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MULTIPLE SOLUTIONS FOR THE NONHOMOGENEOUS FOURTH
ORDER ELLIPTIC EQUATIONS OF KIRCHHOFF-TYPE

Liping Xu and Haibo Chen*

Abstract. This paper considers the following nonhomogeneous fourth order el-
liptic equations of Kirchhoff type:
N*u— (a+ b/ |Vul?dz)Au+V (z)u = f(z,u) + h(z), inRY,
RN
ue H*(RY),
where constants a > 0, b > 0. Under certain assumptions on V(z), f(z,u)

and h(z), we show the existence and multiplicity of solutions by the Ekeland-s
variational principle and the Mountain Pass Theorem in the critical theory.

1. INTRODUCTION AND PRELIMINARIES

Consider the following nonhomogeneous fourth order elliptic equations of Kirchhoff
type:

A%y — (a+ b/ |Vul?de)Au+ V(z)u = f(z,u) + h(z), z € RY,
(1.1) RN

u e H*(RY),

where constants @ > 0, b > 0. We assume that the functions V' (z), f(z,u) and its
primitive F(z,u) := / f(z, s)ds satisfy the following hypotheses:
0
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(V) V(z) € C(RY,R) satisfies ian V(z) > a1 > 0, where a; is a constant. More-
z€R

over, for any M > 0, meas{z € RV : V(x) < M} < oo, where meas(.) denotes the
Lebesgue measure in R,

(f1) f(z,u) € C(RN xR, R) and there exist 2 < p < 2* = 225 and ay > 0 such that
|f (@, )] < ag(1+ [uP~).
(f2) lim % o v e RY.

u—0 U
(f3) There exist ;4 > 4 and r > 0 such that

pF(z,u) < uf(x,u), Yo e RN, |u| > 7.
(f1) IERIinij:TF(x, u) > 0.
Let H := H?(RY) with the inner product and the norm
(u,vypg = /RN(AuAv + VuVo +w)de, ||u|lg = (u, u>?1{
Define our working space
E={ueH: /RN(\Au\Q + |Vul> + V(z)u?)dz < 00}
with the inner product and norm
(u,vy = /RN(AuAv + aVuVv + V(z)uv)dz, ||ul| = (u, u>%,
where || - || is an equivalent to the norm || - || .

It is clear that system (1.1) is the Euler-Lagrange equations of the functional I :
E — R defined by

(1.2) I(u) = 1HuH2 + 9(/ |Vu|?dz)? — / F(z,u)dz —/ h(z)udz.
Obviously, I is a well-defined C! functional and satisfies
(I'(u),v) = / (Aulv + aVuVo + V(z)uv)dx
RN
(1.3) +b/ \Vu\Qda:/ VuVudz
RN RN

—/ f(a:,u)vda:—/ h(z)vdz, ¥ u, v € E.
RN

RN
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Let V(x) = 0, h(x) = 0, replace RY by a bounded smooth domain 2 ¢ RY,
and set v = Vu = 0 on €, then problem (1.1) reduces to the following homogeneous
equations:

AT (a—i—b/ |Vul?dz) Au = f(z,u), = € Q,
1.4) Q

u=0,Vu=0o0n €,

which is related to the following stationary analogue of the equation of Kirchhoff type:
(1.5) ug + AN*u— (a + b/ |Vul?dz) Au = f(z,u), inQ,
Q

where A? is the biharmonic operator. In one and two dimensions, (1.5) is used to
describe some phenomena appeared in different physical, engineering and other sciences
because it is regarded as a good approximation for describing nonlinear vibrations of
beams or plates (see [2-3]). Using the mountain pass techniques and the truncation
method, wang et al. [4] obtained the existence of nontrivial solutions of the following
elliptic equations:

A?u—Na+0b [, |Vu|?de) Au = f(z,u), z € Q,
u=0,Vu=0o0n Q.

