u) + ' (u)=0 2)

has at least three solutions in X whose norms are less than p.
The paper is organized as follows. In section 2, we recall some facts that will be
needed in the paper. In section 3, we establish our main result.

2 Notations and preliminaries
In order to deal with p(x)-Laplacian problem, we need some theories on spaces L7
(Q), W®(Q) and properties of p(x)-Laplacian which we will use later (see
[1,5,28,29]).

We denote

L’9(Q) = {ulu is a measurable real - valued function on Q,f ]u(x)]p(x)dx < oo} .
Q

We can introduce a norm on I”®(Q) by

p(x)
dx <1

u(x)
A

|u|p(x) =inf{A > 0|/
Q
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and (I¥(Q), | - |»(x)) becomes a Banach space, and we call it variable exponent
Lebesgue space.
The space W?%(Q)) is defined by

Wl,p(x)(Q) _ {u c Lp(x)(gz)| |Vu| € LP(x)(Q)},

and it can be equipped with the norm
lullpy = [ulpey + Vil Yu € WHHO(Q),

and we call it variable exponent Sobolev space. From [5], we know that spaces L7®)
(Q) and W*Y(Q) are separable, reflexive and uniform convex Banach spaces.
When e, (x) satisty (E), we define

L"(g)(sz) = {ulu is a measurable real - valued function, /ep(x)‘u(x)]p(x)dx < oo} ,

Q

with the norm

s )1
|1l (p(x) ¢ (x)) = Inf § A > 0O / ep(x) dx <1

’

then Lp( ) (Q) is a Banach space. For any u € W?™(Q), define

lully, = inf { % > 0|f ’v”( ) ”( )

p(x) p(x)
+ep(x) dx <1

Then it is easy to see that [[ull,, is a norm on W"*®(Q) equivalent to ||ul,¢. In the

following, we will use lI‘ll,, to instead of || - ||, on W' (). Similarly, we use lI-lle, to
instead of || - ||, on Wh9(Q).

P“’P"sition L. (see [1,5]) The conjugate space of I'™(Q) is 1/°0)(), where
o) * oy = L Forany we [P¥A(Q) and v € IP"0)(Q), we have

1 1
/IWI dx < ( o ) [l py [Vlpo ) = 21l pay [V]po()-
J P ()

Proposition 2. (see [1,5])If we denote p(u) = [q |ul’ Wdx, Yu e LFP(Q), then
() |ulpwy <1(=1>1) & p () <1(=1> 1)

(ii) |u|p(x) >1= |u|p(x) <p(u) < |u|p(x) |u|p(x) <1l= |u|p(x) <p(u) < |u|p(x)’
(iit) || p) — 0(e0) < p (1) — 0(0).

From Proposition 2, the following inequalities hold:

lull}, < f V()" + e () [u(x) | Pax < ulll, i lull,, = 1; 3)
Q
lully, < f|w(x)|"(") +ep()[u)[Pdx < Nulll, i ull,, < 1 @

Page 3 of 10
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Proposition 3.If Q < RN is a bounded domain, then the imbedding
WP(Q) < CO(Q)is compact whenever N <p’.

Proof. It is well know that W1?()(Q) < W'# (Q) is a continuous embedding, and
the embedding W'~ (Q) < C°(Q) is compact when N <p~ and Q is bounded. So we
obtain the embedding W'?()(Q) < C°(Q) is compact whenever N <p".

From now on, we denote X by W*? @(Q) x WY (Q) with the norm

llzll = llull,, + lIvll,, for any z = (u,v) € X.
Then X is a separable and reflexive Banach spaces. Naturally, we denote X* by the
space (W7 @)#(Q) x (WH%(Q), the dual space of X.

