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Abstract

This paper is concerned with the following Kirchhoff-type problems with a
nonsmooth potential: —(a + be [Vul? dx)Au e 9j(x,u) fora.a. x € ,u=0on 2.
Using the nonsmooth mountain pass theorem, the nonsmooth local linking theorem,
and the nonsmooth fountain theorem, we establish the existence and multiplicity of
solutions for the problem. All this is based on the nonsmooth critical point. Some
recent results in the literature are generalized and improved.
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1 Introduction

In recent years, various Kirchhoff-type problems have been widely discussed by lots of
authors. The Kirchhoff mode is an extension of the classical D’Alembert’s wave equation
for free vibrations of elastic strings, which takes into account the changes in length of
the string produced by transverse vibrations. Some interesting studies of the Kirchhoff
equations can be found in [1-7] and references therein. Especially, there exist lots of papers
focused on studying the following Kirchhoft-type equations:

—(a+b [o|Vul* dx)Au=f(x,u) inS, L)
ulpe =0, .

where f is a continuous function. For example, Perera and Zhang [6] derived nontrivial
solutions for problem (1.1) with the help of the Yang index and critical groups. In [8], Chen
et al., by employing fibering map methods and the Nehari manifold, discussed problem
(1.1) with concave and convex nonlinearities and obtained the existence of multiple pos-
itive solutions. Recently, Liang et al. in [9] firstly studied the bifurcation phenomena of
problem (1.1) with the right-hand side of the first equation replaced by vf(x, u#) by using
the topological degree and variational methods.

As is well known, many free boundary problems and obstacle problems may be re-
duced to partial differential equations with discontinuous nonlinearities. Among these
problems, we have the seepage surface problem [10], the obstacle problem [11], and the
Elenbaas equation [12] and so on. Based on these results, the theory of nonsmooth varia-
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tional analysis has been developed rapidly. For a comprehensive understanding, we refer
to the monographs of [13-16].

Inspired by the above results, a natural question arises: what will happen when the po-
tential function f is discontinuous in problem (1.1)? This is the main point of interest in
our paper to study. For this purpose, we consider the following Kirchhoff-type problems
with a nonsmooth potential (hemivariational inequality):

—(a+Db [o|Vul*dx)Au € 0j(x,u) foraa.xe S,
u=0 on 0%2,

(1.2)

where © € RN is a bounded domain with a C2-boundary 92 (N =1,2,3), a,b > 0. By
j(x, u) we denote the generalized subdifferential of u +— j(x, u).

Remark 1.1 If weleta =1 and b = 0, then problem (1.2) turns into

—Au € dj(x,u) foraa.xeQ,
u=0 on 0€2.

(1.3)

Problem (1.3) is a well-known semilinear elliptic equation with a nonsmooth potential and
there exist many results focused on discussing problem (1.3); see [17-22] and references
therein.

To the best of our knowledge, there exist few results on studying the Kirchhoft-type
problems with nonsmooth potentials. We will face at least two difficulties in treating prob-
lem (1.2). Firstly, the presence of discontinuities probably leads to no solution of problem
(1.2) in general. Therefore, in order to overcome this difficulty, our approach is based on
the nonsmooth critical point theorem for locally Lipschitz functions due to Chang [11].
Specifically, we consider such a function f, which is locally essentially bounded measurable
and we fill the discontinuity gaps of f, replacing f by an interval 8j(x, &) = [/~ (x, u), f* (%, u)],
where

f~(x,u) = lim essinff(x,¢), fHx,u) = lim esssupf(x,¢).

§—07% |t—ul<d §—0* |t—u]<8

Secondly, it is well known that the classic (AR)-condition (see (J4)) guarantees that every
(PS). sequence is bounded. However, in our Theorems 1.4 and 1.5, we abandon the classic
(AR)-condition and have to find new conditions (see (J7)-(Jo)) to ensure that every (PS),
sequence is bounded.