More recently, there are several papers having studied (1.1) with h(xz) = 0, see for
example [5-6].

In (1.1), let a =0, V(x) = 0 and h(z) = 0, then problem (1.1) can be rewritten
as the following fourth order equation of Kirchhoff type:

(1.6) A - b</ﬂ \Vul?dz) Au = f(a,u) in Q,

uw= Vu =0 on of.

By the variational methods, T. F. Ma and F. Wang etc. studied (1.6) and obtained the
existence and multiplicity of solutions, see [7-9].
If a =1, b=0and h(z) = 0, then (1.1) reduces to the following equations:

Ay — Au+V(z)u = f(x,u), = € RY,
1.7)
u e H?*(RY).

In recent years, there are many results for (1.7), see for instance [10-12]. The solvability
of (1.1) without A2 has also been well studied by various authors (see [13-14] and the
references therein).
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Obviously, the problem (1.1) is nonlocal because of the presence of the term
\Vu\Qda: which provokes some mathematical difficulties. This phenomenon makes

the study of such a class of problems particularly interesting. To my best knowledge,
there are no any work on the existence and multiplicity solutions for the nonhomoge-
neous fourth order elliptic equation of Kirchhoff type. The object of this paper is to
establish the first results in this case. Our tools is the Mountain Pass Theorem [15] and
the Ekeland-s variational principle [16] in the critical theory. Throughout this paper,
C; denotes various positive constants.

2. MaIN REesULTS

In order to deduce our results, we need the following lemmas. Motivated by Lemma
3.4 in [1], we can first prove the following Lemma 2.1 in the same way. Here we omit
it.

Lemma 2.1. Under the assumption (), the embedding E — L*(RY) is compact
for any s € [2,2*). Then, for each s € [2,2%), there exists n5 > 0 such that ||u||zs <

nsllull, Yu € E, where ||ul|zs := ( \u\sda:) for any s € [1,00) is the norm of
RN

the usual Lebesgue space L*(R").

Lemma 2.2. Assume (V') and (f1)-(f2) hold. Let h € L?(RY), then there exist
some constants p, «, mg > 0 such that I(u) > « > 0 with ||jul]| = p forall u € E
and h satisfying ||k 2 < myo.

Proof. By (f1) and (f2), there exists ¢(g) > 0 such that
(2.1) |f(,w)| < elul + e(e)ulP~,
and for all (z,u) € RN xR, one has
2.2 2, <€),
(22) [F(a,w)] < Sful® + Sl

It follows from (1.2), (2.2), the Holder inequality and Lemma 2.1 that

Lo O,
) = gl = [ (Gl + Sy = 2l

P
1 5 c(e)
23) = Sl = Sluls — S22l — A2
1 5172 _
> [Julll(5 = <2 llull = CullulP~" = n2[A]| 22].
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. 1 . 1 . .
Taking ¢ = 27 and setting g(t) = Zt — C1tP~! for t > 0. By direct calculations, we
Up)

1 1
see that max g(t) = 0, where p = [————]»=2 > 0. Then it follows from
e g(t) = g(p) >0, p [401(p_1>]p >
(2.3) that, if ||hl|2 < mo := @ > 0, there exists a > 0 such that I(u)|y=p =
2

a > 0.

Lemma 2.3. Assume that (V), h(z) € L*(RY), h > ()0 and (f1)-(f4) hold,
then there exists a function v € E with ||v]| > p such that I(v) < 0, where p is given
by Lemma 2.2.