From Proposition 3, we know that when p,4° >N, the embedding

x — C°(Q) x C°() is compact, there exist a positive constant ¢ such that

I2lloo = lttllog + Voo = sup [u(x)] + sup |v(x)| < c ]l . )
xeQ xeQ

3 Existence of three solutions
We define ®, ¥, J: X - R by

D(z) = / p(lx) (‘Vu(x)|1>(x) +ep(x)|u(x)|p(x))dx
Q

1 () q(x) ©
+ / i) (|Vv(x)| +ep(x) [v(x)| )dx,
W(z) = — / F(x, u, v)dx, (7)
Q
J(z) =/G(x, u, v)dx. (8)
Q

Then for any ({n) € X,

(?'(2), (¢, m)) = / [VuP®-2yyve +ep(x)|u|p(x)_2u§dx
Q
+ / Vo1 =27yvy + eq(x)lvl"(x)’zvndx Vz € X,
Q
(¥'(=). (¢, m)) =

Fy(x, u, v){dx—/Fv(x, u,v)ndx, VzelX.
Q

(=) (&) =

Gu(x, u, v);dx—/Gv(x, u,v)ndx, VzeX.
Q

We say that z = (1, v) € X is a weak solution of problem (1) if for any ({ ) € X
(W'(2), (¢, m) + 2 (¥ (=), (&, ) + (' (2), (¢,m)) = 0.

Thus, we deduce that z € X is a weak solution of (1) if z is a solution of (2). It fol-
lows that we can seek for weak solutions of (1) by applying Theorem 1.
We first give the following result.
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Lemma 1. If ® is defined in (6), then (@) : X* — X exists and it is continuous.
Proof. First, we show that @’ is uniformly monotone. In fact, for any § 1 € RN, we
have the following inequality (see [30]):

1
(1P = mlP~2n) (£ —n) = 6=l p=2.

Thus, we deduce that
(?'(21) — ?'(22),21 — 22) > min 11 min | u; — wo|? , lluy — un
<1 22),%1 —Z2) = 20t 2 1 2lle, - IU1 2lle,
min { vy = valE o = w1, }),

for any z; = (uy, v1), 22 = (4o, v) € X, i.e, @ is uniformly monotone.
From (3), (4), we can see that for any z € X, we have that
(@'(z),2)  min {1ty ullf, |+ min {1 101, |
> .
llzll  — lulle, + v,

That’s meaning @’ is coercive on X.

By a standard argument, we know that @’ is hemicontinuous. Therefore, the conclu-
sion follows immediately by applying Theorem 26.A [31].

To obtain our main result, we assume the following conditions on F(x,s,t):

(A1) There exist d(x) € L'(Q) and 0 <¢ <p’, 0 <7 <¢" such that

F(x,s5,t) < d(x) (1 + [sl° + |¢]°)

for a.ex € Q and (s,t) € R x R;

(A2) F(x,0,0) = 0 for a.ex € ;
(A3) There exist s;,t; € R with |s;|, |£;]| = 1 such that

leoll, , Ileqll
( ol Wl fo B sy, s1)dx
meas($2) sup F(x,s,t) < o D el )
(o lsl ) €92 [0,y | x [0,k o sl e |

)

where c is given in (5) and

1 1
p*e P p*e p-
fy = masx (||epn1+ ” "”1) ,(||e,,||1+ ” “”1) ,

q q

o <q+’l)e+p”l * Heqnl)q{, (‘7+|Le+pH1 + ||eq||1)“1

(A3) F(x,s,t) > 0 for any x € Q and |s| or |£| large enough, and there exist M, N > 0
such that

F(x,5,t) <0, x€ Q,Is| <M, [t| <N;

Then we have the following main theorem.
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Theorem 2. Assume (Al),(A2),(A3)(or (A3)’),(G) and (E) hold. Then there exist an
open interval A E [0, ) and a positive real number p with the following property: for
each A € A, there exists 6 > 0 such that for each y € [0, o], problem (1) has at least
three weak solutions whose norms are less than p.

Proof. By the definitions of @, ¥, J, we know that ¥’ is compact, @ is weakly lower
semi-continuous and bounded on each bounded subset of X. From lemma 1 we can
see that (@) is well defined, from condition (G), / is well defined and continuously
Gateaux differentiable on X, with compact derivative. Then we can use Theorem 1 to
obtain the result. Now we show that the hypotheses of Theorem 1 are fulfilled.