In our article, we need the following assumptions:

(J1) j:9 xR — Risa function, and j(-, ) is measurable for all # € R and j(x, -) is locally
Lipschitz for almost all x € ©;
(Jo) foralmostallx € ©,all # € R and all w € 3j(x, u), we have

6, ifN=3,

lw| < c(|z4|”‘1 + 1) for some 4 <p <2* =
oo, iIfN=1,2

for some ¢ > 0;
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(J3) for almost all x € 2, we have

lim sup &, ulx)) <oy,
ul—+o0 |U(xX)[*

where a; < é, and ¢, satisfies [, |u|* dx < c}(/[,, [Vul* dx)?;

(J4) there exist g > 4 and M; > 0 such that for almost all x € , all || > M; and all w €
3j(x, u), we have 0 < gj(x, u) < wu;

(Js) thereexists 8 > 0, such that §Au* + ékiu" <jxu) < §hpau® + éu‘*, fora.a.x € Q
and all |#| < 8, k € N (A denotes the variational characterization (see (2.1) and (2.2)));

(Jo) Jjlx,u)=j(x,—u) Vx € Q, ueR;

(J7) there exists M, > 0 such that for a.a. x € , all |u| > M, and all w € 9j(x, u), we have
4j(x, u) < uw;

(Js)  limyy 100 ](z—f)

(Jo)  limyy— 400 (wus — 4j(x, u)) — +00 as |u| — +00, and there exist 0 > 1 + ﬁ and a posi-

— +00 uniformly for almost all x € ;

tive constant [ such that |w|” < l(wu — 4j(x, u))|u|° for |u| large and for a.a. x € Q and

€ Jj(x, u);

(Jio) limy—g jf’;’lz) < %a uniformly for a.a. x € Q.

Our main results are the following:

Theorem 1.1 If hypotheses (]1), (J2), (Ja), (Jio0), and j(x,0) = O for a.a. x € Q are satisfied,

then problem (1.2) has at least one nontrivial solution.

Theorem 1.2 If hypotheses (J1), (J2), (J3), (J5), and j(x,0) = 0 for a.a. x € Q are satisfied,

then problem (1.2) has at least two nontrivial solutions.
Motivated by [23], we obtain the existence of infinitely solutions for problem (1.2).

Theorem 1.3 If hypotheses (]1), (J2), (Ja), and (J¢) are satisfied, then problem (1.2) has

infinitely many large energy solutions.

Theorem 1.4 If hypotheses (J;) and (]g) are used in place of (J4), then the conclusion of
Theorem 1.3 holds.

Theorem 1.5 If hypothesis (]o) is used in place of (J;), then the conclusion of Theorem 1.4
holds.

Remark 1.2 (i) It is not difficult to see that there exist many functions, which, respec-
tively, satisfy Theorem 1.1 and Theorem 1.2. For example, for simplicity, we drop the x-

dependence

6,
() = Zcluls iflul > 1,
2 - 3 2 if 1
seclul if |u| <1,
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where 0 < ¢ < %kla.

Olul®  if jul <1,

Orlul®  if lu| >1,

for some 6; > 0. Then it is easy to check that j; (u) satisfies Theorem 1.1 and j,(u) satisfies
Theorem 1.2.

(ii) Since we do not assume j(x, %) > 0 in hypothesis (J7), the assumption (J4) cannot
imply (J7). So Theorem 1.3 and Theorem 1.4 are two different theorems. Furthermore,
there exist functions j(x, &), which satisfy all hypotheses of Theorem 1.3 and Theorem 1.4,
while they do not satisfy hypothesis (Jy). For example

no,
) = Slulz i |u =1,
J3\U) = 2 2 if
1 lul if |u| < 1.

Then j; () satisfies all conditions of Theorem 1.3 and Theorem 1.4, while it does not satisfy
Theorem 1.5.
(iii) There exist lots of functions which satisfy all assumptions of Theorem 1.5, while

they do not satisfy (J4) and (J7), for example, for small ¢ > 0, let

, a4 + 2e|u* sin?(“0) if Ju] > 1,
ja(u) = . 91
[1+2&sin”(;)][u] if |u| < 1.
Then j4 does not satisfy (J4) and (J7). This means that Theorem 1.5 is different from The-
orem 1.3 and Theorem 1.4.

This paper is divided into three sections. In Section 2, we recall some basic definitions
and propositions which will be used in the sequel. In Section 3, we give the proof of the
main results.

2 Preliminaries

In this section we state some definitions and lemmas, which will be used throughout this
paper. First of all, we give some definitions: (X, || - ||) will denote a (real) Banach space
and (X*, || - ||.) its topological dual. While u, — u (respectively, u, — u) in X means the
sequence {u,} converges strongly (respectively, weakly) in X. As usual, 2* denotes the crit-
ical Sobolev exponent, i.e., 2* = ]\%—]:[2 if 2 <N, and 2* = +o0 if 2 > N. We denote by | - |,
the usual L”-norm. The n-dimensional Lebesgue measure of a set E € R” is denoted by
|E|. Since 2 is a bounded domain, X < L"(€2) continuously for r € [1,2*], compactly for
r € [1,2%), and there exists ¢, > 0, such that

lul, <crllull, YuelX.

