Xiu et al. Boundary Value Problems (2016) 2016:154 0 Boundary Value PrOblemS

DOI 10.1186/513661-016-0662-z

a SpringerOpen Journal

RESEARCH Open Access

CrossMark

Multiple solutions on a p-biharmonic
equation with nonlocal term

Zonghu Xiu'", Jing Zhao', Jianyi Chen' and Shengjun Li?

“Correspondence: gingda@163.com
'Science and Information College,
Qingdao Agricultural University,
Qingdao, 266109, PR. China

Full list of author information is
available at the end of the article

@ Springer

Abstract

By variational methods we consider a p-biharmonic equation with nonlocal term on
unbounded domain. We give sufficient conditions for the existence of solutions when
some certain assumptions are fulfilled.
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1 Introduction

In this paper, we consider the p-biharmonic equation

(a+bf,(|Aulf + Iulp)dx)(Afgu + |ulP2u)
= hx)|u|2u+ Hx)|u|"2u + gx), x€, 1.1)
u=Au=0 onoS,

where 1 < p < N/2, A; = A(JAulP?Au), @ C RN is an unbounded domain that is the ex-
terior of some bounded domain D C RY with smooth boundary 8D = 8%, and Ah(x), H(x),
and g(x) are nonnegative functions; further assumptions will be listed later.

When a = 0 and p = 2, problems like (1.1) arise in the study of traveling waves in sus-
pension bridges and the static deflection of an elastic plate in a fluid (see [1-4]). In fact,
problems with biharmonic operator have been considered extensively by many authors in
recent years [5—-11]. In [5], the following biharmonic equation was investigated:

{ A’u+ cAu=bg(x,u), x€Q, (1.2)
u=Au=0 onodQ.

By a variational method the authors proved the results on the existence of multiple so-
lutions when ¢ < A1, where 14 is the first eigenvalue of —A in H(l)(Q). For the case ¢ > Ay,

Zhang [11] considered the more general problem

(1.3)

A’u+a’Au=f(xu) +gxu), xc,
u=Au=0 onods,
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and some assumptions, approved the results on the existence of infinitely many solutions.
The author in [7] studied the following fourth-order problem on bounded domain:

A%y + cAu = M) | ulP2u + f(x,u), x€Q, 14)

u=Au=0 onads, '
By using variational methods the author proved the existence and multiplicity results,
which are closely linked to the parameter A. The function f(x, %) in (1.4) satisfies the fol-
lowing conditions:

Hl f(xro) =
(Hy) llmﬁof(“) =i, llmHoof(s =1/, uniformly a.e. inx € 2,0 < p < A1 (A; —¢) < < 00,
where A; is the first eigenvalue of —~A in H}(S).

Condition (Hj) implies that f(x, ) and u are of the same order at both # = 0 and infin-
ity. In our problem (1.1), however, even for g(x) = 0, we allow p<r<gor p<g<r; see
Theorem 1.2. Therefore, the nonlinear term on the right of (1.1) does not satisfy (H;) and
(Ha).

For p-biharmonic equations, we refer to [12-16] and the references therein. In [13], the
authors considered the following p-biharmonic equation with Hardy potential:
A;u |2p|1,t|1" 2u=f(xu), x€, (15)
U= Au 0 ond<,

By the method of invariant set of descending flow, the result on the existence of sign-
changing solutions was built. In order to get the result, several assumptions are made on
f(x,u). Particularly, f(x, u) is required to satisfy the superlinear condition at # = 0; more
precisely, f(x, u) satisfies

(f2) limt_,ofﬂ, 7 = 0 uniformly in x € Q.

In problem (1.1), the relation p < r or p < g is also considered; see Theorem 1.3. This, to-
gether with g(x), implies that (f;) does not hold for problem (1.1).

In the present paper, inspired by [7, 13, 17-19], we consider the p-biharmonic equation
(1.1) with nonlocal term on unbounded domain 2. By the fountain theorem we prove the
existence of infinitely many solutions for problem (1.1). We also obtain results on the exis-
tence of positive and negative energy solutions by the mountain pass lemma and Ekeland’s
variational principle, respectively. To the best of our knowledge, there seems to be little
work on the existence of solutions of problems like (1.1).

