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ABSTRACT: In this paper we prove the existence of nontrivial solutions to a p-

biharmonic elliptic equations with Navier boundary conditions. The results are

proved by applying minimax arguments and Morse theory.
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1. Introduction

We consider the following problem with Navier boundary conditions

() AZu = f(z,u) in Q
u=Au=0 on 01,

where € is a bounded domain in R with smooth boundary 0Q, N > 1, A?Du =
A(|AuP=2Au), is the p-biharmonic operator, 1 < p < oo and
f: QxR — Ris a Carathéodory function satisfying the subcritical growth condi-
tion:
(Fo) |f(z,t)] <c(1+t2Y), VteR, ae x€Q,
for some ¢ > 0, and 1 < ¢ < p* where p* = Nj\igp if 1 <2p< N and p* = +oc0 if
N < 2p.

Observe that, if f(x,0) = 0, then the problem (P) has a trivial solution u = 0.
We are interested in finding multiple nontrivial solutions of (P) in the Sobolev
space W2P(2) N W, P (Q), equipped with the norm

ull= (] 1dup do)?.
Q
It is well known that the functional ® : WP(Q) N W, *(Q) — R

1
D(u) = —/ |Au|P dx — / F(z,u)dx,
Q Q

p
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with F(z,t) fo x,8)ds, is of class C' and
@hp) = [ |BuP P audpds ~ [ flawpds
Q Q

for every ¢ € W2P(Q) N Wol’p(Q). Moreover, the critical points of ® are weak
solutions for (P). Notice that for the eigenvalue problem

A2y = MNulP~2u  in Q
P
{ u=Au=0 on 9, (1.1)

as for the p-Laplacian eigenvalue problem with Dirichlet boundary data,

Ap = inf sup/|Au|pdx, n=12,..
KeAn yekx

is the sequence of eigenvalues, where
={K C N:K is compact, symmetric and y(K) > n}

and
N = {u e W?P(Q)nW,"(Q) /|U|sz71}

Here v(K) indicate the genus of K. It has been recently proved by P. Drabek and
M. Otani [4] that (1.1) has the least eigenvalue

Mp) = inf{/ AP dz < u € W2P(Q) N ngp(sz),/ wPde =1}, (1.2)
Q Q

which is simple, positive and has an associated normalized eigenfunction ¢, which
is positive in Q. It is also known, (see [4]), that there exists § > 0 such that
(M(p), A1(p) + 0) that not contain other eigenvalues.

Remark 1.1. Let V. = span{p,} be the eigenspace associated with A1, where
| ¢y I|I=1. Taking a subspace W C W22(Q) N WyP(Q) complementing V, that is,
W2P(Q) N W P(Q) =V @ W, there exists A > A\, with

/ |Au|P da > 5\/ |u|P da (1.3)
) Q

for each w € W (in case p =2, one may take A= A2).

The existence of solutions of p-biharmonic equation has been studied by several
authors see [1,4,9,11] and the reference therein.
It will be seen that critical groups and Morse Theory, developed by Chang [3] or
Mawhin and Willem [10], are the main tools used to solve our problem. The main
point in this theory is to introduce the critical groups of an isolated critical point.
With this aim, we need to suppose a conditions that give us information about the
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behavior of the perturbed function f(x,t) or its primitive F(x,t) = fg f(xz,s)ds
near infinity and near zero. More precisely, the following conditions are assumed:
(F1) | lim [tf(z,t) — pF(x,t)] = oo uniformly for a.e. = € €,

t|—oo
(Fy) | lim [tf(x,t) — pF(z,t)] = —oo uniformly for a.e. z € Q,

t|—o0

(F3) there exists 6 € (0, A2 — A1) such that

lim sup pITt(‘f;t) < A1 + 6, uniformly a.e. z € Q,
[t] =00
(Fa) tim [ Fla toy) do— %) = oo,

|t] =00
(F5) there exist u € (0,p), v > 0 and « a constant non positive, such that
0 < puF(x,t) <tf(z,t), forae. z€Q, 0<|t|<y,
and

|t[=0 [t[?

>a> )\1(E —1) uniformly a.e. x € Q.
p

The main result reads as follows.