Definition 2.1 A function /: X — R is locally Lipschitz if for every u € X there exist a
neighborhood U of u and L > 0 such that for every v,n € U

[1(v) = I(@)| < L|v = n].
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Definition 2.2 Let / : X — R be a locally Lipschitz functional, &, v € X: the generalized
derivative of I in u along the direction v,
Iw+7tv)-1
I°(u;v) = limsup u
w—>u,T—>0% T
It is easy to see that the function v — I°(x;v) is sublinear, continuous and so is the
support function of a nonempty, convex, and w*-compact set /(z) C X*, defined by

0l(u) = {u* exX*: (u*, v)X <I%u;v) forallve X}.
If I € C}(X), then
0l(u) = {I’(u)}.
Clearly, these definitions extend those of the Gateaux directional derivative and gradient.

A point x € X is a critical point of [, if 0 € 9I(u). It is easy to see that, if u € X is a
local minimum of , then 0 € 3(x). For more on locally Lipschitz functionals and their
subdifferential calculus, we refer the reader to Clarke [24].

Definition 2.3 If I : X — R is a locally Lipchitz function, then we say that [ satisfies the
nonsmooth C-condition, if the following holds:
Every sequence {u,} C X, such that

I(u,) > ¢ and (1 + ||un||x)m1(u,,) — 0,
where m!(u,) = infyx cor(u, 145 lx<, has a strongly convergent subsequence.

In the following, we introduce the eigenvalues of the negative Laplacian with a Dirichlet
boundary condition. By {u,},>1 we denote the corresponding eigenfunctions. We know
that {u,},>1 C C5(R) is an orthonormal basis of L?(£2) and an orthogonal basis of H}(<2).
Also A, — +00asn — +00. A; is isolated and simple, and u; € C}() is the only eigenfunc-
tion with constant sign. Furthermore, we derive the following variational characterization
of {Au}n=1:

Vul? V|2
2 :ueH(l,(Q),u#O} o |122. 2.1)
112

]

M =m1n{
2

|ue]3

For n > 2, we have

2 . |Vu|% 1
, = min P rue Hy(),u L{u,...,u,1},u#0
2

|Vul3 1 n
= max e tu € Hy(Q),u € span{ug )i, u #0
2

Vi3

|43

(2.2)

The following properties can be found in [25].
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(p1) O<Ai<Ay< - <Ay
(p2) |Vul3 > Alul3 for all u € H)(RQ).
(ps) There exists an eigenfunction u; corresponding to A; such that u; € int(Cé(Q)) as well

as |uil2) = 1.
Next, we list the nonsmooth mountain pass theorem.

Theorem 2.1 (Nonsmooth mountain pass theorem [16]) If there exist u; € X and r > 0,

such that ||uy||x >,
max{](O),I(ul)} < ”irﬂf I(u)
ul|=r
and I satisfies the nonsmooth C-condition with

c=inf sup I(y(2)),
7€l ef0,1] ( )
where I' = {y € C([0,1; X) : ¥(0) = 0,y (1) = w1}, then ¢ > inf, -, I(u) and c is a critical
value of I. Moreover, if ¢ = inf{I(u) : ||u|| = r}, then there exists a critical point uy of I with
(o) = c and ||ug|| = r (i.e., K N 3B, #1).

Recently, Kandilakis ez al. [26] proved a multiplicity result under the so-called local link-
ing conditions. The result is a nonsmooth version of result due to Brézis and Nirenberg
[27].

Theorem 2.2 If X is a reflexive Banach space, X =Y @ V withdimY < +00,1: X — Risa
locally Lipschitz function which is bounded below and satisfies the nonsmooth C-condition;
we have 1(0) = 0, infx I < 0 and there exists r > 0, such that

I(u) <0 ifueY,|ul<r,
I(uw)=0 ifueV,|ull<r

(local linking condition),

then I has at least two nontrivial critical points.

In the following, we introduce a nonsmooth version fountain theorem which was proved
by Dai [23]. The smooth fountain theorem was established by Bartsh in [28, 29].

Definition 2.4 Assume that the compact group G acts diagonally on V*

g, v) = (gve, .., 8v),

where V is a finite dimensional space. The action of G is admissible if every continuous
equivariant map U/ — V*1, where U is an open bounded invariant neighborhood of 0

in V¥, k > 2, has a zero.

