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The existence of nontrivial solutions of Kirchhoff type problems is proved by using the local linking method, and the new results

do not require classical compactness conditions.

1. Introduction

This paper is concerned with the existence of nontrivial
solutions of the following nonlocal Kirchhoft type problem:

_ <a + bJ |Vu|2> Au= f(x,u) in Q;
@ )

u=0 on 0Q,
where Q) is a smooth bounded domainin R” (n = 1,2),a,b >
0, and f(x, u): Q x R is a continuous real function. Similar
nonlocal problems model several biological systems where u
describes a process which depends on the average of itself, for
example, that of the population density; see [1].

Problem (1) is related to the stationary analogue of the
equation

Uy — (a +b J;; |Vu|2> Au =g (x,u) 2)

proposed by Kirchhoff [2] as an extension of the classical
D’Alembert wave equation for free vibrations of elastic
strings. Kirchhoff’s model takes into account the changes in
length of the string produced by transverse vibrations. Some
early classical studies of Kirchhoff equations were those of
Bernstein [3] and Pohozaev [4]. However, (2) received great
attention only after Lions [5] proposed an abstract framework
for the problem. Some interesting results can be found in [6]
and the references theorem. In recent years, Alves et al. [7]

and Ma and Rivera [8] have obtained positive solutions of
such problems by variational methods.

Later Perera and Zhang [9, 10] obtained nontrivial solu-
tions of Kirchhoff type problems with asymptotically 4-linear
term via Yang index. In [9] using the invariant sets of descent
flow, Perera and Zhang got a positive, a negative, and a sign-
changing solution under the 4-sublinear case, asymptotically
4-linear case, and 4-superlinear case. In [10], the authors
considered the 4-superlinear case:

(AR): 3v > 4: vF (x,t) < tf (x,t), |t| large, (3)
where F(x,t) = J‘Ot f(x, s)ds, which implies
F(x,t)2C(|t|"-1). (4)

In [11], Mao and Zhang used minimax methods and invariant
sets of decent flow to prove 4-superlinear Kirchhoff type
problems without the PS condition and got multiple solu-
tions. In [12], the paper studies the problem (1) by means of
the Morse theory and local linking.

Motivated by [12-15] and by the new information con-
cerning local linking, we study Kirchhoff type problems 4-
superlinear growth as [u| — ©o. We make the following
assumptions.

(S;) There exist§ > 0,k > 1,¢ > 0,and 2 < « < 4 such
that

k /\k+1 2

cu® + /\7”2 < F(x,u) < — for |ul<d8. (5)
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(S,) (F(x, w)/u?) > +ocoas jul » +oco uniformly in x €
Q.

(S;) There exist r > 4 and p > r — 4 such that

F >
lllrln sup% < 0o uniformly for a.e. x € Q,  (6)

_(f (x,u)u - 4F (x,u))
0
lu| - c0 |u|" g (7)

uniformly for a.e. x € Q.

We are ready to state our main results.

Theorem 1. Assume that (S,)-(S;) hold. Then problem (1) has
at least one nontrivial solution.

Remark 2. Most of the results on the existence and mul-
tiplicity of solutions of (1) were obtained under the above
superlinear condition (AR) with or without the evenness
assumption. Roughly speaking the role of (AR) is to ensure
the boundedness of all (PS) (or (PS™)) sequences for the cor-
responding functional. However, there are many functions
which are superlinear but it is not necessary to satisfy (AR)
evenif 1 < 0 < 2. For example,

f o) = plul P u+ (= 1) ju* usin®u + [ul*" sin 2u,
u € R\ {0},
(8)

where p > 2. Then it is easy to check that (AR) does not hold
even for any 0 > p — 1 > 1. On the other hand, in order
to verify (AR), it is usually an annoying task to compute the
primitive function of f and sometimes it is almost impossible.
For example,

f (x,u) = ul u(l + sl 4 1eog ul“) , ucR (9
where « > 0.

The aim of this paper is to deal with superlinear problems
which do not satisfy (AR). (S,) is weaker than (AR) used in
[10]. Without (AR), it becomes more complicated. We do not
know in our situations whether the Palais-Smale sequence is
bounded. We replace (PS) (or (PS*)) sequences with weaker
Cerami sequence or (C)"-sequence (the definition given in
the next section).

Remark 3. Compared with the method of invariant sets of
descent flow and Morse theory, Yang index, our method is
more simple and direct.

2. Preliminaries

Let X be a real Banach space with a direct sum decomposi-
tion:

X=XeX. (10)
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Consider two sequences of subspace:

XpcXico-cX, XicXico-cxXr (W)
such that X/ = J,cy X2, j = 1,2, where dim X/ < co, j =
1,2,n € N.

