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We investigate the existence of multiple solutions to quasilinear elliptic problems con-
taining Laplace like operators (¢-Laplacians). We are interested in Neumann boundary
value problems and our main tool is Brézis-Nirenberg’s local linking theorem.

1. Introduction

In this paper, we consider the following elliptic problem with Neumann boundary con-
dition,

—div(a(]| Vu(x)|) Vu(x)) = g(x,u) a.e.onQ

(1.1)

ou =0 a.e. onodQ.

v

Here, Q) is a bounded domain with sufficiently smooth (e.g. Lipschitz) boundary 0Q
and 0/0v denotes the (outward) normal derivative on Q). We assume that the function
¢: R — R, defined by ¢(s) = a(]s|)s if s # 0 and 0 otherwise, is an increasing homeomor-
phism from R to R. Let ®(s) = [; ¢(t)dt, s € R. Then @ is a Young function. We denote
by Lo the Orlicz space associated with @ and by || - [|o the usual Luxemburg norm on Lo:

Huu@:inf{bo:L@(@)dxs1}. (1.2)

Also, W!Lg is the corresponding Orlicz-Sobolev space with the norm ||l = lulle +
1Vulllo. The boundary value problem (1.1) has the following weak formulation in
W1L<1>2

ue WILQ):J a(|Vul)Vu- Vvdxzj gl uvdx, Vve W'le. (1.3)
Q Q

Our goal in this short note is to prove the existence of two nontrivial solutions to our
problem under some suitable conditions on g. The main tool that we are going to use is
an abstract existence result of Brézis and Nirenberg [1], which is stated here for the sake
of completeness.
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First, let us recall the well known Palais-Smale (PS) condition. Let X be a Banach
space and I : X — R. We say that I satisfies the (PS) condition if any sequence {u,} € X
satisfying

|I(un)| <M |<I (un | <€n||¢||X) (14)

with &, — 0, has a convergent subsequence.

THeOREM 1.1 [1]. Let X be a Banach space with a direct sum decomposition
X=X0X, (15)

with dimX, < co. Let ] be a C! function on X with J(0) = 0, satisfying (PS) and, for some
R>0,

J(u)=0, forueX;, |ull<R,

Jw) <0, forueXs, [ull <R (16)

Assume also that ] is bounded below and infx ] < 0. Then | has at least two nonzero critical
points.

Note that our abstract main tool is the local linking theorem stated above. This method
was first introduced by Liu and Li in [4] (see also [3]). It was generalized later by Silva
in [6] and by Brézis and Nirenberg in [1]. The theorem stated above is a version of local
linking theorems established in the last cited reference.

2. Existence result

First, let us state our assumptions on ¢ and g. Put

N 10) tp(t) ()
pl= 11>1g 1)’ Po hmlnf (1)’ P’ = Stlj(li) 1) (2.1)
H(¢)) We assume that
o 5(s) s¢(s)
1< llgl’_l'ionfﬁ 1 p m < +oo (2.2)

It is easy to check that under hypothesis (H(¢)), both ® and its Holder conjugate
satisfy the A, condition.
Letg:Q x R — R be a Carathéodory function and let G be its anti-derivative:

G(x,u) = J gle,r)dr, x€Q,uek. (2.3)
0
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(H(g)) We suppose that g and G satisfy the following hypotheses.
(i) There exist nonnegative constants a;, a, such that [g(x,s)| < a; +ayls|*!,
for all s € R, almost all x € Q, with p® <a < Np!/(N — p!).
(ii) We suppose that there exists § > 0 such that G(x,u) = 0, for a.e. x € Q, all
ue[-6,0].
(iii) Assume that

G(x,u) G(x,u)

ng(l) al =0, llrilssp . =0 (2.4)
uniformly for x € Q.
(iv) Suppose that
1 _
liln‘linfp G("’“im S ki), (2.5)

with k € L'(Q), and such that [, k(x)dx > 0.
(v) There exists some t* € R such that [ G(x,t*)dx >0 and G(x,u) < j(x) for
lu| > M with M >0and j € L'(Q).
Our energy functional is I : W!Lg — R with

I(u) = LI(D( | Vu(x)|)dx — L)G(x,u(x))dx. (2.6)

It is easy to check that I is of class C! and the critical points of I are solutions of (1.3).
Let

V' = {u e Wh'(Q): L)

u(x)dx = 0}, (2.7)

and V = V' N X. It is clear that V' (resp., V) is the topological complement of R with
respect to WLP' (Q) (resp., with respect to X). From the Poincaré-Wirtinger inequality,
we have the following estimates in V":

lull o ) < CllIVulllyr . YueV, (2.8)

(for some constant C > 0).