Proof. Forany z € RY, |z| > r, set
7(t) = F(x,t 12)th, YVt € [1, %}.
By (f3), one has
7'(t) = th L uF (2, t712) —t 712 f(x, t712)] <0.
Hence, 7(1) > r('%'), that is

2.4 Flx,z) > F(x,—z)— > inf Flx,u)— > Co|z|*
( ) ( ) = ( ‘Z‘ ) i RN ||ul|=r ( ) ri 2‘ ‘

for any 2 € RY, |z| > r. By (f»), there exists § < r such that

fx,2)z, _ flx,2)

22 =1 z

for all z € RY, 0 < |z| < 6. It follows from (f;) that there exists a positive constant
M such that

| <1,

f(w,Z)Z‘ c a2(l+ 2P
22 — 2

< M,
z

Thus, one has
flz,2)z > —(My + 1)|2)

for all z € RY, 0 < |2| < 4. Using the definition of F(z, 2), we have
1
(2.5) F(x,2) > =5 (My + 1)|2f?

for all z € RY, 0 < |2| < 4. Setting Cs = 3(M; + 1) + C», we obtain from (2.4) and
(2.5) that

(2.6) F(z,z) > Colz|* — Cs)z|?
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forae. x € R®and all z € R. Since E — L2(R"™) and L%(R") is a separable Hilbert
space, E has a countable orthogonal basis {e;}. Set Ej = span{ei,es, ..., ex}. Then
E= E;C@EL and E is finite-dimensional space. Moreover, for any finite dlmenswnal
subspace F' C E, there is a positive integral number m such that F c E,,. Hence, by
(2.6) and the assumptions on h(zx), we get

1 Cy
I(w) < 5l +

1
< Slul® +

= lull® = Callullfu + Clul 72 + /RN h(x)|u|dz

04
Sl = Cor¥ull + Congllal® + [ wielulds

for all uw € E,,, where in the last inequality we use the equivalence of all norms on the
finite dimensional subspace E,,,. Consequently, by p > 4, there is a point e € E with
|le]l > p such that I(e) < 0, which completes this lemma.

Lemma 2.4. Assume (V) and (f3)-(fs) hold. Let h € L*(RY) and {u,} is a
(PS) sequence, then {u,} is bounded in E if ||h| 2 < mo.

Proof. Consider a sequence {u,, } which satisfies I(u,) — cand (I'(u,), u,) — 0.
. . Unp,

If {w,} is unbounded in E, we can assume ||u,| — +oo as n — oco. Set w,, = Temll
n

then |jwy,|| = 1 and ||wy||zs < ns for s € [2,2*). Going if necessary to a subsequence,
we may assume that

(2.7) wp = win B, w, »win L*(RY)(2< s < 2%), w, — wa .. on RY.

Set Q = {x € R® : w(z) # 0}. If meas(Q2) > 0, then |u,| — +oo ae. = € Q as
n — oo. It follows from (2.6) that

f(.’l?, un>un Z 05‘un‘u - CG"“TLP

for a.e. x € R3 and all u,, € R. Hence

f z, un Up, HwnH%g
(2.8) L0 TR g > O llwn ||, — Ol
[ [ lonliz [ |42

Since i > 4 and

<I/<unaun> o 1 b(fRN \Vun\Qda:)Q
[[wn | [[un =4 [[wn |
— 7f<x’un>u"da:—/ h(z) tn dx,
RV [lun RN [[wn|#
one has
(2.9) lim f Ty tn)Un

n=oo Jov o unll#



Multiple Solutions for the Nonhomogeneous Fourth Order Elliptic Equations of Kirchhoff-type 1221

Consequently, we obtain from (2.8) and (2.9) that

0= lim [, un)un

> M
A S g 0% Z Collwnlli >0,

which is a contradiction. Hence, meas(Q2) = 0. Therefore, w(z) = 0 a.e.x € RV, It
follows from (f1)-(f3) that

luf(z,u) — pF(x,u)| < Cyu? for all (z,u) € RY xR.
Thus, for ||h||z2 < my,

1
lun?

(G )+ (G =D Feld0?

] L ) = F )t P+ (=Dl funl 2

1 1 C; 1
> (5 -5 - 2 [ WRdet - Dmor
v T T MO

[ (un) = = (I' (un), un)]

Since 1 > 4, (2.10) implies 0 > 1 — i a contradiction. Hence, {u,} is bounded in E.