We recall that 4(x), H(x), and g(x) are all nonnegative functions, and we make the fol-
lowing assumptions:

(A1) h(x) € L*(Q) N L®(RQ) with o = fj_r
(Ay) H(x) € LA() N L®(R) with B = P*q
(As) g(x) € L7 (Q) N L™(RQ) with p* NN— and p*’

We consider problem (1.1) on the space X = W2#(Q) N Wé’p (2) endowed with the norm

lul = (/Q (18ul’ +|up’) dx)up.
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Define the functional related to problem (1.1) by

a b 2
J(u) = }—? /Q(|Au|p + |u|") dx + E(/QOAMV’ + |u|p) dx)

1 1
——/ h(x)|u|’dx——/H(x)|u|qu—/g(x)udx
rJa qJa Q
“ 1l + 2 1/h(x)|u|’dx
= —||lu J— - =
p X2 vy

—;I/S;H(xﬂqux—/ﬂg(x)udx. (1.6)

In view of (A;)-(A3), the functional J(u) is well defined. It is not difficult to check that
J(u) € CH(X, R) and, for any ¢ € X,

(]’(u),(p) = (a + bllulli) /s; (IAulp‘zAqu) + Iulp‘zwp) dx —/Qh(x)lulr‘zu(p dx

—fH(x)|u|q’2u<pdx—/.g(x)<pdx. 1.7)
Q Q

Particularly, this results in

(]’(u),u): (a+b||u||§()/g(|Au|p+ |u|p)dx—/Qh(x)lu|’dx—/QH(x)|u|qu

- / gxX)udx. (1.8)
Q
Now, we give the definition of a weak solution for problem (1.1).

Definition 1.1 A function u € X is said to be a weak solution of (1.1) if, for any ¢ € X,

a+b|ul’ [AulP2Aurg + [ulPup) dx — | h(x)|ulup dx
o Q

—/H(x)|u|q_2ug0dx—/g(x)godx:O. (1.9)
Q Q

It is well known that the solutions of (1.1) are precisely the critical points of the functional
J(u).

Our main results are the following.

Theorem 1.2 Assume (A;)-(As). Suppose that g(x) = 0 and one of the following cases
holds:

(1) 1<p<r<2p<g<prorl<p<q<2p<r<p’

(2) 2p <min{r,q} < p*.
Then problem (1.1) has infinitely many solutions.

Theorem 1.3 Assume (A1)-(As). If g(x) £0and 1<r<p<qg<2p<porl<g<p<r<
2p < p*, then problem (1.1) has at least one solution u such that J(u) < 0.
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Theorem 1.4 Assume (A1)-(A3). Suppose that g(x) # 0 and |gx)|l,,» is small enough.
Then for each of the cases

1) 1<p<r<2p<g<prorl<p<qg<2p<r<p*,

(2) 2p <min{r,q} < p*,
problem (1.1) has at least one solution u such that J(u) > 0.

This paper is organized as follows. In Section 2, we prove some important lemmas,
which will be used in the proof of our main results. In Section 3, we obtain results on
the existence of solutions for problem (1.1).

2 Preliminaries

In order to obtain the critical points of the functional J(«), in this section, we build a vari-
ational structure and prove some lemmas. We also give a result on compact embedding,
which will be used later.

Lemma 2.1 Assume (A1)-(A;). Then, the embeddings X — L1(Q, H) and X — L"(Q,h)
are compact for 1 < q,r < p* = Np/(N - 2p).

Proof We only prove the compact embedding X < L7(2, H), and the other one can be
similarly proved. Denote by Bz(0) the ball centered at 0 of radius R large enough such
that D C Bg(0). It is clear that the embedding X < L7(Qg) is compact since the domain
Qg = Br(0) \ D is bounded. Let {#,} C X be a bounded sequence. Then there exists #y € X

such that
Uy —up inkX, (2.1)
U, — Uuop a.e.in Q. (2.2)

Then, it follows from (A;) that, for any € > 0,

/H(x)lun—uolquf||H(x)||oo/ ltty — to|Tdx < . (2.3)
o Q

R

On the other hand, by (A;) and the Holder inequality we obtain that
lnabinegan = | H s < el L1 s 2.4
R

Since H(x) € L#(R),
REIPOOHH(’C) ||Lﬂ(9;) =0. (2:5)
Furthermore, we get from (2.4) that

lwnlzagm <& n=12,.... (2.6)