LemMa 2.1. If hypotheses (H(¢)) and (H(g)) hold, then the energy functional I satisfies the
(PS) condition.

Proof. Let X = W!Lo(Q). Suppose that there exists a sequence {u,} < X such that
[I(un) | <M, (2.9)
(T (un), ) | < enligllr.0n (2.10)

for all n € N, all ¢ € X. We first show that {u,} is a bounded sequence in X. Suppose
otherwise that the sequence is unbounded. By passing to a subsequence if necessary, we
can assume that [[u,|l1,¢0 — . Let y,(x) = u,(x)/|lt4|l1,0. Since {y,} is bounded in X,
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by passing once more to a subsequence, we can assume that y, — y (weakly) in X and
therefore

yn — ¥ (strongly) in Le (). (2.11)

From (2.9), we have
JQ®(|Vu,,(x)|)dx—JQG(x,un(x))dst. (2.12)
On the other hand, note that
(D(t)szI(D<;t)), V>0, p>1. (2.13)

Indeed, from the definition of p!, we have that ®(¢)p! < t¢(¢) for t > 0. Thus,

t 1 t
Pgs< | 29,

=< > 2.14
tlp S t/p D(s) ( )

for all t > 0 and for p > 1. Simple calculations on these integrals give the above inequality.
It follows from (2.13) that

1

[|utn]|

| @950 ax < | @1 vun0) ). (2.15)
Q Q

P
1,0

Dividing both sides of (2.12) by |lu, IIf;D > 1 and making use of (2.15), we obtain

G(x,un(x))d N M

J GD(IVyn(x)I)deJ o S V. (2.16)
Q Q ||“n||1,<1> ||”nH1,<D
Next, let us prove that
f Glom(x) 4 (2.17)
O unllf g

In fact, from (H(g))(iii) we have that for every ¢ > 0 there exists M; >0 such that for
lu| > M; we have G(x,u)/|u|?" < & for almost all x € Q. Thus,

Glx,u, G(x,un
[ Glomy, Glo0) g | el yn()|? dx.
a ||un||11;)® {xeQ:|uy (x)| <M} ||un||‘i® {xeQ:lu,(x)| =M}

(2.18)
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Because p! < p° < a, we have W'Lg — LP'(Q). From this embedding, one obtains

G(x,un( )

J G(Ln(lx))dxsj dx+ec||y,,||1¢, (2.19)
O (i
Finally, noting that || y,1l1,0 = 1, we obtain (2.17).
From (2.16) and (2.17), we have
J O (| Vyn(x)|)dx — 0, (2.20)
Q
and thus ||V y,lle — 0. The lower semicontinuity of the norm || - || yields
0 )IVyllo < liminf ||V yu[lo(= 0). (2.21)

Hence, Vy = 0 a.e. on Q, that is, y € R. This also implies that
ti 17 (s = )l = lim (1974l = 0. 222)
From (2.11) and (2.22), we get

yn=yllo=lyn = o+ V=2l — 0 asn— oo, (2.23)

that is, y, — y (strongly) in X. Since || y,ll1,0 = 1, we have y # 0. Furthermore, from the
above arguments, y = ¢ € R with ¢ # 0. From this we obtain that |u,(x)| — co.
Choosing ¢ = u, in (2.10) and noting (2.9), we arrive at

J P G, un(x)) — g (%, un () (x)dx
@ (2.24)
+ | (V) [ Vun| = PO Vs )dx < M &l

From the definition of p! we have p!®(¢) < t¢(¢). Using this fact and dividing the last
inequality by [|u,|l1,0, one gets

M+€n||“n||1,cl>

J p G X un(x)) (x ”n(x))”n(x) | n(x)|dx < (2‘25)
| un(x) | ||“n||1,q>

From this we can see that
liﬂlio?fj p'G( x,un(x)|)u (x|,un(x))un(x) | yu() | dx < 0, (2.26)