Theorem 1.1. Suppose (Fy), (F3) — (F5) and (Fy) or (Fa). Then the problem (P)
has at least nontrivial solution.

The second purpose of this paper is to show the existence of at least two non-
trivial solutions of problem (P) under the following assumptions:
(Fs) 3R >0, A €]A1, A[ such that for all | ¢ |< R and x € Q

M|t P< pF(a,t) <AL

(Fr)  lim (F(z,t) — 2 [t ]P) = —cc.
[t|—o0 P
Now, we can state the following result.

Theorem 1.2. Under (Fy), (Fs) and (F7), the problem (P) has at least two non-
trivial solutions.

Remark 1.2. In Theorem 1.4 [9], the authors established the existence of at least
two nontrivial solutions of problem (P), under (Fy), (Fs) and the following hypoth-
esis.

(F))  lim 2E@D

lt|—oo 17

Note that our condition (Fr) is weaker than (F3).

For finding critical points of ®, by applying minimax methods, we will use the
following compactness condition, introduced by Cerami [2], which is a generaliza-
tion of the classical Palais-Smale type (PS).

Definition 1.1. Given ¢ € R, we say that ® € C'(X,R) satisfies the condition
(Ce), if
(1) Every bounded sequence (un) C X such that ®(u,) — ¢ and ®'(u,) — 0 has a
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convergent subsequence,
(1) there exists constants 6, R, a > 0 such that
| ®'(u) x| u|x>a, Vued (e—0d,c+6]) with|ulx>R.
If ® satisfies condition (C.) for every ¢ € R, we simply say that ® satisfies (C).

The paper is organized as follows. In section 2 we introduce some auxiliary
results. In Section 3, we will prove the existence of at least nontrivial solution by
combining the minimax method and Morse theory. In section 4, we will give the
proof of Theorem 1.2.

2. Critical Groups

In this section, we investigate the critical groups at zero and at a mountain
pass type. To proceed, some concepts are needed. Let X denote the generalized
Sobolev space W2P(£2) N Wol’p(ﬂ), given a ® € C1(X,R). For 3, ¢ € R, we set

P° ={zec X :d(x)<p},

K={reX:dx)=0},
K.={z e K:®(x) =c}.

Denote by Hy(A, B) the g-th homology group of the topological pair (A, B) with

integer coefficient. The critical groups of ® at an isolated critical point u € K. are

defined by Cy(®,u) = Hy(®°NU, (2°\ {u})NV), q€Z,

where U is a closed neighborhood of wu.

Moreover, it is known that C,(®,w) is independent of the choice of U due to the

excision property of homology. We refer the readers to [3,10] for more information.
Recall that in the case when ® satisfies the Cerami condition and for [a,b] C

R U {oc} the critical set K = {x € Y;a < ®(z) < b, ®'(x) = 0} is finite, we have

the following Morse relations between the Morse critical groups and homological

characterization of subset sets:

Hy(3", %) = @ Cy (@, u). (2.1)

Now, we will show that the critical groups of ® at zero are trivial.
Lemma 2.1. Assume (Fy) and (F5). Then Cq(®,0) =0, Vg€ Z.

Proof. Let B, = {u € X, || u ||< p}, p > 0 which is to be chosen later. The idea
of the proof is to construct a retraction of B, \ {0} to B, N ®°\ {0} and to prove
that B, N®" is contractible in itself. For this purpose, we need to analyze the local
properties of ® near zero. Thus, some technical affirmations must be proved.
Claim 1. Under (Fpy) and (F5), zero is local maximum for the functional ®(su),
s € R, for u # 0.

In fact, it follows from the first condition of (F3), there exists a constant ¢y > 0
such that

F(z,t) >co |t |V, forz e, |t|<H. (2.2)
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Using (Fp) and (2.2), we get

Flz,t) >co |t —ci [t]9, z€Q, teR (2.3)

for some g € (p,p*) and ¢; > 0.
Then, for v € X, v # 0 and s > 0, we have

D(su)

1
—sp/ |Au|pdx—/F(:I:, (su)) dx
P Ja Q

P

S
< —Jul? f/(CO | (su) [ —e1 | (su) |7) dz
p Q
sP
s 5 [ wll” —cos | wllpn +ers [ w7 - (2.4)

Since p < p < g, there exists a sp = so(u) > 0 such that

D(su) <0, forall 0<s< sp. (2.5)

Claim 2. There exists p > 0 such that

d
Eq)(su) |s=1> 0, (2.6)
for every w € X with ®(u) =0 and 0 <|| u ||< p.