For every multi-index o = («;,,) € N x N, we denote
by X, the space

X, ® X, . (12)
We can know
a<f=a <p, a, < f3,. (13)

A sequence {a,} ¢ N* is admissible if, for every a € N?, there
is m € N such that

nzm=a,=a. (14)

For every ¢ : X — R we denote by ¢, the functional ¢
restricted to X,.

Definition 4 (see [14]). Let ¢ € CY(X,R). The function @
satisfies (C)" condition if every sequence {u, } such that a,
is admissible and

ty, € Xoo supp (i) <00, @ (1) =0 (13)

contains a subsequence which converges to a critical point of
Q.

Definition 5 (see [15]). Let X be Banach space with a direct
sum decomposition X = X' @ X°. The functional ¢ €
C'(X, R) has a local linking at 0 if, for some » > 0,

ew)20 ueX', |ul<r

(16)

om)<0 ueX® |ul<r

Lemma 6 (see [14]). Let X be Banach space with a direct sum
decomposition X = X' @ X°. Suppose that ¢ € C'(X,R)
satisfies the following assumptions.

(I;) @ has a local linking at 0 with respect to (x' x?).
(I,) ¢ satisfies (C)* condition.
(I3) ¢ maps bounded sets into bounded sets.

(I,) For everym € N, o(u) — —ocoasu € Xin ® X? and
lul — oo.

Then @ has at least one nontrivial critical point.

Next we let H : H}(Q) be the Sobolev space equipped
with the inner product and the norm

(u,v) = JQ VuVv, |ull = (wu)/?. a7)

Denote by 0 < A, < A, < --- the distinct Dirichlet

eigenvalues of —A on (), and denote by ¢;,9,,¢;,... the
eigenfunction corresponding to the eigenvalues; then
A (Q):= inf |Vu|§ a8)

ueH,|ul,=1
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is achieved by ¢, > 0. Let

= @ker (-A-1;),

i<j

jeN. (19)
Recall that a function u € H is called a weak solution of (1) if
(a +b||u||2) J Vu-Vv = J f,u)v, VveH. (20)

Q Q

Weak solutions are the critical points of C' functional:

¢ (u) = IIuII + - ||u|| - L F(x,u), YueH. (21)
Then
(p’ (w)v= (a +b ||u||2> L Vu-Vv - JQ f(x,u)v,

(22)
Yu,v € H.

3. The Existence of the Solutions

Lemma?7. Let Fsatisfies (S,); the function ¢ has a local linking
with respect to H = X' @ X%, where X' = E;, X* = (X")*.

Proof. Let X' = E,, X2 = (XHE Ifu e XU, then ||ul?
Ailul3; and if u € X2, then [[ull® = Agyylul3. ffu € X', from
(S,), for the given J, there exists a p; = §/¢; > 0 such that

lul < p = lul < ¢llull < & and since dim X' is finite
cluly = o llull; by (S,), we have
a b
90 = Sl + 3 1l - | F ) dx
a 23
§2||”||+ || ||——||2—C|u| (23)

b 4 o
< - - .
<7 lluell™ = ¢ lluel

Noting that 2 < & < 4, we can choose p, < p, small enough
such that ¢(u) < 0 for [lu| < p,.
For u € X2, from (81), (S3), we have

ai
F(x,u) < 2"“ 2+c3|u| (24)
then
@) = 5l + ||u|| —j F (x,u) dx
a r
> Sl + 2 - k“ july - lul;, - (29)

b 4 r
> — Ul —¢ Ul .
4I| I = cq llull

For r > 4, choosing p; small enough such that (b/ a)|lul* -
collull” > 0 for [lull < p;, we have ¢p(u) > 0 foru € X2 |lull <
Ps-

Choose p = min{p,, p;}; it is very clear that ¢ has a local
linking at 0 with respect to H = X' @ X,,. O

Lemma 8. Suppose (S3) holds. Then function ¢ satisfies
condition (C)*; that is, for every sequence {u, } C X, lu, }
has a convergent subsequence if {¢p(u,, )} is bounded and (1 e

||u,,||)||goo611 (u(xn)ll — 0asn— 00, where X% Xiﬂ ® X2,

X! =S3paniey e, ..., e,}, and (e;);s is a Hilbert basis for X".