Thanks to (A1), for each A > 0, one has that

lim &(z) + AV (z) = +00,
llzll—o0
and so the assumption (i) of Theorem 1 holds.
Now we consider in two cases:
Case (i): (A3) holds, i.e., there exist 1 < |s1], |£1| such that (9) hold.
Now we set zg = (0,0), z; = (s1, s1) and denote r = ”21”1 + “‘Zﬂ”l > 0, then it is easy to
see that

P(z1) > 1> 0=P(z0).

Thus, (ii) of Theorem 1 is satisfied.
At last, by (A2) we know ¥(zp) = 0, then

(P(=1) — 1) W(20) + (1 — D(20)) ¥ (21)
P(z1) — ®(20)
W(z1) - Jo E(x,s1,51)dx

PE) S el + 1 el

On the other way, when ®(z) < r, we have
min i, } < rp, min iy 1ol | < g
We deduce that
1 1
il < max o) ()}
and
1 1
il < max | 04') 7, 10')7 |
For r = ”'21”1 + ”Z’Jll, then we have

lulle, < kp., IIVlle, < kq.

By (5), we obtain

lulloo < ckp, IVl < ckg.
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Thus, from (7), we have

- inf Y(z) = su —Y(z
ze®!((—oor]) ( ) zeCID*l((E)oo,r]) ( )
= sup F(x, u, v)dx
Q/(Iulflvl)E[O/Ck,,]x[O,qu] (11)

< meas(£2) sup F(x,u,v)
(0 ul, [v)) €2 [0,cky ] x [0,ckq]
From (9)-(11) and the definition of r, we can see (iii) of Theorem 1 is hold.
Case (ii): (A3)" holds. Then there exist |sy|,|£5| > 1 such that F(x,s,,t,) > 0 for any x €
Q and s, P Hep H1 > 1, |t Heq H1 > 1. Set @ = min{c,M}, b = min{c, N} then we have

/ sup F(x,s,t)dx <0 < /F(x, $2, 1) dx. (12)
o (Isl,1the[0,a]x[0,b] J

+

c

. + q -
We denote zy = (so,t5) and 7 = min {pﬁ (“)p 1 (b> } Then it is easy to see that

D(z3) > 1 > P(z0).

So, (ii) of Theorem 1 is satisfied.
When @(z) < r, similar to the above arguments, we obtain that

lulloo < a, IVl < b. (13)
At last, we see that

(P(z2) — 1) W(20) + (1 — P(20)) ¥ (22)
P(z2) — P(20)
V() __ JoF(x s t2)dx 0 (14)
P(z2) ~ '

5 Mol + 5 feall,

From (7) and (12), we have

- inf Y(z) = sup —V¥(z
zE(IJ*l((—oo,r]) ( ) ze@"((foo,rl) ( )
(15)
< / sup F(x, u,v)dx < 0.

5 (lul,lv))€[0,a] x[0,b]

From (14) and (15), we can see (iii) of Theorem 1 is still hold.

Then all the hypotheses of Theorem 1 are fulfilled. By Theorem 1, we know that
there exist an open interval A € [0, «) and a positive constant p such that for any A €
A, there exists o > 0 and for each y € [0,0], problem (1) has at least three weak solu-
tions whose norms are less than p.

By Theorem 2, we have the following result.

Corollary 1. Let f; g : Q x R — R be Carathéodory functions, supq<s |g( ()| € LY(Q)
Sor all s > 0, and define F(x,t) = fotf(x, y)dyfor any (x,t) € Q x R, e(x) € L”(Q) and ess

infqe(x) > 0. Assume the following conditions hold.
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(B1) There exist d(x) € L'(Q) and 0 <¢ <p” such that
F(x,t) <d(x) (1 +[t]°)

foraexe Qandte R

(B2) There exists t3 € R with |t3| = 1 such that

meas(Q) sup F(x,s) < p fQ F(x, t3)dx

" , (16)
(x,ls)e2x[0,ck] p* |t5]P

where c is given in (5) and
1 1
k = max {(Ilelll)p+,(||e||1)p };

or
(B2)’ F(x,t) > O for any x € Q and |t| large enough, and there exist M > 0 such that

F(x,t) <0, x€ Q,[t| <M.