Example 2.1 The antipodal action G =Z on V = R is admissible.
We consider the following situation:
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X, the space

meN

(A1) The compact group G acts isometrically on the Banach space X = €9
X are invariant and there exists a finite dimensional space V' such that, for every
m e N, X, >~ V and the action of G on V is admissible.

In the theorem, we will use the following notations:

k 0
- z-@r
m=0 m=k (2.3)

Bi={ue Ye:llull < pi}, Ni={ueZg: |lull =},
where pi > 1 > 0.

The following lemma is very important when we use the fountain theorem to prove
infinite solutions for problem (1.2).

Lemma 2.1 (see [29]) If1 < p < 2*, then we have

Br= sup |ul,—0, k— oo
u€Zjo |ull=1

Theorem 2.3 Under assumption (A1), let I : X — R be an invariant locally Lipshitz func-
tional. If for every k € N, there exists px > ri > 0 such that

(Ag) ai = MaXyeyy,|ull=px I(u) <0;
(Az) by =infuez, juj=r, I(u) = 00, k = o0;
(A4) I satisfies the nonsmooth (PS), condition for every ¢ > 0,

then I has an unbounded sequence of critical values.

In this paper we let X = H}(S2) be the Sobolev space equipped with the norm ||u| =
|VM|2
We say that u is a weak solution to problem (1.2), if # € X and

(a+ b||u||2)/ Viu- de—/ wvdx =0,
Q Q
forall v e X and w € 9j(x, ) a.e. on Q.
Seeking a weak solution of problem (1.2) is equivalent to finding a critical point of the
energy function 7 : X — R for problem (1.2), defined by
_a

b
I(u) = 2||u||2 + Z||u||‘*— /Q j(xu(x))dx, VueX. (2.4)

I is Lipschitz continuous on bounded sets, hence it is locally Lipschitz (see [24], p.83).

3 Proof of the main results
In order to give the proofs of our main results, we firstly prove the following lemma.

Lemma 3.1 If (J1) and (J2) hold, assume that {u,},>1 C X is a bounded sequence with
ml(u,) — 0, then {u,},=1 C X has a convergent sequence.
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Proof Since {u,} C X is bounded and the embedding X — L"(£2) is compact for all r €

[1,2%), passing to a subsequence, we may assume that

u,—~u inX, u, —>u inL"(Q), u, — ulx) foraa.xeQ,
(3.1)
‘u,,(x)‘ <k(x) foraa.xe Qandalln>1, withk e L (Q),.

Note that

(uz —u*u, - u)

= 2 . —
= (a+bfﬂ|Vu,,| dx)/QVu,, V(u, —u)dx
—<a+b/ﬂ|Vu|2dx>/S;Vu-V(u,,—u)dx—/s;(wy,—a))(u,,—u)dx

- <a+b/ |Vun|2dx)/|V(un—u)|2dx—b(/ |Vu|2dx—/ |Vun|2dx)
Q Q Q Q

~/Vu~V(u,,—u)dx—/(wn—w)(un—u)dx

Q Q

Zmin{a,1}||u,,—u||2—b(/ |Vu|2dx—f |Vun|2dx)fVu-V(un—u)dx
Q Q Q

- / (n — )t — ) dx,
Q

where u* € 3l(u), u), € 01(u,), w € 9j(x,u) and w, € Jj(x,u,) for almost all x € €2, then we
obtain

min{a,l}llun—u||2§<u:—u*,un—u>+b<f |Vu|2dx—/ |Vu,,|2dx)
Q Q
/ Vu~V(u,,—u)dx+[(a),,—a))(un—u)dx. (3.2)
Q Q

From (3.1) and the boundedness of {u,} in X, we have

b(/ |Vu|2dx—/ V|u,,|2dx> / Vu-V(u, —u)dx — 0, (3.3)
Q Q Q

as n — +o00. Furthermore, from (J,) and the Holder inequality

/(wn—w)(un—u)dxff lw, — ||ty — uldx
Q Q
s[c1(|un|P-1+|u|}’-1+1)|un—u|dx
Q

1 -1 -1
< 112ty — 1ty + 1t — ulp (0l + |2l

1
< alQI2|u, - uly + ca|luy — ulp,
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where ¢, ¢, are some positive constants. Since |u, —u|, — 0 and |u, —u|, — 0asn — +00,

we infer that

/Q(wn - o), —u)dx — 0, (3.4)
as n — +00. Note that

(ufl—u*,un—u)—> 0 asn— +00. (3.5)

Hence, from (3.2)-(3.5), we deduce that ||u,, — u#|| — 0. This means that {u,},>1 € X has a
convergent sequence. a

Remark If we use (1 + ||u,|)m’(1,) — 0 in place of m'(u,) — 0, the proposition remains

true.