Lemma 2.5. Let (V'), (f1)-(f2) holdand {u,} is a bounded Palais-Smale sequence
of I, then {u,} has a strongly convergent subsequence in E.

Proof. By (1.3), we have
(' (tn) = I'(u), = ) = [fun —ul|* - b(/ |Vul?dx
RN
—/ |V, |2dx) / VuV(u, — u)dzx
RN RN

= [ ) = Fa)) (e —
R

then, one has
i — w2 < (I () — T (1), 1 — ) + b(/ Vul2dz
RN
(2.11) — / |V, |2dz) / VuV (un, — u)dx
RN RN

" /RN (@ un) — £ (@, )]t — w)da.

Since {u,} is bounded in E, going if necessary to a subsequence, we may assume that
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(212)  w, —~uinE, u, —uin L*(RY)(2< s < 2%), u, — u ae. on RY.

Then, it follows from (2.1), the boundedness of {u,} and the Holder inequality
that

L e aa) = £l ulda
< [ ()l + £ ) — ulda
< /RN e (Jtn] + [u]) i — ulda + () /RNqun\p—l Tl — uldz
5[</RN i ?d)F + (/RN \u\2da:)%](/RN i — ul?d) 3
—|—c(€)[(/RN funPdz) 55 + </RN \u\pda:)T](/RN i — ulPd)?

< Crllun, — ul|z2 + Csllun — ulje — 0, n — +o0.

(2.13)

IN

Define the linear functional g : £ — R by g(w) = [xv VuVwdz. Since g(w) <
||u||||w]|, we can deduce that g is continuous on E. Using u, — u in E, one has

/ VuV (uy, —u)dz — 0, as n — oo.
RN
Thus, we get from the boundedness of {u,,} in E that

(2.14) b(/ |V, |2de — / |Vu|?dx) / VuV (uy, —u)dz — 0, as n — oo.
RN RN RN

Clearly,

(2.15) (I'(up) — I'(uw), up — u) — 0, as n — oo.

It follows from (2.11), (2.13), (2.14) and (2.15) that ||u, — u|| — 0. The proof is
complete. -

The following theorems are our main results.

Theorem 2.1. Assume that h(x) € L2(RY) and h(x) > (£)0. Let (V) and (f1)-
(f1) hold, then there exists a constant my > 0 such that problem (1.1) possesses at
least two nontrivial solutions uy € E and u; € E satisfying (ug) < 0 < I(u;) when
lh]l L2 < myo.

Proof. We prove Theorem 2.1 by the following two steps.
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Step 1. There exists ug € E such that I(ug) > 0 and I'(ug) = 0.

By Lemma 2.2, 2.3 and the Mountain Pass Theorem [15], there exists a sequence
{u,} C E satisfying I(u,) — ¢1 > 0, I'(u,) = 0. Then it follows from Lemma
2.4 and 2.5 that there exists ug € F such that I(ug) = ¢; > 0 and I'(ug) = 0 if
|h]| 2 < mo.

Step 2. There exists u; € E such that I(u;) < 0 and [’(u;) = 0. Since
h e L*(RN) and h # 0, we can choose a function ¢ € E such that

(2.16) / h(2)b(x)dz > 0.
RN
Then, it follows from (1.2), (2.6) and (2.16) that

2 b 4
I(t6) < Sliol? + Z( [ [Vof2dz)? — Cot? o)L,
2 4 " JgN

+C3t?| 9|22 — t/RN h(z)pdzr < 0

for ¢+ > 0 small enough. Then, we get ¢y = inf{I(u) : u € B,} < 0, where p is
given by Lemma 2.2, B, = {u € E, |lu|]| < p}. It follows from Ekelands variational
principle [16] that there exists a sequence {u,,} C B, such that co < I(u,) < co+ =
and I(w) > I(uy) — Lf|w — u,|| for all w € B,. Then by a standard procedure, we
can show that {u,} is a bounded Palais-Smale sequence of /. In view of Lemma 2.5,
we obtain that there exists a function u; € E such that I'(uy) = 0, I(u1) = ¢o < 0.
The proof is complete. ]

Theorem 2.2. If we replace the conditions (f3)-(f4) by the following conditions:
(f4) There exist x> 4 such that

pF(x,u) < uf(x,u), V(z,u) € RN xR
and

(f1)
inf  F(z,u) >0,
2€RN |u|=1

then the conclusion of Theorems 2.1 remains true.