Indeed, let u € X be such that ®(u) = 0. In turn, for (F5) and (Fp) respectively,
we have for € > 0 sufficiently small that there exists
r =r(e) > 0 such that

pF(z,u) — f(z,w)u > (a—¢) |u P, ae.zeQand |ul|<lr,

and
pF(z,u) — f(z,u)u > —cc |u|?, ae. xzeQand |ul>r,

for some g € (p,p*) and ¢ > 0.

Define Q. (u) ={z € Q: |u|>r} and Q"(u)={x e Q: |u|<lr}.
Denote by (.,.) the duality pairing between X and X’. Then, since ®(u) = 0, by
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virtue of (1.2), we find

Lo(su) s = (@' (s),u) |

ds s=1
= / |Aul? dx f/ f(z,w)ude,
Q Q

= _E ulP dx x,u) — flz,u)u) de
= =By [iswrars [ @R~ s

+ /Qr(u) (uF(z,u) — f(x,u)u) dz,

> a-Bupse-o [ jupde-e | jultds
p Q7 (u) - (u)

> =Y a0 [y ar- e fule
p A1 Q
0 (a—¢)

> (12 p N7 P _ .4 q

> =Gl e

> Oflul”=Ccflu]*,

where 6 = (1 -5+ —
C. = c.cl.
Since p < ¢, the inequality (2.6) follows for ¢ small enough such that 6 > 0.

Claim 3. For all u € X with ®(u) <0 and || u ||< p, we have

= — %), ¢ > 0 is the embedding constant for X — L9(2) and

P(su) <0, forall se(0,1). (2.7)

Indeed, given || u ||< p with ®(u) < 0, assume by contradiction that there
exists some sg € (0,1] such that ®(spu) > 0. Thus, by the continuity of @,
there exists an s; € (sg, 1] such that ®(syu) = 0. Choose s2 € (sp,1] such that
sg = min{s € [so,1];P(su) = 0}. It is easy to see that ®(su) > 0 for each
s € [sp, s2]. Taking u; = sou, it is clear that

L d d
O (su) — P(squ) >0 implies that E(I)(SU) ls—so= E@(sul) [s=1< 0.
This is a contradiction with (2.6). The proof of the claim is completed.

Let us fix p > 0 such that zero is the unique critical point of ® in B,. First, by

taking the mapping h : [0,1] x (B, N ®°) — B, N ®° as

h(s,u) = (1 — s)u,

we have that B, N ® is contractible in itself.
Now, we prove that (B,N®%)\ {0} is contractible in itself too. For this purpose,
define a mapping T": B, \ {0} — (0,1] by
T(u)=1, for ue (B,N&%)\ {0},
T(u)=s, for ue B,\®" with ®(su)=0, s < 1. (2.8)
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From the relations (2.5)-(2.7), the mapping T is well defined and if ®(u) > 0 then
there exists an unique T'(u) € (0,1) such that

O(su) < 0, Vse (0,T(u)),
(T (u)u) = 0, (2.9)
D(su) > 0, Vse (T(u),l).
Thus, using (2.6) and (2.9) and the Implicit Function Theorem we get that the
mapping 7' is continuous.
Next, we define a mapping 7 : B, \ {0} = (B, N ®°) \ {0} by
n(u) = T(uwu, ue B,\{0} with ®(u) >0,
n(u) = u, ue B,\{0} with ®(u) <0.
Since T'(u) =1 as ®(u) = 0, the continuity of 7 follows from the continuity of T'.
Obviously, n(u) = u for u € (B, N®°) \ {0}. Thus, 7 is a retraction of B, \ {0}
to (B,N®%)\ {0}. Since X is infinite dimensional, B, \ {0} is contractible in itself.
By the fact that retracts of contractible space are also contractible, (B, N®°)\ {0}

is contractible in itself.
From the homology exact sequence, one has

H,(B,Nn®° (B,n®°)\ {0}) =0, VqecZ

Hence
Cy(®,0) = Hy(B,Nn®°,(B,Nn®% \ {0}) =0, VgeZ

The proof of lemma 2.1 is completed. O

We will use the following lemma, which is proved with (PS) condition see for
example [10].

