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INFINITELY MANY SOLUTIONS FOR KIRCHHOFF TYPE PROBLEMS

YIWEI YE

(Communicated by Chun-Lei Tang)

Abstract. This paper is devoted to the study of infinitely many solutions for a class of Kirchhoff
type problems on a bounded domain. Based on the Fountain Theorem of Bartsch, we obtain the
multiplicity results, which unify and sharply improve the recent results of He and Zou [X. He,
W. Zou, Multiplicity of solutions for a class of Kirchhoff type problems, Acta Math. Appl. Sin.
(Engl. Ser.) 26 (2010) 387-394].

1. Introduction and main results

Consider the following Kirchhoff type problem:

- (a—l—b/ |Vu|2dx>Au:f(x7u) in Q,
Q
u=0 on 0Q,

(1.1)

where Q is a smooth bounded domainin R (N =1,2,3), a,b > 0 and the nonlinearity
f € C(QxR,R) satisfies the subcritical conditions:
(f1) there exists a; > 0 such that

6, n=73,
If(x,0)| <ar(14 )P~ forsome 4 < p < 2" =

Let X := H}(Q) be the usual Sobolev space endowed with the norm |jul| =

(fa |Vu|2dx)l/ ®. Since Q is a bounded domain, X — L'(Q) continuously for r €
[1,2*], compactly for r € [1,2*), and then there exists 7, > 0 such that

lul, < Tellul|, VueX, (1.2)

where |- |, denotes the usual L"-norm. The condition (f}) implies that the functional
0:X—R,

a b
2 4
o) = 5l + Zlul = [ Flxuax (13)
2 4 Q
Mathematics subject classification (2010): 35J60, 35J25.
Keywords and phrases: Kirchhoff type problems, critical point, Cerami condition, Fountain theorem.

This work is supported by the Fundamental Research Funds for the Central Universities (No. XDJK2012D003) and
Project of Innovation in Science and Technology for Graduate Students of Southwest University (ky2011010).

© depay, Zagreb 83
Paper DEA-05-06


http://dx.doi.org/10.7153/dea-05-06

84 YIWEI YE

is well defined and of C! class, and
(@' (u),v) = (a—|—bHuH2)/ Vu~Vvdx—/ S u)vdx,  Vu,veX.
Q Q

The weak solutions of problem (1.1) are precisely the critical points of ¢.

The existence and multiplicity of solutions of problem (1.1) have been extensively
studied by many researchers via variational methods, see [1-9] and references therein.
Perera and Zhang [10] obtain nontrivial solutions of problem (1.1) with asymptotically
4-linear terms using Yang index. In [14], they revisit problem (1.1) and establish the
existence of a positive, a negative, and a sign-changing solution of problem (1.1) by
means of invariant sets of descent flow. Similar results can also be found in Mao and
Zhang [9]. Sun and Tang [11] prove the existence of a mountain pass type positive
solution of problem (1.1) under the conditions that f(x,#) is asymptotically linear near
zero and superlinear at infinity. Moreover, infinitely many nontrivial solutions are es-
tablished in [11] via the fountain theorem of Bartsch and the symmetric mountain pass
lemma due to Kajikiya [6].

Recently, under the Ambrosetti-Rabinowitz’s 4-superlinear condition (see ( f3 ) be-
low), and no Ambrosetti-Rabinowitz’s 4-superlinear condition, He and Zou [4] obtain
the following two theorems via the fountain theorem and the variant fountain theorem.

THEOREM A. (see [4, Theorem 3]) Assume that f(x,t) satisfies (fi) and:
(f3) there exist >4 and L > 0 such that

0 < uF(x,1) <tf(x,1), VxeQ, |t| =L,

(f3) f(x7 _t) - _f(xat) for all ()C,t) €QxR.

Then problem (1.1) has infinitely many solutions (uy) such that @(uy) — oo as k — oo,
THEOREM B. (see [4, Theorem 4]) The conclusion of Theorem A holds, if f(x,t)

satisfies (f1), (f3) and:

(fs) flx,t)t =0 for t >0; limy, ., % = +oo uniformly for x € Q; and f(x,t) =

o(|t]) as |t| — O uniformly in x € Q;

(f4) $f(x,0)t — F(x,t) — +eo as [t| — oo uniformly in x € Q;

(f) f(x,t)/8 is an increasing function of t > 0.

In this work, with the aid of the classical Fountain Theorem of Bartsch, we can
prove the same results under more general conditions, which unify and sharply improve
Theorems A and B.