Proof. Obviously, (f3;) and (f}) imply (f3) and (f4) with » = 1. The proof of
Theorem 2.2 is complete. ]

Theorem 2.3. Assume that h(z) € L*(RY) and h(z) > (£)0. Let (V), (f1)-(f3)
and the following conditions:
(f5) There exists 4 < a < 2* such that

lim inf £ )

|u]—o0 \u\o‘

> 0, uniformly for z € RV
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hold, then there exists a constant mg > 0 such that problem (1.1) possesses at least
two nontrivial solutions uy € E and u; € E satisfying I(up) < 0 < I(u;) when
a2 < myo.

Proof. It is sufficient to prove (f4). In fact, by (f5), we can choose e¢ €
(0, lim mfﬂ) small enough such that

ful—co 14
(2.17) F(z,u) > e|lu|® for |u| large enough,
then we obtain from (2.17) that ( f4) satisfies. This completes the proof. [ ]

Theorem 2.4. The conclusions of Theorem 2.1, 2.2 and 2.3 hold if we replace (f3)
or (f4) by the following condition:
(f6) There exists . > 4 such that u — l{fﬁ’ﬂ is increasing on (—oo, 0) and (0, +00).

Proof. It is sufficient to prove (fs) implies (f3) or (f5). Indeed, whenever v < 0,
1
F(z,u) :/ [z, tu)udt
/ (=, tu (—u)Pti1dt
/ (x, tu) ‘ Ly

\ut\“ !

1
/ ‘u 1 JulftH 1t dt = Mf(ac,u)u.

Whenever u > 0,

F(z,u) = /1 [z, tu)udt = 01 %u“t“_ldt

/ fla,u) T dt = f(ac U)u.

It shows that (f4) holds and then (f3) foIIows. This completes the proof.

Remark 2.1. To the best of our knowledge, it seems that Theorem 2.1, 2.2, 2.3 and
2.4 are the first results about the existence of multiple solutions for the nonhomogeneous
fourth order elliptic equation of Kirchhoff type.

Remark 2.2. For (f'3) and (f}) imply (f3) and (fs4), Theorem 2.1 generalizes
Theorem 2.2. For (f5) implies (f4), Theorem 2.2 generalizes Theorem 2.3. Moreover,
Theorem 2.3 generalizes Theorem 2.4 for (fs) implies (f3).
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Remark 2.3. There are functions, which satisfy all conditions of Theorem 2.1, but
not satisfy Theorem 2.2. For example, set

172t g It + 1), |1 > 1,
fan=4""
e, H <1,

where 4 < ¢ < 2*. Simple computation shows that

1
[t — =, ft] = 1,
F(z,t) = 1.
_3“‘ ) ‘t‘ <1,

and
1
tf (2, t) = pF(,0) = (g = i |1 + 1117 = Zp. Vo €RY, [t = 1.

Setting 4 < u < min{q, 5}, it is easy to check that f(x,t) satisfies all the conditions
in Theorems 2.1, but not satisfy (f3) for tf(x,t) — uF(x,t) < 0 when |¢| < 1. So
f(x,t) does not satisfy Theorem 2.2. Moreover, set f(x,t) = [t|77%t,4 < q < 2*.
Then f(z,t) satisfies all the conditions in Theorems 2.1, 2.2 and 2.3, but not satisfy
(fe). So not satisfy Theorem 2.4.
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