Proof. Suppose that {u, } ¢ X, ,¢(u, ) is bounded and (1 +

IIu% ||)||g0'(u%)|| — 0asn — 00; then there exists a constant
M > 0 such that

(26)

(1 e, )

e

for every n € N. On the one hand, by (6), there is constant
¢; > 0 such that

. F(x,u)
lim sup
[1g] = 00 |15, |u]

< s (27)

then there exists 8, > 0, y; > §,, such that

sup F(x,ru) <cs, F(X’,u) <¢; when |ul>68,. (28)
ul>u, |4l |u|
Hence
F(x,u) <clul” VYul =8, ae x€Q. (29)
We know

|F (x,u)] < M, V|ul<d;, ae xe€Q. (30)
Soforallu € R” (n=1,2) and a.e. x € ), we obtain
F(x,u) < ¢ |ul" + M;. (31)

It follows from (26) and (31)
g+ [ P - 2

< (”a,,) + JQ F (x, u“n) dx (32)

2l

<M+ M |Q]+ CSJ 'uan'rdx.
Q

On the other hand, by (7),

lim inff(x,u)u—4F(x,1,t)

lttg] — 00 [ul>ty s

05 (33)

then there are constants ¢; > 0 and §, > 0, u, > J,, such that

f (x,u)u —4F (x,u)

inf >c,

lul>u, |l 6
f (x,u)u —4F (x,u) e (34)

Jul* °

when |u| > 6,.



Hence

fx,u)u—4F (x,u) > ¢ lul" >0 V|u| =6, ae x€Q.
(35)

By F € C', one has
|f (xx,u) u — 4F (x,u)| < M,
(36)
for every |u] <§,, a.e. x € Q.
Hence we obtain that
fou)u—4F (x,u) = ¢ lul” = M, -85 (37)

for all u € R" and a.e. x € Q. Then we have

w) = (9" (t,) 1)

2 4
=26 Jug |+ buc,|

5M > 49 (u

—4LF(x,u%) -
+ JQ f (x, uan) Uy

=JQf(x,uan)uan—4F(x, )dx+a||u “

(38)

“ 2 "
> ¢ L 'uan' dx - M,|Ql+a ”u% “ —¢505.

So IQ Iuanl”dx is bounded. If 4 > r, by (32) and Hoélder
inequality,

rlu

j .uanrdxglm(ufr)/u(j 'uan|”dx>  G9)
Q Q

Thus we get that { IIu‘xn I} is bounded. If 4 < r, we obtain

, -
Jo = JQ i

r—
< ¢ |ty
o JQ
Then by (32) and r — p < 4, we know that {[|u,, ||} is bounded
too. Hence {|lu, [} is bounded. Since {[lu, [} i is bounded, for

a subsequence, {u n} converges to some u weakly in H and
strongly in L%(Q)), 1 < s < +00, and a.e. in (X

9’ (1, ) (te = )
= (bl ) [ Vi,V ()
- J-Q f (x’ uoz,,) (uzx - un)

— 0.

(41)
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Noting that p € (1,+00),q9 = p/(p - 1),

[ 17 G ) o) = (] 17 o))
x <J .ua—uanr)up (42)

Sc7-|u‘x—u“

n|P—>0

asn — +00. In addition,

(a+blue ) [ v
= (o ) o) - )]

a, v(ua _un)

(43)
2
= (a+bfu,[’)
X [(u(xn’ua) - (u(x’ua) + (ua’u(x) - (uan’u(xn)] .
Since {u,, } u,, then (u, > Uy )—(uy,,u,) = (u — Uy, Uy) —
0. The combination of (32) (44) implies that
(”an’“an) — (Ugothy), j— +00. (44)
Thus, {u, } — u,in H. O
Lemma 9. ¢ maps bounded sets into bounded sets.
Proof. From (S;), we know
|F (x,u)| < ¢ |ul” + M, (45)
)
a 2, b 4
9 =5 Tl + = | F e dx
Q
a 2 b 4 r
< Sl b+ [ (v ) 6)
2 4 Q
a 2, b 4 r
<3 fleel” + 3 llull™ + My 1O + g flull”
Hence ¢ maps bounded sets into bounded sets. 0

Lemma 10. For every m € N, o(u) — —oo, [u]| — oo,

1 2
ue X, ®X".

Proof. By condition (S,) and (2), there exist enough constants
M, >0, M, > 0, for all (x,u) € Q x R"; we have

F (x,u) = M, |ul* = M,. (47)
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So, for all u, € X,ln ® X2, lluoll = 1, one has
a 2 b 4
@ (sup) = 3 [[suol” + n st = J F (x, suy) dx
Q

a b
<=5+ st - M354 j |u0|4 + M, |Q]
Q

2 4
b
< 24 26t~ M3cgs4 + M, |Q| (48)
2 4
a ) 4 b
S =s"+s | - = Mg |+ M, |Q]
2 4
— -0
Hence, for every m € N, Vu € X}n ® X2, we have
@ (u) — —oco as [u| — co. (49)
Then the conclusion is obtained. O

Proof of Theorem 1. By Lemmas 7-10 and Lemma 6, we
complete the proof. O
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