THEOREM 1.1. Assume that f(x,t) satisfies (f1), (f3) and:

Flx,t
() tim £

(fa) there exists L > 0 such that

= +-oo yniformly for x € Q;

tf(x,t) —4F(x,1) > 0, VxeQ, |t| > L.

Then problem (1.1) has infinitely many solutions (uy) such that @(uy) — +eo as k — oo,
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REMARK 1.1. Theorem 1.1 unifies and improves Theorems A and B. It follows
from (f}) that, for x € Q, |t| > L and s € [L/|],1],

d (F(x,st)\  f(x,st)st — uF(x,st) >0
ds\ st B skl -
which implies that
Foon) > L reer/in s I e P
X =z X, = 5 X,
’ LM LM xeq ji|=L

for all x € Q and |f| > L. Noticing that y > 4 and gllefl LF(xJ) > 0, the above
xell |t|=

inequality yields that

F(x,r) _ ||+ .
> inf  F(x,t oo as |t oo
T IF xe-L (o) =+ = e,

and then
tf(xat) —4F(.X,I) = (‘LL—4)F(.X,Z‘) =0

for |¢| sufficiently large. Therefore, (f;) implies (f2) and (f4), that is, Theorem
1.1 generalizes Theorem A. On the other hand, the conditions f(x,#)r > 0 for ¢t > 0,
f(x,t) = o(|t]) as |t| — O uniformly in x € Q, and f(x,z)/¢* is an increasing function
of t > 0 in Theorem B are completely removed, and the uniformly coercivity condition
(f4) is replaced by the locally nonnegative condition (). Hence Theorem 1.1 extends
Theorem B. There are functionals f(x,) satisfying our Theorem 1.1 and not satisfying
Theorems A and B. For example, let

43 e[+, Jr| > 1,
flx,t) =
—Be|+263, 1] < 1.
A simple computation shows that

At +3/10, || >1,
Flxt) = L5 1,4
—sltP+32% <1,

and 6
1f(x,1) —4F (x,1) =% — 5 WweQ, | > 1.
Thus it is easy to check that f satisfies all the conditions of Theorem 1.1. But is does
not satisfy the corresponding assumptions of Theorems A and B, because
3
tf(xat> —,LLF()C,[) = (4—“)1‘4111‘1“ +t4_ m.u

3u
4
(4 —p)nfe|+ 0%

— —oo as |t] —eo

forany g >4, and f(x,7)/t> is nonincreasing in ¢ for # € (0,1).
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THEOREM 1.2. The conclusion of Theorem 1.1 holds if we replace (f4) with:
(fs5) there exists r > 0 such that for all x € Q,

@ is increasing int > r.
REMARK 1.2. Theorem 1.2 also generalizes Theorem B, since the global mono-
tonicity condition (fI) is replaced by the local one (f5) and we remove the condi-
tions f(x,#) >0 for t >0, f(x,) =o(|t|) as |¢| — O uniformly in x, and f(x,1)r —
F(x,t) — oo as |t| — o uniformly in x. Furthermore, Theorem 1.2 can be viewed
as a useful complement of Sun and Tang [11, Theorem 3], in which a sequence of
high energy solutions are obtained under (f1), (f2), (f3) and the following condition
introduced by Jeanjean [5]:
(f¥) there exists 6 > 1 such that 0.7 (x,r) > .Z (x,st) for all (x,r) € QxR and
s € [0,1], where .7 (x,t) := f(x,t)t —4F (x,t).
Although (fZ) is weaker than the assumption (fI), both (fI) and (fI) are global
conditions on f(x,#), and therefore are not satisfactory. In Theorem 1.2 we consider
the local condition (f5) near infinity, which is a quite generic assumption.

2. Proofs of the theorems

We shall apply the Fountain Theorem (see [12, Theorem 3.6]) to find the critical
points of ¢. For the readers’ convenience, we state it here.

Let X be a reflexive and separable Banach space, then there are (e,),eny C X and
(e})neny C X* (the dual space of X)) such that

X =span{e, :n € N}, X" =span{e} :n € N},

and <en7€‘m> =1lifn= m, and <€n,€m> =0ifn 7& m. Let X, zspan{ej}’ then X =
@ ;>1X;. Now we define

Yo=PX; and Z =PX; 2.1)

J=1 jzk

Then we have the following Fountain Theorem.