On the other hand, since the embedding X < L9(Q2g) on the bounded domain Q2 is com-
pact, there exists Ny € N such that

letn — ol La(p,m) < € (2.7)
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for any ¢ > 0 and n > Ny. Then, we obtain from (2.6) and (2.7) that

lotn — wollza,my < NlttnllLac@s,my + ol Lag,my + 1tn — tollza(@p.my) < 36, (2.8)
which implies that {u,} strongly converges in L7(S2, H), and we complete the proof. O

In order to get our results by variational methods, we need to verify the Palais-Smale
conditions at level ¢ ((PS), conditions for short).

Lemma 2.2 For each of the cases listed below, J(u) satisfies the (PS). conditions for all
ceR:

(1) 1<r<p<qg<2p<prorl<g<p<r<2p<p*

(2) 1<r<p<2p<g<prorl<qg<p<2p<r<p®

(3) 1<p<r<2p<g<prorl<p<q<2p<r<p®

(4) 2p <min{r, g} < p*.

Proof Let {u,} C X be a (PS). sequence, that is,
J(u,) — ¢, J'(u,) = 0 inX*asn— oo. (2.9)
Now, we divide the proof into two steps.
Step 1. {u,} is bounded in X.
In this step, we need to consider the relations of the exponents p, g, r, and 2p. We only

give the proof for the case of r < p < g < 2p, and the other cases can be proved similarly.
Let 6 > 2p. Then it follows from (2.9) that

&+l = Jay) — 50,20
- (}9 - %)anunni ; (% - %)bnunn?’
(1) [ (2-1) [ e
- <1— %) /Qg(x)un dx. (2.10)

By the Sobolev inequalities and the continuous embedding X < L7 (£2), we get from (A;)-
(Ag) that

/h(x)|un|’dxsc||h||La||un||5(,

¢ (2.11)
/ H(x) | dox < || HIl s Nl l%

Q

and

/ gx)un dx < cllgll o unllxs (2.12)
Q
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where ¢ denotes a positive constant that may change from line to line. Then, it follows
from (2.10)-(2.12) that

11 11 ) 11 .
¢+ llunlx = (1—7 - 5)“”“71”1)7( + (E - g)b”un”)(p_C(; - §)||h”L"‘”Mn”)(
11 . 1
-c 7 0 IH s lunllx —c 1—5 gl Nt ll x- (2.13)

Note that since r < p < g < 2p, {u,} is bounded in X.

For the other cases, for example, 1 < r < p < 2p < g, we can choose 6 = g, for the case 2p <
min{r, g}, we can choose 6 such that 2p < 6 < min{r, g}, and the results on the boundedness
can be similarly obtained, so we omit the proof.

Step 2. {u,} has a convergent subsequence in X.

Since {u,} is bounded, extracting a subsequence if necessary, we assume that u, — u
in X. By lemma 2.1 we get that

/h(x)|u,,—u|’dx—> 0, fH(x)|u,,—u|‘1dx—>0 as n — 00. (2.14)
Q Q
Furthermore, the Holder inequality yields that
/ h(x) || 2|y — u| dx — 0, /H(x)|u,,|q’2u,,|u,,—u|dx—> 0 (2.15)
Q Q

asn — +00. Let ¢ = u,, — u in (1.7). Then

o(1) = (J' (), thn — ua)

= (a+bllual) /Q (1Aun P> Atty Aty — 1) + |1n VP11 (ty — 1)) dix
- /Q () " |ty — | dx — /QH(x)Iunlq'zunIun - uldx
- /S;g(x)(u,, — u)dx. (2.16)
Thus, it follows from (2.15)-(2.16) and (A3) that
/Q (IAuy, P2 A, Ay, — 1) + )P~ 200, (1, — u)) dx =o(1). (2.17)
On the other hand, by the weak convergence u, — u we get that
/Q (1AuP2 AuA(uy, — u) + [ulPu(u, — u)) dx = o(1). (2.18)
Therefore, we obtain from (2.17) and (2.18) that
/Q (1Au, P72 Autyy — | AulP > Au)(Auy, — Au) dix

+ / (|un|p_2un - |u|p_2u)(u,, —u)dx— 0 (2.19)
Q

as 71 — +00.
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Consequently, using the standard inequalities