In the following, we will use the nonsmooth mountain pass theorem to prove Theo-

rem 1.1.

Proof of Theorem 1.1
Claim 1. I satisfies the nonsmooth C-condition.
Let {u#,},>1 € X such that

[I(u,)| <My foralln>1 and (1+ ||lu,l)m'(u,) >0 asn— oo, (3.6)

where M, > 0. From Lemma 3.1, we only need to prove that {u,},>1 € X is a bounded
sequence. It follows from (3.6) that

—<u:,un>:—<tl+b/ |Vu,,|2dx>/ |Vun|2dx+/a)nundx§sn, 3.7)
Q Q

and
a b .
B[ 19 s 2 - [ i ,0) v < b, (38)
Q Q
where &, — 0, &, € 31(u,), w, € 9j(x,u,) a.a. on Q. Adding (3.7) and (3.8), we obtain
q 2 q 4 .
a(i _1) ”MnH +b<1 —I)HM,,” +/ (wnun_q](x»un(x)))dxfgn +qM4‘ (3‘9)
Q
By virtue of (J4), we have
q 2 q 4 .
"Z<__1>||un” +b(__1>||un” +/ (wnun_QJ(x¢ Mn(x))) dx < e, +qMs. (3.10)
2 4 lun|<M;

Since a,b > 0, g > 4, from (3.10) and (J,), we deduce that

a(% —1)||un||2+b(% —1>||un||4 < Ms, (31D
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for some M5 > 0 and all # > 1, then from (3.11), we deduce that
{tn}n>1 € X isbounded.

Hence, from Lemma 3.1, we find that I satisfies the nonsmooth C-condition.
By virtue of (J,) and (Jyo), there exists ¢; > 0 such that

a
Jx,u) < Ehlul2 +crluf’

for almost all x € 2, and all # € R, then we obtain

a b
1) = —||u||2+leull"—/j(x,u)dx
Q

=

an b
el = =2 [l + — uall —q/ |ul? dx
2 4 o

where ¢} satisfies |ul}, < c,||u||?. Since p > 4, set ro = (ﬁ)p"*, then for all 0 < r < ry we
1%

have
inf{I(x) : |lull = r} > 0. (3.12)

Claim 2. There exists uy € X with || ug|| > r > 0 such that I(u) < 0.
Let Ny be the Lebesgue-null set outside which hypotheses (J1), (J2), and (J4) hold. Let
x € Q\ Ny and u € R with |u| > M;. We set

h(x, ) =j(x,tu), =1

It is obvious that /(x, -) is locally Lipschitz and from the nonsmooth chain rule (see Clark
[24], p.45), we obtain

oh(x,t) C 9,(x, Tu)u,

thus
toh(x,7) C 3,(x, Tu)TU.

By virtue of hypothesis (J4), we obtain
™' (x,7) > qh(x, T)

for all x € 2\ Ny and a.a. T > 1. Consequently
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for all x € 2\ Ny and a.a. T > 1. Integrating from 1 to 7 > 1, we derive

h(x, 7o)
h(x,1)

Int! <In = tlh(x1) < hx, 7).

Hence we have shown that for x € Q2 \ Ny, |u| > M; > 1, and T > 1, we have
(%, u) <j(x, Tu).

Then for all u > M, due to (3.13), we have

q
) /( , ]%M) > (%) 6 M),

For all ¥ < —Mj, we obtain

q
j(x’ Lt) :j<x’ _L%(_M1)> > (J\Zl ) ](xx _M1)~

1
From hypothesis (J,) we can find ¢, > 0 such that
i, u)| < ca.

for all x € 2\ Ny and all |u| < M;. Together with (3.14)-(3.16), we infer that

jx, 1) > cslul? —cy,

Page 11 of 18

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

fora.a.x € Q, all # € R and some ¢,, ¢3 > 0. From (3.17), for v € X \ {0} and ¢ > 1, we obtain

> bt*
() = Z )2 + 2= v * - / j(x, tv)
2 4 o

at?* bt*
< e Py —Cstqf [v]7 dx + 5|21,
2 4 o

Note that g > 4, which implies I(tv) — —oco0 as t — +00. So we can choose a f; large enough

such that I(tov) < 0, and set ug = tov, then i is the desired element.
Define

= {y € C([O,l],X) :v(0)=0,y(1) = uo}, ¢ = inf sup I(y(t)),
Y€l ef0,1]

then ¢ > inf}, -, I(#1). From I(0) = 0, Claims 1, 2, (3.12), and the nonsmooth mountain pass

theorem, we infer that there exists a point # € X such that

H(u)=c> inf{l(u) lull = r} >0,

0 € 3I(u).