Lemma 2.2. Assume ® € C1(X,R), there exists ug € X, u1 € X and a bounded
open neighborhood Q of ug such that u; € X \  and

max(®(up), P(u1)) < inf Pyq.
Let T={g<€C([0,1],X): g(0) = ug, g(1) =u1} and

= inf B(g(t)).
¢ = Inf max (9())

If @ satisfies the (C) condition over X and if each critical point of ® in K. is
isolated in X, then there exists u € K. such that dim Cy(®,u) > 1.

Proof. Let € > 0 be such that ¢ — e > max(®(ug), P(u1)) and c is the only critical
value of @ in [c — €, ¢ + ¢]. Consider the exact sequence

= Hy (@972, 0°7%) & Ho (972, 0) 5 Ho (29, 0) — ...
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where 0 is the boundary homomorphism and i, is induced by the inclusion mapping
i (®7¢,0) — (®°T¢,0). The definition of ¢ implies that uy and u; are path
connected in ®¢*¢ but not in ®~¢. Thus, keri, # {0} [3,10] and, by exactness,
Hy(9Fe, ®°7¢) £ {0}. Using (2.1), we deduce that dim C;(®,u) > 1. The lemma
2.2 is proved. O

3. Proof of Theorem 1.1

The proof is based on the following minimax theorem due to the first author
[5, Theorem 3.5], with Cerami condition.

Theorem 3.1. Let ® be a C* functional on X satisfying (C), let Q be a closed
connected subset of X such that 0Q NA(—Q) # 0 and B € R.
Assume that

1. for every K € As, there exists vk such that
Q(vg) > B and ®(~vk) > B,

2. a=sup® < 3,
oQ

3. sup® < oo.
oQ

Then ® has a critical value ¢ > B given by

= inf sup ®(h
¢ = juf sup (h(x)),

where I' = {h € C(X,X) : h(z) =z for every x € IN}.

We will establish the compactness condition under the condition (Fp), (F3) and
(F1). The proof is similar for (Fp), (F3) and (F3).

Lemma 3.1. Assume (Fp), (F3) and (Fy). Then ® satisfies the condition (C).

Proof. (i) First, we verify that the Palais-Small condition is satisfied on the bounded
subsets of X. Let (u,) C X be bounded such that

&' (up) — 0 and ®(u,) —c¢, ceR. (3.1)
Passing if necessary to a subsequence, we may assume that

U, —u  weakly in X,
u, = u  strongly in LP(Q), (3.2)

un(z) = u(zr) a.e in Q.

From (3.1) and (3.2), we have (®'(uy), u, — u) — 0, or equivalently

/ | Ay [P72 AupAu, —u)de — / fz,un)(up —u)dx — 0. (3.3)
Q Q
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By the Holder inequality, we obtain

/Qf(:n, Un) (up, — u)dz — 0. (3.4)

Thus, it follows from (3.3) and (3.4) that (A2u,, u, —u) — 0. Since , A2 is of type
ST (see [4] ), we deduce that w, — u strongly in X.

Now, we will show that (i¢) is satisfied for every ¢ € R. By contradiction, let
(un) C X such that

D(up) = ¢, (P (up),un) —0 and | u, || +oc. (3.5)
Therefore,
lim/ (unf(z,un) — pF(z,uy)) de = pe. (3.6)
n Ja
Taking v, = m, clearly v, is bounded in X. So, there is a function v € X and

a subsequence still denote by (v,) such that

v, v weakly in X,
v, = v strongly in LP(Q), (3.7)
vp(x) = v(x) ae. in Q.

