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EXISTENCE OF MULTIPLE SOLUTIONS FOR A
p(z)-BIHARMONIC EQUATION

LIN LI, LING DING, WEN-WU PAN

ABSTRACT. In this article, we show the existence of at least three solutions
to a Navier boundary problem involving the p(x)-biharmonic operator. The
technical approach is mainly base on a three critical points theorem by Ricceri.

1. INTRODUCTION AND STATEMENT OF THE MAIN RESULT

In this article, we consider the fourth-order quasilinear elliptic equation
A;%(x)u + |u|p(z)—2u = )\f(.]?, U) + ug(m,u), in Qa

(1.1)
u=0, Au=0, on 9,

where Ai(m)u = A(|Au[P®)=2Au) is the p(z)-biharmonic operator of fourth order,
A, i€ [0,00), Q@ C RY(N > 1) is a nonempty bounded open set with a sufficient
smooth boundary 99. f, g: 2 x R — R are Carathéodory functions. Next, let
= [, f(z,s)ds and G(z,u) = [} g(z,s)ds. For p € C(Q), denote 1 < p~ =

mmIEQ p(z) < pT =max g p(x) < 40o0. Moreover,
Np(z) N
wioN #p(@ p(z) < 3,
pQ(x) - N
00 p(x) = 5
is the critical exponent just as in many papers. Obviously, p(z) < p*(z) for all

x € Q. In the sequel, X will denote the Sobolev space W2P(®)(Q) N Wol’p(z)(Q).
The energy functional corresponding to problem (|1.1)) is defined on X as

H(u) = ®(u) + AV (u) + pJ(u), (1.2)
where
B(u) = /Q ﬁ)qmwr)  [uP®)da, (13)
U(u) = f/QF(a;,u)dx, (1.4)
J(u) = f/QG(:r,u)dx. (1.5)
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Let us recall that a weak solution of ([L.1)) is any u € X such that

/(|Au\p($)_2AuAv + |u|P®)~2uw)dx
Q

= )\/ f(z,u)vdx + u/ g(x,u)vdr for all v € X.
Q )

In recent years, the study of differential equations and variational problems with
p(z)-growth conditions has been an interesting topic, which arises from nonlinear
electrorheological fluids and elastic mechanics. In that context we refer the reader
to Ruzicka [14], Zhikov [I9], and the references therein. Moreover, we point out that
elliptic equations involving the p(x)-biharmonic equations are not trivial general-
izations of similar problems studied in the constant case since the p(x)-biharmonic
operator is not homogeneous and, thus, some techniques which can be applied in
the case of the p-biharmonic operators will fail in that new situation, such as the
Lagrange Multiplier Theorem.

Ricceri’s three critical points theorem is a powerful tool to study boundary
problem of differential equation (see, for example, [I], 2, B, 4]). Particularly, Mi-
hailescu [10] use three critical points theorem of Ricceri [I2] study a particular
p(z)-Laplacian equation. He proved existence of three solutions for the problem.
Liu [9] study the solutions of the general p(z)-Laplacian equations with Neumann
or Dirichlet boundary condition on a bounded domain, and obtain three solutions
under appropriate hypotheses. Shi [15] generalizes the corresponding result of [10].
To our best of knowledge, there no result of multiple solutions of p(x)-biharmonic
equation under sublinear condition. The aim of this paper is to prove the following
result

Theorem 1.1. Assume that sup(, s)coxr % < 400, where t € C(Q) and
t(z) <p*(z) forallz € Q and there exist two positive constants o, ¥ and a function
v(z) € C(Q) with 1 <y~ <~% < p~, such that

(I1) F(z,s) >0 for a.e. x € Q and all s €]0, g];
(I2) there ezist p1(x) € C() and p™ < p] < p1(x) < p*(z), such that

. F(z,s)
lim sup sup
s—0 zeQ S|p1(r)

< +00;

(I13) |F(x,8)] <91+ |s|7®)) for a.e. x € Q and all s € R.

Then, there exist an open interval A C (0,400) and a positive real number p with
the following property: for each X\ € A and each function g(z,s): @ x R — R
satisfying

sup l9(, )|

LA A EE ,
o R Tt s = T

where py € C(Q) and pa(z) < p*(x) for all x € Q, there exists § > 0 such that, for
each p € [0, 9], problem (1.1) has at least three weak solutions whose norms in X
are less than p.

Remark 1.2. The conclusion of Theorem gives a precise information about
the p(z)-biharmonic equation (|1.1)) with parameter, namely, one can see that (1.1))
is stable with respect to small perturbations.
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This article is divided into four sections. In Section 2, we recall some basic facts
about the variable exponent Lebesgue and Sobolev spaces. In the third section,
we present some important properties of the p(x)-biharmonic operator. In section
4, we recall B. Ricceri’s three critical points theorem at first, then prove our main
result.