PROPOSITION 2.1. (Fountain Theorem) Assume that function ¢ € C'(X,R) sat-
isfies @(—u) = @(u). For almost every k € N, there exist py > r; > 0 such that

(i) bp:= inf  @(u) — +oo as k— oo;
UEZ |[ull=r

(ii) ap:= max @(u)<0;
€Yy |lull=px

(iii) @ satisfies the Cerami condition (C), that is, (u,) has a convergent subsequence
in X whenever {@(uy,)} is bounded and || @' (u)||(1+ ||un]]) — 0 as n — .
Then @ has a sequence of critical points (uy) such that @(uy) — +oo.
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REMARK 2.1. In [12], the Fountain Theorem is established under the Palais-
Smale (PS) condition. Since the Deformation Theorem is still valid under the Cerami
condition, we see that like many critical point theorems, the Fountain Theorem holds
true under the Cerami condition.

LEMMA 2.1. Assume that (f1), (f2) and (fs) hold; then the functional @ de-
fined in (1.3) satisfies the Cerami condition (C).

Proof. Let (uy) be a Cerami sequence of ¢. Since the embedding of H}(Q) —
L'(Q) (1 <r<2*) is compact, it suffices to show that (u,) is bounded. If (u,) is
unbounded, up to a subsequence, we can assume that, for some c; € R,

@(un) =t (@' un)ll(1+ unll) =0 and  uy|| — e (22)

as n — oo. We consider w, = u,/||u,||. Going if necessary to a subsequence, we may
assume that

wp,—=w inX,
Wp — W inL"(Q) (1<r<2%), (2.3)

wp(x) = w(x) ae. x€Q.

We first consider the case w = 0. It follows from (f;) that

1 1
F(t,x)\gf \f(x,sz)\|t|ds</ a1(|t|+s1”1\t\1’)dsSal\t\+%|t|p 2.4)
0 0
for all (x,7) € Q x R. Hence we have, for x € Q and |t| <L
|tf(x,1) —4F (x,1)| < Sai ([t] +[1]7) < ealt],

where ¢ = 5a;(1+LP~1). This, together with (f3), shows that

tf(x,t) —4F (x,1) > —calt|, V(x,1) e QxR.
Therefore,
1 1, , ) a 1 /(1 )
—_— Uy) — — Up), y) | = —+ —f(x,un)uy — F(x,uy,) |dx
e (00 = 30 ) = § s [ (G~ Pl
L a
— |wp|dx,
4 ||”nH/
which implies that
a
0> -
4

by (2.2) and (2.3). This is a contradiction.
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For the second case w # 0, the set Q) = {x € Q: w(x) # 0} has positive Lebesgue
measure. For x € Q) , we have |u,(x)| — oo as n — oo, so that, using (f2),

F n
Mwn(x)ﬁ oo asn— oo,
| (x)
and then, via Fatou’s Lemma (see [13]),
F
/ (x, LG) |wa|*dx — 4eo  asn — oo, (2.5)
w#0 ‘un‘

On the other hand, by (f>), there exists L; > 0 such that
F(x,t) >0, VxeQ, [t|>L;. (2.6)
From (2.4), one has
|F(x,0)| < cslt|, VxeQ, |t <L,
where ¢3 = a; + alL’ffl/p. Combining this with (2.6), one has
F(x,1) > —cslt], V(x,7) € Qx R.

Hence we obtain, using (1.2),

F(x,un) €3 Jy—oltnldx _ cslunlt _ c3ti|unl]
74 > - 4 = 41 = - 4
w=0[un]l [t [t o |
which implies that
F
liminf () 5o 0, 2.7)

n=e Jy—o |un||*
Note
a ), b 4
E””n” "‘ZH”nH = @(un) + | F(x,un)dx, Vn.
Q

Dividing both sides by ||u,||* and letting n — oo, we deduce via (2.7), (2.5) and the
first limit of (2.2) that

b F F
b_ lim/ Gtn) 4 — tim (/ +/ ) tln) = oo
4 n—eo | HunH N—o0 w=0 W0 |un‘

This is impossible.
In any case, we deduce a contradiction. Hence (u,) is bounded. I

Similar to the proof of [7, Lemma 2.3], we have the following lemma.
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LEMMA 2.2. If (f5) holds, then for any x € Q, F (x,t) is increasing in t > L
and decreasing in t < —L, where . (x,t) is the same as in (fZ). In particular, there
exists a constant c4 > 0 such that

F(x,8) < F(x,1)+cq (2.3)
Sorall x € Q and |s| < |t].

LEMMA 2.3. Assume that (f1), (f2) and (fs) hold; then the functional ¢ de-
fined in (1.3) satisfies the (C) condition.

Proof. Like in the proof of Lemma 2.1, it suffices to consider the case w =0 and
w#0.