On the other hand, in view (Fp) and (F3), it follows that
A+ 0

F(z,s) < | s|P+b, VseR, be LP(Q). (3.8)

Combining relations (3.5) and (3.8), we obtain

1 A+ 6

— | un [P =

| un |2, ~b<C, CeR.

Dividing by || u, || and passing to the limit, we conclude

1_)\1+5

p p

vz, b <0,
and consequently v # 0.
Let g = {z € Q : v(x) # 0}, via the result above we have | Qo |> 0 and
| un(z) | +o0, a.e.x € Q. (3.9)

Furthermore, (Fy) and (F}) implies that there exists M > 0 and d € L*(2) such
that
sf(z,s) —pF(z,s) > —M +d(z), VseR, ae xell

Hence,

/ (tn (2, ) —pF (2, un)) d > / (tn f (& ) —pF () di—D | \Qp ||| d |11 -
Q Qo



226 A.R. EL AMRrRouss AND F. Kissi

Using (3.9) and Fatou’s lemma, one deduce

lim/ (unf(x,un) — pF(x,uy)) de = +00.
n Jo
This contradicts (3.6). O

Next, we will prove the geometric conditions of Theorem 3.1. Let denote E(\1)
the eigenspace associated to the eigenvalue \q

Lemma 3.2. Under the hypothesis (Fy), (F3) and (Fy), we have:

(1) ® is anticoercive on E(\q1).

(79) For all K € Ag, there exists vk € K and 8 € R such that ®(vk) > S and
(I)(*’UK) Z ﬂ

Proof. (i) For every v € E(\1), there exists ¢t € R such that v = t¢,. Therefore,
using (Fy), we write

£IP
Q(v) = u/ | Ay [P dw—/F(w,t%)dw
Q Q

p
t|p
= —[/F(x,tcpl)dzfu]%foo, as |t |— oo.
Q p

(#i) By the Ljusternik-Schnirelmann theory, we write

Ao = inf sup{/ | Au P dx,/ |u|? de=1and ue K}.
KeAs Q Q

Then, for all K € Ay, and all ¢ > 0, there exists vg € K such that

(A2 —5)/ | vi |P dx §/ | Avg P dx. (3.10)
Q Q

Indeed, if 0 € K, we take vg = 0.
Otherwise, we consider the odd mapping

g: K — K/, v—)L.
o llze

By the genus properties, we have v(g(K)) > 2, and by the definition of A3, there
exist wx € K’ such that

/|wK|p dr =1 and ()\Q—s)g/ | Awk |P dx.
Q Q

Thus (3.10) is satisfied by setting v = g~ (wk).
On the other hand, the two assumptions (Fp) and (F3) implies
)\1 + 0 — 2

F(xz,s) <( )

)| s|P+C, VseR, (3.11)
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for some constant C' > 0. Consequently, one deduce from (3.10) and (3.11) that

Blux) > /|AvK|”d (A1+‘S /|vK|p de—C Q]
> clQ
1 )\2—25
> —(1-— A Pde —C|Q].
> 0= [ Aup di-cle)

The argument is similar for

1, X
D(— “(1-
(—vk) = p( Py

/|AUK P dz—C |9l (3.12)

Finally, for every K € Ay, we have ®(+vg) > 8= —C | Q |, which completes the
proof. O

Proof of Theorem 1.1. Putting Q = {ty, :| t |[< R} for R > 0, clearly, @ is closed
and compact. In view of lemma 3.2, we can find to > 0 such that ®(*top,) < 5.
In return for lemma 3.2, we may apply Theorem 3.1 to get that ® has a critical
value given by
= inf D(h >
¢ = jnf sup (h(x)) = B,

where I' = {h € C([0,1], X) : h(0) = —top;, h(1) = top;}. Therefore, there exists
at least one critical point u* of ®. More precisely, u* is a mountain Pass type.
However, by lemma 2.2, we have Cy(®,u*) 2 0. Using lemma 2.1, one deduces

u* # 0.
4. Proof of Theorem 1.2

In this section we prove Theorem 1.2 via the following abstract critical point
theorem.