(612 - 1e 2,6 - )= {760 forp=2 (220)
clg = ¢P(gl+ g forl<p<2,
we get that
_/Q(|A(Mn—u)|p+ |ty —ul’)dx — 0 asn— +oo, (2.21)
that is, u,, — u in X, and we complete the proof. O

In the following, we introduce an important lemma, which will be used to prove the
existence of multiple solutions. Note that X is a reflexive and separable Banach space and,
therefore, there exist ¢; € X and €] € X* (j=1,2,...) such that

1) (ei,e]’f) = 8;, where 8; =1 for i = jand §;; = 0 for i #;

(2) X =span{ey,ey,...}, X* = span{ej, e}, .. .}.

We write

k o0
X; = spanfe;}, Ye=Px, z=Px, jk=12,.... (2.22)
j=1 j=k

Lemma 2.3 (Fountain theorem [20]) Assume that J,(u) € CY(X,RY) and Ji(u) = Ji(-u).
Suppose that, for every k € N, there exist px > yi > 0 such that

(B1) ax =infycz jujy=p 1 (1) = +00 as k — oo,

(B2) bi = Sup,ey, jujx=p, J1(#) <0,
(B3) Ji(u) satisfies the (PS). conditions for every ¢ > 0.

Then J,(u) has a sequence of critical points {uy} such that J;(ux) — oo as k — oco.
The following lemma will be used in the proof of Theorem 1.3.

Lemma 2.4 Assume (A;)-(Ag) andlet 1<r<p<qg<2p<p*orl<qg<p<r<2p<p*.
Then there exist p,a > 0 such that J(u) > a with ||ullx = p.

Proof By assumptions (A;)-(A3) and the Holder inequality we obtain that
1 b o5y 1. 1
J(u) > ;ﬂHUHf( + g”lfiﬂxp - ;C”u”)(”h”LD‘ - 5C||M||§1(||H||Lﬂ
= cllullxllgll - (2.23)

Since r < 2p and g < 2p, there exist & > 0 and large p > 0 such that J(u) > « for ||u|x = p.
Thus, we complete the proof. g

3 Main results and proofs

In this section, we give the proofs of Theorems 1.2-1.4.
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Proof of Theorem 1.2 We only give the proof for the case of p < r < 2p < g, and the other
cases can be similarly proved. In order to prove Theorem 1.2, we only need to verify con-
ditions (B;)-(B3) in Lemma 2.3. For this purpose, we define

lullr@m

B = sup  |ullzr@m, (3.1
uezpuo  ullx ueZplullx=1
2l Lo (.
ox= sup ————= sup |ullLaqm- (3.2)
ueZi,u#0 llullx UEZp,|lullx=1
Then
leellzr@.my < Brllullx, lullram) <oxllullx, Yu € Z. (3.3)

Moreover, proceeding in a similar manner to that of [21], we get that
B — 0, or—> 0 ask— oo.

In view of (3.3), we obtain from (1.6) and the Holder inequality that
1 p b 2p r r q q
J(u) > I—aﬂllullx + Ellullx = cBrllully — cop llully. (3.4)

Choosing

) qa = ra \ 7P
=min 3 )
T 2po! 2pBy;

it follows from oy — 0 and B; — 0 that yx — +00 as k — oo. Furthermore,

b
J(u) > Enunip — +00 (3.5)

as k — oo with ||u||x = yk, which verifies (B;).

Note that since Y is a finite-dimensional space, all the norms on Y are equivalent.
Therefore, there exists large px > o such that /(i) < 0 with u € Y and ||uk| = px. Thus,
condition (B,) is satisfied. It is obvious that (B3) holds by Lemma 2.2. As a result, we get
from Lemma 2.3 that J(x) admits a sequence of critical points, that is, problem (1.1) has
infinitely many weak solutions. O

In the following, we give the proof of Theorem 1.3, and our proof based on the Ekeland’s
variational principle [22].