2. PRELIMINARIES

To study p(x)-biharmonic problems, we need some results on the spaces LP(*) ()
and W*P(#)(Q), and properties of p(z)-biharmonic operator, which we will use later.
Define the generalized Lebesgue space by

Lp(””)(Q) = {u : Q@ — R measurable and / |u(x)|p(:”)d:v < oo},
Q

where p(x) € C(Q) and
C(Q):={peC(Q) :p(z) > 1}, for any z € Q.

Denote

pt =maxp(z), p~ =minp(z),
TEQ e

and for any z € Q, k > 1,

Np(z) if
" ey g p(x) < N,
p(m):—_{N p(z) ()

+o0 if p(x) > N,

Now) - if kp(z) < N
pm@;:{w’@u> (

+o00 if kp(x) > N.

One introduces in LP(*)(Q) the norm
[ulp(zy = inf {a>0: / |@|p(“")dx <1}.
Q (0%
The space (LP®)(Q), |- Ip(z)) is a Banach space.

Proposition 2.1 ([8]). The space (LP*) (), | [p(a)) is separable, uniformly convez,
reflexive and its conjugate space is L9®) (Q) where q(x) is the conjugate function of

p(x); i.e.,
1 1

[ + [
p(z)  q(@)
for all z € Q. Foru € LP™)(Q) and v € LI*®)(Q) we have
1 1
| [ wle@is] < (o= + =) llpololaco
Q b q

The Sobolev space with variable exponent W#?(#)(Q) is defined as
WP (Q) = {u € LP®)(Q) : D*u € LP™)(Q), |a| < k},

)

lal . . .
where D*u = 9 —awu with a = (o, ..., an) is a multi-index and [af =
N

9zt 0xy2...0

Zilil ;. The space W*P(*)(Q), equipped with the norm

[ullkp@) =D D Ulpe),
| <k
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also becomes a Banach, separable and reflexive space. For more details, we refer
the reader to [Bl [6l [7], [8].

Proposition 2.2 ([§]). For p,r € C+(Q) such that r(x) < pi(z) for all x € Q,
there is a continuous and compact embedding

WheE)(Q) — L7@)(Q).

We denote by Wé€7p(z)(Q) the closure of C§°(2) in WFP®)(Q).

3. PROPERTIES OF THE p(x)-BIHARMONIC OPERATOR

Note that the weak solutions of (L.1)) are considered in the generalized Sobolev
space

X = W@ Q) 0 Wy P (@),
equipped with the norm
A
Jull = inf {a >0 / (\MIW’ N \@W))dx <1},
Q (0% «

Remark 3.1. (1) According to [I7], the norm || - ||2 p(x), cited in the preliminaries,
is equivalent to the norm |A - [, in the space X. Consequently, the norms || -
ll2,p(x), | - || and |A - |4y are equivalent.

(2) By the above remark and Proposition there is a continuous and compact
embedding of X into L4*)(2), where g(z) < pj(x) for all z € Q.

We consider the functional

1
D(u :/— AuP®) 4 |uP@®)) de,
) = [ 5 (80P 4 u )

It is well known that ®(u) is well defined and continuous differentiable in X. Now
we give the following fundamental proposition.

Proposition 3.2. For u € X we have
(1) [lull < (=21 < (u) < (=>)1,
2) flull < 1= ullf < ®(u) < ull? ,
3) full > 1= |lulP” < ®uw) < |[ul|P, for all u, € X we have
4) |lup|l = 0 < ®(u,) — 0,
) |un] — 00 < @(uy) — co.

(
(
(
(5

The proof of this proposition is similar to the proof in [8 Theorem 1.3]. More-
over, the operator T := ® : X — X' defined as

(T(u),v) = /(|Au|p(m)72AuAv + [u|P®~2up)dz  for any u,v € X,
Q

satisfies the assertions of the following theorem.

Theorem 3.3. The following statements hold:

(1) T is continuous, bounded and strictly monotone.