Theorem 4.1 ( [8]). Let X be a real Banach pace and let ® € C*(X,R) be bounded
from below an satisfying the Palais-Smale condition. Assume that ® has a critical
point u which is homologically nontrivial, that is, C;(®,u) # {0} for some j, and
it is not a minimizer for ®. Then ® admits at least three critical points.

In order to apply Theorem 4.1, we need the following lemmas.
First, we recall the notion of "Local Linking", which was initially introduced by
Liu and Li [7].

Definition 4.1. Let X be a real Banach space such that X =V W, where V and
W are closed subspace of X. Let ® : X — R be a C'-functional. We say that ® has
a local linking near the origin 0 (with respect to the decomposition X =V ®&W ), if
there exists p > 0 such that

ueV:jul|<p= ®(u) <0,

(4.1)
ueW:0<]|ul|<p= ®(u)>0.
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We now show that our functional ¢ has a local linking near the origin with
respect to the space decomposition X =V & W, according to Remark 1.1.

Lemma 4.1. Under the condition (Fg), ® has a local linking near the origin 0.

Proof. Take u € V. Since V is finite dimensional, it is easily seen that || u |[|[< p =]
u(z) |< R, Vo € Q for p > 0 small. So it follows from (Fp) that for | u ||< p,

1

O(u) = —/ | Aw |P dw—/F(m,u)dw
P Ja Q
A1

= — [ |ul? dzf/F(z,u)d:c
P Ja Q

_ / 2L w P —F(z,u)] dz < 0.
lul<rR P

To prove the second assertion, take v € W. Using (Fp) and (1.3) we have

D(u) = ! | Au |P dx—/F(z,u)d:c
P Ja Q
1 - hy
= 2 [Qaup Aupyde- [ (P -5 up)d
P Ja lu|<R b
b
—/ (Fla,u) — 2 | u [Pl da
|[u|>R p
1 A
> —(1-= up—c/usdac
p( A)II I Q| |
1 A
> —(1I==)ul|”-=-C|u]?
> p( A)II I [l

where p < s < p* and ¢, C are positive constants. Since s > p, it follows that
®(u) > 0 for p > 0 sufficiently small. This completes the proof. O

Since dimV = 1 < 400, by combining Lemma 4.1 and Theorem 2.1 in [6], we
obtain the following result.

Lemma 4.2. The point 0 is a critical point of ® and C1(®,0) # {0}.

Lemma 4.3. If [ satisfies (F7), then ® is coercive on X; that is
D(u) = +o00 as || u ||—= oo.

Proof. Let G(z,t) = F(x,t) — % [t 7.
Then, from (F7) we conclude that, for every M > 0, there is Ry > 0 such that

G(z,t) < =M, Y|t|> Ry, ae. x€ . (4.2)

By contradiction, let X € R and (u,) C X be such that || u, ||> oo and
D(u,) < K.
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Putting v, = i1, one has || v ||= 1. For a subsequence, we may assume that
for some vy € X, we have v, — vy weakly in X, v, — vy strongly in LP(Q),
vn(z) = vo(z) a.e. in Q.

Now, using (4.2) it follows that

K n
> / | Avy, |P da — / (:E,u ) dx
| [P || Un Hp a lunllP

1 G n

> —/(| Avn [P — A1 | vn |P)dx/de
? Jo o |l un P
1/ M,

> - Av, P =X v, P)de + ——.
p Q(I | 1| vn [P) Tun 7

Where M; > 0. Letting n — oo, we get

n— oo

1:11msup/ | Av, |P diES/\l/ | vo [P da.
Q Q

Consequently, vy # 0. Let Qo = {z € Q : vo(z) # 0}, via the result above we have
| Qo |> 0 and
| un(x) |— 400, a.e. x € Q.

Thus, from (F7) and (1.2) we deduce that

1
K> ®(u,) = —/(| Auy [P =1 | up |P)de —/ G(z,up) dx
pPJa Q
> — | G(z,up)dx — +o0.
Q
This is a contradiction. Hence ® is coercive on X. O

Proof of Theorem 1.2. By lemma 4.3, ® satisfies the (PS) condition and bounded
from below. By lemma 4.2, the trivial solution v = 0 is homological nontrivial and
is not a minimizer. The conclusion follows from Theorem 4.1. O
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