Proof of Theorem 1.3 Since g(x) # 0, we can choose ¢ € C°(Q) such that [, g(x)¢ dx > 0.
Then,

N o , 11 .
Jto) = Zalloll + Eoblg)2 ——/h(x)|¢| dx——/H(x)m dx
P 2p r Jo q Jo

- t/Qg(x)go dx <0 (3.6)
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for small ¢ > 0. It follows from (3.6) and Lemma 2.4 that

C,= inf J(u)<0 and inf J(u) >0, (3.7)
ueB,(0) u€dB,(0)

where p > 0 is given in Lemma 2.4, and B,(0) C X is an open ball with radius p. Fore, — 0
small enough, we have

O0<eg,< inf J(u)— inf J(u). (3.8)
u€dBy(0) MEB_/)(O)

Then, by Ekeland’s variational principle, there exists {u,} C B_p (0) such that

Co <J(un) <C, + &y (3.9)
and

J(n) <J(W) + exllttn — ullx, Vu€B,(0),u #u,. (3.10)
Therefore, relations (3.8) and (3.9) imply that

J(w,) <C,+e, < inf J(u,)+e,< inf J(u,), (3.11)
u€B,(0) u€dB,(0)

which implies that «, € B,,(0).
We define the function G(u) :B_p(O) — Rby

G(u) = J(u) + eqlly —ullx, u€B,(0). (3.12)

Then, it follows from (3.10) that G(u,,) < G(u) for u # u,, and u,, is a strict local minimum
of G(u). Furthermore, we get that

t(G(uy + tv) — G(u,)) = 0 for small £ > 0 and Vv € B1(0), (3.13)
which implies that
£ (i + ) = J () + £allVIix = 0. (3.14)

Passing to the limit as £ — 0" in (3.14), it follows that

(/' wn),v) + €nllvlix =0, Vv e By(0). (3.15)
On the other hand, when v is replaced by —v, we get from (3.15) that

—{J'Wn),v) + eallvlix =0, Vv e By(0). (3.16)

Consequently, it follows from (3.15)-(3.16) that [|J'(¢,)|| < &,. Therefore, there exists a se-
quence {u,} C B,(0) such that J(«,) - C, and J'(&,) — 0 in X* as n — o0o. According to
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Lemma 2.2, there is a convergent subsequence of {u,} in X, still denoted by {u,}, such that
u, — uin X and J () = C, < 0. Thus, u is a solution of problem (1.1). This completes the

proof. O

In the last part of this section, we give the proof of Theorem 1.4. To complete the proof

by a variational method, we need the following mountain pass lemma.

Proposition 3.1 (Mountain pass lemma [23]) Let X be a Banach space, and let ] €
CHX, R) satisfy the (PS), conditions. Suppose that J(0) = 0 and

(M1) there are constants p,a > 0 such that Jyp, > a;
(My) thereis e e X\ B, such that J(e) < 0.

Then ] (u) possesses a critical value ¢ > a. Moreover, ¢ can be characterized as

¢=inf max J(u)>a>0,
yel' uey[0,1]

where
I'={y eC([0,1],X):¥(0)=0,y(1) =¢}.

Proof of Theorem 1.4 In order to make the proof more concise, we only consider the case
of p < r <2p < q. Lemma 2.2 shows that /(u) satisfies the (PS). conditions. Then, in the fol-
lowing, we will verify conditions (M;) and (M;) in Proposition 3.1. By the Young inequality
with 0 < & < a/2 it follows from (2.23) that

1 b 1 1
p 2p q
J(u) > I;(a—s)llullx + illullx - ;cllullﬁ(llhllm - gcllullxllHllLﬁ —c(e)llgll,
a b 2 1 1
> 5|lull‘§( + @Ilullx’” - ;C||M||5(||h||m - ;IC”"‘”;I(”H”LE

—c(&)lgll - (3.17)

Since p <r<2p <qand 0 <|g|,,~ is small enough, there exist « > 0 and small p >0
such that J(x) > o with || «||x = p, and this verifies (M;).
For fixed ¢ € X, note that

N 4 o , ¢ .
J(tp) = —alolly + ——bllelly —— | hlp|"dx—— | Hlp|"dx—t | gpdx— —o0
p 2p r Ja q Jo Q

as t — +00. Then, there exists large ¢, > 0 such that [|ty¢||x > p and J(to@) < 0. Thus, (M)
holds for e = £y¢. As a result, by Proposition 3.1 there exists u# € X, a solution of problem
(1.1), such that J/(x) > o > 0. This completes the proof. O
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