(2) T is of (S4) type.
(3) T is a homeomorphism.
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Proof. (1) Since T is the Fréchet derivative of @, it follows that T is continuous
and bounded. Let us define the sets

Up={zeQ:plx)>2}, V,={zeQ:1<px) <2}
Using the elementary inequalities [16]

lz—y[" <27(lz] 2z — [y Py) (@ —y) ify>2,

lz —y|* < (Jz[+ y)* " (lz %2 — [y Py) (e —y) fl<y<2,

1
(y=1)
for all (x,7) € RN x RN, we obtain for all u,v € X such that u # v,
(T(u) —T(v),u—wv) >0,

which means that T is strictly monotone.
(2) Let (uy)n be a sequence of X such that

up, — u weakly in X and limsup(T(up), un —u) < 0.
n—-+o0o

From Proposition [3:2] it suffices to shows that
/ (|Au, — AulP® + |u,, — u|P™)dz — 0. (3.1)
Q

In view of the monotonicity of T, we have
(T'(un) — T'(u),uy —u) >0,
and since u,, — u weakly in X, it follows that

lim sup(T'(un,) — T'(v), up, — u) = 0. (3.2)

n—-+4oo

Put
on(x) = (|Aun P2 Au,, — |AuP@ 2 Au) (Au, — Au),
Yn(@) = (Junl? " 2up — [0 (un — ).
By the compact embedding of X into LP(*)(Q), it follows that
Up — u  in LP®(Q),
|un|p(x)—2un N |u|p(x)—2u in L(I(x)<Q)’

where 1/q(z) + 1/p(x) =1 for all € Q. Tt results that

/ v (@)dz — 0. (3.3)
Q
It follows by (3.2 and (3.3)) that
limsup/ on(z)dz = 0. (3.4)
n—-+oo [9)

Thanks to the above inequalities,

/ | Ay, — Aug|P® dx < 2r" / on(x)dx,
U

P UP

/ |t — up [P da < or" / U (x)dx.
U Up

P
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Then
/ (|Aun — AufP@® 4 |y, — u|p(m)) dr — 0 asn— +oo. (3.5)
U,

p

On the other hand, in V},, setting d,, = |Auy,| + |Au|, we have

1 plx plx
[ 1w = 8ap@de < g [ 0) 5 6,) Do
v, v,

p

For d > 0, by Young’s inequality,

d [ 18w, 8ap@ds < [ fd(en)*)0,) "D,
" o’ ] (3.6)
S/ Sﬁn(d)mdx—F/ (6n)p(1‘)d1,

V,

p Vp
From (3.4) and since ¢,, > 0, one can consider that

og/ ppdr < 1.
1%

P

If [, @ndr =0 then [, |Auy, — Aul[P®dz = 0.1 0 < Jy, endx <1, we choose

d= (/V @n(x)dz>7l/2 > 1,

p

and the fact that 2/p(z) < 2, inequality (3.6)) becomes

. 1 .
/ | A, — AuP®de < 7</ Ond?dz +/ 5Z(L)dx>7
vy d\Jy, Q

< (/Vp @ndx) 1/2(1 —I—/Q(Sﬁ(m)dm).

Note that, fQ 6£(I)d:v is bounded, which implies
/ |Au, — AuP@dz — 0 as n — +oo.
VP

A similar method gives

/ [y, — ulP@dz — 0 as n — +oo.
%

P

Hence, it result that

/ (|Au, — AufP® + |u, — u[P®)dz — 0 as n — +oo. (3.7)
Vo
Finally, (3.1)) is given by combining (3.5)) and (3.7).

(3) Note that the strict monotonicity of T implies its injectivity. Moreover, T is
a coercive operator. Indeed, since p~ —1 > 0, for each u € X such that [ju| > 1
we have

= > [ull” =t — 00 as [luf — oco.

Consequently, thanks to Minty-Browder theorem [I8], the operator T is an surjec-
tion and admits an inverse mapping. It suffices then to show the continuity of 77 1.
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Let (fn)n be a sequence of X’ such that f,, — f in X’. Let u, and u in X such
that

T Yf) =u, and T7Y(f) =u.

By the coercivity of T, one deducts that the sequence (u,) is bounded in the
reflexive space X. For a subsequence, we have u,, — @ in X, which implies

lim (T(u,)—T(u),u, —uy= lim (f, — f,u, —u)=0.

n—-+4oo n—-+400
It follows by the second assertion and the continuity of 7" that
u, —u inX and T(u,)— T(@)=T(u) inX'.

Moreover, since T is an injection, we conclude that u = u. ([

4. PROOF OF MAIN THEOREM

For the reader’s convenience, we recall the revised form of Ricceri’s three critical
points theorem [I3] Theorem 1] and [I1, Proposition 3.1].