Then there exist an open interval A S [0, ) and a positive constant p such that for
any h € A, there exists ¢ > 0 and for each pu € [0, o], the problem

{ —Ap(x)Ut + e(x)|u|p(x)’2u = Af(x,u) + ug(x,u), xe€, (17)

u=0 xe€ 09,

has at least three weak solutions whose norms are less than p.

Remark 1. if p(x) = p in Q, 4 = 0, problem (17) was considered in [21]. If we take f
(x,8) = |¢]"2t - ¢ with y(x) € CO(Q) satisfies 2 <y < ¥* <p’, u = 0, Corollary 1
becomes a version of Theorem 2 in [23]. Hence our Corollary 1 unifies and generalizes
Theorem 2 in [21] and Theorem 2 in [23] and our Theorem 2 generalizes the main
results of [21-25] to the system (1).

At last, we give two examples.

Example 1. Let Q = B(0,1) be the unit ball of RN with N > 2, set p(x) = N + e'xl,q(x)
=N+1+In(1 + «?%, e,(x) = (1 + x%) = e (%), Gxu,v) = 2*(u* + v*) and

exz(e“+uv—l), xe€Qu<M,veER,

> 1
¢ (ueM +uv+ Ju? —Mu— (M —1)M+ IM?), xeQu<MveR, (18)

F(x,u,v) = {

where M is a positive constant, i.e., we consider the following problem
—Apytt + (1 + 2 ulP®2u = af(x, u,v) + n2x%u, xe€Q,

—Agyv + (1 +2) 1972y = qu + u2x%, xeQ, (19)
d

W _W_5 con
= = X )
v v

where

(et +v), xeQu<MUVER,

20
FMrviu—M), xeQu<MUVER, 20)

f(x,u,v) =Fy(x uv) = {

We can see that p* =N+e,p” =N+1,g"=N+1+In2,g =N+1,|e||; = ;‘, and it

is easy to see that for any t; > 1, there exists s; > 1 such that
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el syt — 1 e(eCk" + Czkpkq — 1)

> ’
¢ L =
p- qa-
1 1
were p, _ (4, AN+1Hne2) AN+ 0 f4 4(N +e) N+ are positive con-
? 3 3(N+e) * ™M 3 3(N+1+1In2)

stants and c is given by (5). Then when M > s;, F(x,u,v) defined in (18) satisfies (A1)-
(A3) of Theorem 2, and G(x,u,v),e(x) satisfy

(G) and (E) respectively, by Theorem 2, there exist an open interval A € [0, «) and a
positive constant p such that for any A € A, there exists o > 0 and for each y € [0,0],
system (19) has at least three weak solutions whose norms are less than p.

Example 2. Assume Q,p(x),q(x),e,(x).e,(x),G(x,u,v) are the same as in example 1, and

suppose N > 8. Let
F(x,u,v) = (1+2¢%) (u™v® +v*u? — 2u*?), xe QuuveR. (22)
Obviously, F(x,u,v) satisfies (A1) and (A2). By simple computation, we can see that
F(x,u,v) > 0, when |u| > V2or v > 2
and
F(x,u,v) <0, when |u| < 1and |v| <1,

i.e., (A3) hold for F(x,u,v) defined in (22).
Thus, there exist an open interval A € [0, ) and a positive constant p such that for
any A € A, there exists o > 0 and for each y € [0, o], the system

—Aptt+ (1 +2) @2y = 240312 + 2%y — dw? + p2x%u, x€Q,

—Apyv + (1 +22) 1972y = 24> ? + 2uty — dv® + u2x%, x €, (23)
du Jdv

= =0 xe€d.
v v

has at least three weak solutions whose norms are less than p.
Remark 2. We remark that the methods used in this paper are also applicable for
the cases of the other boundary value conditions, for example, Dirichlet boundary

value conditions.
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