If w =0, inspired by [5], we choose a sequence (s,) C R such that

@(snitn) = 3;1[87%] @ (stn).

For any m > 0, letting v,, = v/2mw,, one has
vp =0 inL"(Q) (1<r<2%) and v,(x) =0 ae. xeQ (2.9)

by (2.3). Since
|F (x,un)| < ai|vl +%\vn\1’ e LN(Q),

using Lebesgue dominated convergence theorem and the second limit of (2.9), we have

lim vandx—/FxO

Now, for n sufficiently large, v/2m||u,||~! € (0,1), we obtain
@(snttn) = @(vn)
> Sl = [ Pl
2 Q

Zam—/ F(x,vy)dx,
Q

which implies that liminf,, .. @ (s,u,) > am. By the arbitrariness of m, we have

lim @ (s,up) = —oo. (2.10)

n—oo

Since @(0) =0 and @(u,) — ¢1 (n — o), we see that for n large enough, s, € (0,1),

and
/ [V (sput,)] dx—!—b(/ [V (snun)] dx) /fx Sl )Spltydx
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d

= (@' (snttn), Snittn) = sn ds

Therefore, using (2.10) and (2.8),

/|Vu,,|2dx—|—/< SO up ) up F(x,u,,))dx

/ [V (snun)] dx—|—/ ( S, Sty Sptty — F(x,snun)>dx——£2|

/ |V ($n4)[2dx + = (/ [V (snun)| dx) /F X, Splty)d —64—4|Q\

C_49|

= @(Snltn) — 2 ‘

However, (2.2) implies that

/Vun2dx+/< 71010 F(x,un)>dx:(p(u,,)—%((p/(un),un)

— C1,

a contradiction.
If w #£ 0, the proof is identical to that of Lemma 2.1.
Thus (u,) is bounded. O

PROOF OF THEOREM 1.1 For the Hilbert space X = Hj (€2), denoted by 0 < ; <
Ay < -+~ the distinct Dirichlet eigenvalues of —A on HO1 (Q), and by ey, €3, e3, --- the
eigenfunctions corresponding to the eigenvalues. Then define Y; and Z; as in (2.1),
where X; =span (e;). According to Lemma 2.1 and the oddness of f, we know that ¢
satisfies the (C) condition and ¢@(—u) = @(u). It remains to verify the conditions (i)
and (ii) of Proposition 2.1.

Verification of (i). For 1 < r < 2*, taking

Br:= sup |ul,

U€Zy |[ull=1
one has f; — 0 as k — o (see [12, Lemma 3.8]). Set

()

Since p > 4, we get
I — +oo as k — oo,

1/3
So choosing k large enough such that r; > (16‘2—1”> , we obtain, for u € Z; with

oal} = 75

a b
o) = 5P+ Zul — | Flxujax
2 4 Q
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b
> el =l =l

b
> it = el = =Bl

8
by (2.4) and (1.2), which yields that
b 4
mn u)>i—>—|—oo as k — oo
UEZy|[ul| =g 8

Verification of (if). Since on the finite-dimensional space Y all norms are equiv-

alent, there exists C; > 0 such that
Crluls = ul], Vu € Y. (2.11)

From (f>) we deduce that, there exists & > 0 such that

F(x,t) > Cibr*, YxeQ, |t > .

By (2.4), one has

|F(x,1)] < <a1+ﬂ5,f‘l>t, vxeQ, |1 <&,
p

which implies that

F(x,t) > Ctbr* — cslt], V(x,1) € QxR,

where ¢5 = C,‘{‘bSk3 +a +a16,f*1/p. Combining this with (2.11) and (1.2), we obtain
a b
0u) < Sl + 3l ~ Glplu + s
b
< Sl -+ Z lull* = Bl + s ]
a 3b
< S lull? + esmalful] — = el (2.12)
2 4
for all u € Y;. So choosing

2a\'/? 4dcsTy 1/3
pk>max{<?> 7( b ) 7I’k},

inequality (2.12) implies that

max @(u) < —
uEY, |ull=px 4
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Consequently, by Proposition 2.1, ¢ possesses a sequence of critical points (1) such
that @(uy) — 40 as k —oo. [

PROOF OF THEOREM 1.2 By virtue of Lemma 2.3 and assumption (f3), we see

that ¢ satisfies the (C) condition and is even in u. Like in the proof of Theorem
1.1, assumptions (f1) and (f>) indicate that ¢ satisfies the conditions (i) and (ii) of
Proposition 2.1. Hence Theorem 1.2 holds. [
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