Theorem 4.1 ([I3, Theorem 1]). Let X be a reflexive real Banach space. ®: X —
R is a continuously Gateaux differentiable and sequentially weakly lower semicon-
tinuous functional whose Gateaux derivative admits a continuous inverse on X' and
P is bounded on each bounded subset of X; U: X — R is a continuously Gateaux
differentiable functional whose Gateaux derivative is compact; I C R an interval.
Assume that

lim (®(x) + A¥(z)) = 400 (4.1)

llzll—+o0

for all X € I, and that there exists h € R such that
(®(x) + A(T(x) + h)) < 1g§( sup(®(z) + A(¥(z) + h)). (4.2)
z el

sup inf
el TEX

Then, there exists an open interval A C I and a positive real number p with the
following property: for every X € A and every C' functional J: X +— R with
compact derivative, there exists § > 0 such that, for each u € [0,9] the equation

O (z) + AV (z) + pJ' (z) =0
has at least three solutions in X whose norms are less than p.

Proposition 4.2 ([1I], Proposition 3.1]). Let X be a non-empty set and @, ¥ two
real functions on X. Assume that there are v > 0 and xg,x1 € X such that

—U(x
P(x0) = —V(x0) =0, P(x1) >, . ?(}p ) —U(z) <71 @(;1;)
x€d*(|—o0,r

Then, for each h satisfying
-
sup —VY(z)<h<r (x1)7
2€d1(]—o0,r]) ®(z1)

one has

sup in)f((CI)(LI:) +Ah+T(x))) < ing sup(®(x) + A(h + T(x))).
A>02Z€ TEX A>0

Now we can give the proof of our main result.
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Proof Theorem[I1 Set ®(u), ¥(u) and J(u) as (1.3)), (1.4) and (1.5). So, for each

u, v € X, one has

(@' (u),v) = / (|AuP@ =2 AuAv + |uP®~2u0) dz,
Q
(W' (), 0) = — /Q f(, wyv dz,
(J'(u),v) = f/ﬂg(x,u)v dx.

From Theorem [3.3] of course, ® is a continuous Gateaux differentiable and sequen-
tially weakly lower semicontinuous functional whose Gateaux derivative admits a
continuous inverse on X', moreover, ¥ and .J are continuously Gateaux differen-
tiable functionals whose Gateaux derivative is compact. Obviously, ® is bounded
on each bounded subset of X under our assumptions.

From Proposition [3.2] we have: if |lu[| > 1, then

1 - 1 +
FHUII” < Ou) < FIIUHP : (4.3)
Meanwhile, for each A € A,

AV (u) = —)\/QF(:r,u)dx

> ) / (1 + [u"®))dz
Q
+
> =M(|Q + [ul] )
+
> —Ca(1+ |ul],)
> —Cy(1+ [Jul”")

for any u € X, where Cy and Cj5 are positive constants. Here, we use condition (I3)
and (ii) of Proposition Combining the two inequalities above, we obtain

1 _
) + A (w) 2 =l — Ca(1+ ul7),

because of v* < p~, it follows that

lim (®(u) + A¥(u)) =400 Yue X, Xe0,+0).
llull—+o00

Then assumption (4.1]) of Theorem is satisfied.
Next, we will prove that assumption (4.2)) is also satisfied. It suffices to verify
the conditions of Proposition Let ug = 0, we can easily have

@(Uo) = —\IJ(UQ) =0.

Now we claim that (4.2)) is satisfied.
From (I2), exist € [0,1], Cy > 0, such that

F(z,s) < Cy|s|P*@® < Cyls|Pr Vs € [-n,7)], ae. z €.
Then, from (I3), we can find a constant M such that

F(x,s) < M|s|Px
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for all s € R and a.e. = € (). Consequently, by the Sobolev embedding theorem
(X — LP1 (Q) is continuous), we have (for suitable positive constant Cs, Cp)

() = / Fla,u)de < M/ (Pt de < Csllul[Pr < Carvi /7t
Q Q

when ||u||P" /p™ < r. Hence, being p; > p, it follows that

Sup),i» »— P (u
T il A (4.4)

r—0t T

Let u; € C%(Q) be a function positive in 2, with u;|sq = 0 and maxgu < d.
Then of course u; € X and ®(uy) > O In view of (i1) we also have —U(uy) =
fQ x,u1(z))dz > 0. Therefore, from , we can find r € (0 min{®(u,), % )
such that v

sup (=T(u)) < 7“_7(”1).
lulle* /o <r ® (1)
Now, let u € ®1((—o0,7]). Then, [,(|Au[P™® + [uP®))dz < rpT < 1 which, by
Proposition implies ||u|| < 1. Consequently,

1 + / 1
—|ullP” < | —(Aul® + |[u[P@)dz < r.
el oy A [ul”*)

Therefore, we infer that ®~!((—o0,r]) C {u €X: p%Hqu+ < r}, and so

—W(us)
sup —V(u) < r——m=—=.
u€d—1(]—o0,r]) P (u1)
At this point, conclusion follows from Proposition [£.2] and Theorem [4.1] O
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