(3.18)

(3.19)
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From (3.18) it immediately follows that u # 0. By (3.19), on account of [30] (p.362) we thus

have

(a+b||u||2)/ Vu-Vvdx:/wvdx Vv e X, w € dj(x,u) a.a. on L,
Q Q

which evidently means

—(a+b [o|Vul*dx)Au=w foraa.xcg,
u=0 on 9€2,

where w € 9j(x, u) a.a. on Q2. Hence the function u € X turns out to be a nontrivial solution
for problem (1.2). O

Proof of Theorem 1.2 We consider the orthogonal decomposition X =Y @ V, where ¥ =
E; = @f;l E(A;), E(1;) be the eigenvalue space (i =1,2,...) and V = Ekl.

Claim 1. I is coercive.
From (J,) and (J3), we have

j(% u®)) < o |u@)|" + e (3.20)

for almost all x € Q and some ¢5 > 0. Then

b
I(u) = gnun% leull“—/ﬂj(x,u(x))dx

a b 4
z—||u||2+—||u||4—a1/|u<x>| dr - 51|
2 4 o
> Ll + 2 — el - 512
-2 4
a 2
z o lul® - el (see (J3)).

This means that I(x) is coercive and so it is bounded below and satisfies the nonsmooth
(PS)..

Claim 2. I satisfies a local linking at 0 with respect to (Y, V).

For u € V, (J,) and (J5) mean that

. a b
J 1) < = Apalul® + — |ul* + colul?, (3.21)
2 8¢,

for some ¢g >0 and a.a. x € Q, u € R. Then

b
I(u) = gnun%an#—]ﬂj(x,u(x))dx

b b
||u||2+—||u||4—6—l)\k+1/ Iulzdx——4/ |u|4dx—c6/ |ul? dx
4 2 Q 8C4 Q Q

4
llull™ = cocyllull”,

>

=

0|l NI
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where ¢, satisfies [, [ul? dx < ¢, ([, |Vul* dx)*. Since p > 4, letting r; = (é)ﬁ“‘, for all
P

0 <r<r, we have I(u) > 0. For u € Y, from (J5), there exists r, > 0 with ||u]| < ry = %
When [u] < pllull <3.

a b
i(x, 1) > = Meu® + — 22 ul*.
]( )_2 k 4‘Ci kl |
Since dimY} = k < +00, then

a b a b
Tat) = Sl + el = S lul3 = Emmz <0.
Choosing r = min{r;, 2}, we find that / satisfies a local linking at 0 with respect to (¥, V).
If inf,cx I(u) < 0 = 1(0), from Theorem 2.1, we obtain two nontrivial critical points
i,y € X of I, and hence two nontrivial solutions of problem (1.2).
If inf,ex I(1) = 0, then all y € Y\ {0} with [|y|| < ry satisfy

1) = inf 1(u)

and so all are the nontrivial critical points of 7, and hence we find a continuum of nontrivial
solutions of problem (1.2). In both cases, by standing regularity theory, these solutions
belong in C}(Q). O

In the following, we choose an orthonormal basis (e;) of X and we define X; = Re;. We
will use the nonsmooth fountain theorem with the antipodal action of Z, to prove Theo-
rem 1.3.

Proof of Theorem 1.3 From the proof of Theorem 1.1, we have already checked that /()
satisfies the nonsmooth (PS).. Note that / is an even functional. We only need to prove
that for k large enough there exist pi > r¢ > 0 such that

(A2) ax = maXyueyy,juj-p L () <0,
(Az) by =infuez, juj=r, 1(u) = 00, as k — +00.