Using Fatou’s lemma and (H(g))(iv) we obtain a contradiction, which shows that the
sequence {u,} is bounded. Passing to a subsequence, we can assume that u, — u weakly
in X and thus u, — u strongly in L?(Q).
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In order to show the strong convergence of {u,} in X, we get back to (2.10) and choose
¢ = u, — u. We obtain

‘ J;) (a(| Vun|)Vu, — a(IVul) Vi) (Vu, — Vu)dx

< L)f(x,u,,) (up — u)dx+en||un — ull, o — L)oc(qul)Vu(Vun - Vu)dx.
(2.27)

Using again the compact imbedding X — L?(Q)) and the fact that u, — u weakly in X
we arrive at

L} (a(|Vun|)Vu, —a(IVul)Vu) (Vu, — Vu)dx — 0. (2.28)

Using [2, Theorem 4] we obtain the strong convergence of {u,} in X. O

In the next result, we verify that under the above assumptions, the functional I satisfies
the saddle conditions in Brézis-Nirenberg’s theorem.

LemMa 2.2. If hypotheses (H(¢)) and (H(g)) hold, then there exists p > 0 such that for all
u eV with ||ull,,o < p we have that I(u) = 0 and I(e) < 0 for all e € R with |e| < p.

Proof. Choose u € V with ||ull;,¢ = p, with p sufficiently small, to be specified later. From
(H(g))(iii) we have that for every ¢ > 0 there exists some § > 0 for which
G(x,u) < slulpo Y |u| < 8§ and almost all x € Q. (2.29)
On the other hand, it follows from (H(g))(i) that there is d, > 0 such that

G(x,u) <aju+ay|ul? (2.30)

for all u € R and almost all x € Q. Together with (H(g))(iii), this shows that there is y >0
such that

Gx,u) < elul? +ylul® (2.31)

for all u € R, almost all x € Q. From the definition of p® we have p%/t > ¢(t)/®(t). Inte-
grating this inequality in [t,#/p] with p < 1, t > 0 yields

o(t) > pP"@(;). (2.32)
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Recall also that from the definition of p' we can take for ¢ > 1
(1) = O()EF, (2.33)
thus, Lo = L?' (Q) and there exists ko > 0 such that
lullpr < kollullw, (2.34)

forall u € Lo (|| - || is the usual Lebesgue norm on LP'(Q)).
Because ||ull1,0 < 1 we have also || Vullo¢ < 1. Then, we have the estimate

J0q>(|w|)dxz|||w|||f’° zc|||Vu|||§?, (2.35)

noting that [, ®(|Vul/||Vulle) = 1 (see [5, Proposition 6, page 77]).
Using now the Poincaré-Wirtinger inequality, we arrive at

f O(|Vul)dx > Cllulll,. (2.36)
Q
Also,

0 0
L) Gl w)dx < ellullfo +yillull§ < ecillull] i +yillul . (2.37)

Choosing small enough ¢ we arrive at I(u) > Cllullf;l - IIuHiPl.

Therefore, we choose small enough p to obtain I(u) = 0 for [|ull;,0 < p.

For t € R we have I(t) = — [, G(x,t)dx. But from (H(g))(ii) we have that G(x,t) > 0
for small enough ¢ € R. Thus, for such a f € R we obtain I(¢) < 0. O

Finally from (H(v)) we have that I is bounded from below and that infx I < 0, thus we
are allowed to use the multiplicity theorem of Brézis-Nirenberg and have the following
result.

TaEOREM 2.3. Under hypotheses (H(¢)) and (H(g)) hold, the boundary value problem (1.3)
has at least two nontrivial solutions.

We conclude with a simple example to illustrate the above conditions and arguments.

Example 2.4. Let a and g be defined by

a(s)=In(e+s?), VseER, (2.38)
1
4u° if lul < —,
5
gu) = v (2.39)
3 i _
u—u  if |ul > NG

It can be easily checked that ®(s) = 1/2(e+s?)[In(e+s*) — 1](s € R) and thus pe = p' =
2 and p° ~ 2.6. Because G(u) = u* for |u| small and G(u) ~ u?/2 — u*/4 for |u| large, we
see that the conditions in (H(¢)) and (H(g)) are satisfied.
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