For u € Yy (see (2.3)), from Claim 2 in Theorem 1, there exist M5 > 0, as > 0, and a3 > 0
such that

Jox,u) > aa|ul? — a3 (3.22)

for a.a. x € Q and all u € R. From (3.22), we have

I(u) = gnunz + Znun“ —/Qj(x,u)dx

a b
S5||M||2+ZI|M||4—W2IMIZ—0£3IQI- (3.23)

Noting that dim Yy < +00, so all norms of Y are equivalent. Then, from (3.23), we can find
Pk > 0 large enough such that

ar= max I(u)<0. (3.24)
ue Yy, lull=px
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For u € Zy, letting B = sup,cz, ju-1 [#lp, k=1,2,..., from Lemma 2.1 and the mean value

1
theorem, we have By — 0 as k — o0. Set ry = (b‘1a4p;6,1f)47’ for u € Zj with ||ul| = r¢. By
virtue of (J,), we derive

b
1) = Sl + 5 ) —/Qj(x,u)dx

b
> ZIIMIIZ + —[laaf|* —M/ lul? dx — cg| L]
2 4 Q
a o b
> EIIMII + ZIIMII — By ull? - cs|Q|
a 2 1 1 r_ 4
= E(b‘h)@pﬁf) ip 4 <E — I;>(b—l) ip (C(4Pﬁf) 7 _ |9

for some oy, cg > 0. Since p > 4 and Sy — 0 as k — +00, we obtain

b= inf  I(u) > +00 ask— +o0. (3.25)
ueZp,l|lull=ry

So from (3.24), (3.25), and noting that /(u) satisfies the nonsmooth (PS)., by the nons-
mooth fountain theorem, we deduce Theorem 1.3. O

Proof of Theorem 1.4 From the proof of Theorem 1.3, we need to prove that any (PS),
sequence is bounded and the condition (A;) is satisfied. For u € Y%, by virtue of (Jg) and
(J2), we know that for any ¢¢ > 0, there exist constants M > 0, |u| > Mg, and cjp > 0 such
that

Jilox, 1) > colul* — cr

fora.a.x € Q,all u € R. Then

a b
1) = = lull® + — 4—f’ ,
()= 1l + gl = | jo0)de

a

b
2 4 4
SEHMH +E||14|| — Coluly + C10]$2].

Since all norms are equivalent on the finitely dimensional space Y%, we can find some 6 > 0
such that

a b
I(u) < §||u||2 - <c99 - E) lull* + 0] 2. (3.26)

Let ¢co > %. Then, from (3.26), we can find pi > 0 large enough such that

ar= max I(u) <O0. (3.27)
u€Yj,llull=px

So the condition (A;) holds.
Next, we show that I satisfies the nonsmooth (PS). on X. Let {u,},>1 € X such that

’I(un)| <M, foralln>1 and m'(u,)— 0 asn— +oo. (3.28)



Yuan and Huang Boundary Value Problems (2015) 2015:36

Recalling that ) € 91(u,) a.a. on Q, from (3.28), we obtain

_<u:,u,,>=—(a+b/ IVunlzdx>/ IVunlzdx+/wnundx§8,,
Q Q Q

and

Za/ |Vun|2dx+b||un||4-/ 4j(x, u,) dx < 4Ms,
Q Q

where w, € 9j(x,u,) a.a. on Q. Adding (3.29) and (3.30), we have

allu,|* + / (nttn — 4j(x, uy)) dx < &, + 4M;.
Q
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(3.29)

(3.30)

Then in a similar way as used in the proof of Theorem 1.1, we can infer that {u,},>1 € X

is bounded in X. From Lemma 3.1, we find that 7 satisfies the nonsmooth (PS).. Hence we

complete the proof of Theorem 1.4.

d

Proof of Theorem 1.5 From the proofs of Theorem 1.3 and Theorem 1.4, it is necessary to
show that every (PS). sequence {u,},>1 C X of I is bounded in X. Let {u,},>1 € X be a

sequence, such that

’I(un)| <Ms and w(u,)— 0.

Remember that u}, € 31(u,) a.e. on Q and m’(u,) = ||u;||x+ for n > 1. From Lemma 3.1, we

only need to show that {x,},>1 C X is bounded in X. Supposing that {u,},>1 € X is not

bounded in X, we may assume that ||u,|| — +00 as # — +00, and we have

AMg + 1+ [|uyll > 41 () — (5, )

— allun + / (it — 42 10,)) dx
Q

> min{L a} s, + / (it — 4j(x,10,))
Q

where w, € 9j(x, u,(x)) a.a. on Q. From (3.31), for # large enough, we obtain

AMg +1 > min{La}llunllz = lluall + / (a)nun — 4j(x, Mn)) dx
Q

> /Q(a)nu,, — 4j(x, u,,)) dx.

Let

oyps1
Yn = n=>1.
" Nl

Then ||y, | = 1. Note that

(g un) _allunll®  bllunll* [ @nttndx

Nnll*  loall® Noaull®

’

26, ]I*

(3.31)

(3.32)
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where w,, € 9j(x, u,(x)) a.e. on Q. Since (1}, u,,) < ||t || x* ||| and ||z} || = — O, we have

wy,tt, dx
lim sup fgn—z =
n—>+00 [l22, |

= U

and

w, U, dx
1iminfM =b,
n>+00 |y |4

for w, € 9j(x, u,(x)) a.a. on 2, then we obtain

Wy, dx
i fﬂi = (3.33)
nowoo luy
In the following, we will prove
Wy, dx
i f974 =0, (3.34)
ntoo|luy||

where w, € 9j(x, u,(x)) a.a. on Q. For convenience, we set H(x, u) = w,u,, —4j(x, u,,) for w, €
3j(x, u,(x)) a.a. x € Q. h(p) = inf{H(x,u) : x € Q, |u| > p}, Ay, B)={x € Q:a < |u,lx)| <
B} and Ef = inf{% :x € Q,a < |u| < B}. Then from (Jg) and (J9), we have h(p) — +00
as p — +0o and for large & > 0, h() > 0, Ef > 0, and

H(x,u,) > E\u,|?, Vxe Au(a,pB).

By virtue of (J¢) and (3.32), for large n and « with « < B, we have

4M8+12/ H(x,un)dx+/ H(x,u,,)dx+/ H(x,u,)dx
Au(0,) Aple,B) Ap(B,+00)

2/ H(x,u,,)dx+Ef/ |u,,|2dx+h(f5)|A,,(ﬂ,+oo)|.
Ay(0,)

Aple,p)
Then
4Mg +1 1
%2—2/ H(x,u,)dx
ll l4nll* J An(0.0)
Eﬁ An ’
a 2/ |un|2dx+h(ﬁ)w. (3.35)

lenll® J A @.8) llzt. |

From (J,), we know that W fA,,(o,a) H(x,u,) dx is bounded. Hence from (3.35) and noting

that limg_, ;o0 1(8) — +00, we derive that

1
N2 11>

1
/ H(x,u,)dx and 5 / H(x,u,)dx
Anla,B) llz2all Ap(B,+00)
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% = 0 uniformly in #. Without loss of generality, we

assume that 2* < +oo, therefore from the Holder inequality, for any r € [2,2%]

1 / Iynlrdx< 1 (/ (|yn|r)2,dx)2 |An(,3:+00)|
2 - 2r 2
Iz, 1| Ay (B,+00) |24, ]| 2* Ap(B,+00) Iz

2% —r
2%

are bounded and limg_, ;o

2%—r
2*

|An(B, +00)|
24,11

Che

— 2r
llan ]l 2%

as B — +o0o uniformly in #.

Since ||u,|| — +00, we can find a positive integral number Ny such that ||u,|| >1if n >
Np. Setting r = %, and noting thato > 1+ %, we obtain r € (2,2*] and o = ;55 By virtue
of condition (Jg), we have

2
wuyl w.
/ z V;dx‘ff _lonl SR
An(Brroo) 1tnll An(Brroo) 1nlllten]  Nlunl
1 o\ 3 1 r
S A () K M e A
||M,,|| Ap(B,+00) |Mn| ”Mn” Ap(B,+00)

1 2

1 o 1 T

< [—2/ lH(x,un)dx] [ 2/ Iynlrdx]
llzc. | An(B,+00) [z, | Ap(B,+00)

-0 (3.36)

Qlm
~io

as B — +oo uniformly in # and w, € 9j(x,u,) a.a. on Q. Furthermore, from (J2), we have

Wl () Yyl
/ “ de‘ 5/ —dx—0 (3.37)
An0) 14l An(00) 2tnll
as n — +00, w, € dj(x,u,) a.a. on Q. c(«) is a positive constant, and
1 c\o,
— / wpth, dx| < / (L)E/"' dx— 0 (3.38)
leenll1* [ J An.8) Anlwp)  Ntall

as n — +090, w, € Jj(x, u,) a.a. on Q. Then from hypothesis (J¢) and (3.36)-(3.38), we ob-
tain
b= lim Lo@rds

n—>+00 ||un||4 T n—+00

/ Wy, dx
An(a:ﬁ)

wulU . 1
/ z de}+ lim —
An(0,0) 14l n—>+00 ||z, ||

wyuU
/ u '; dx‘ =0,
Ap(B,+00) Iz, |

i.e., b = 0; a contradiction to the fact b > 0. Hence {u,},>1 € X is a bounded sequence.

+ lim

n—+00

From Lemma 3.1, we find that {u,},>; satisfies (PS).. Hence we complete the proof of
Theorem 1.5. O
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