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Abstract

We consider a class of nonlinear stationary Schrodinger-type equations and we are con-
cerned with sufficient properties that guarantee the existence of multiple solutions in a
suitable Sobolev space with variable exponents. We first establish that in the case of small
perturbations, the problem admits at least two weak solutions. Next, in the case of convex-
concave nonlinearities, we obtain conditions for the existence of infinitely many solutions
with high (resp., small) energies. The arguments combine variational techniques with a
careful analysis of the energy levels.
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1 Introduction

The Schrodinger equation has a central place in quantum mechanics and it plays the role of New-
ton’s laws and conservation of energy in classical mechanics, that is, it predicts the future behaviour
of a dynamic system. The linear Schrédinger equation provides a thorough description of a particle
in a non-relativistic setting. The structure of the nonlinear form of this equation is much more com-
plicated. The most common applications of the nonlinear Schrédinger equation vary from Bose-
Einstein condensates and nonlinear optics, stability of Stokes waves in water, propagation of the
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electric field in optical fibers to the self-focusing and collapse of Langmuir waves in plasma physics
and the behaviour of deep water waves and freak waves (or rogue waves) in the ocean. The non-
linear Schrodinger equation also describes various phenomena arising in the theory of Heisenberg
ferromagnets and magnons, self-channelling of a high-power ultra-short laser in matter, condensed
matter theory, dissipative quantum mechanics, electromagnetic fields, plasma physics (e.g., the Kuri-
hara superfluid film equation). We refer to Ablowitz, Prinari and Trubatch [1], Cazenave [7], Sulem
[24] for a modern overview and relevant applications.

The German physicist Werner Heisenberg, 1932 Nobel Prize in Physics, said:

“ ... the progress of physics will to a large extent depend on the progress of nonlinear mathematics,
of methods to solver nonlinear equations ... and therefore we can learn by comparing different
nonlinear problems.”

Our main purpose is to consider the nonlinear Schrodinger equation in a new setting correspond-
ing to anisotropic spaces of Sobolev-type, in which different space directions have different roles.
We first establish that in the case of small perturbations, the associated Dirichlet problem admits at
least two solutions. Next, in the case of convex-concave type nonlinearities, we establish necessary
conditions to guarantee the existence of infinitely many solutions with high (resp., small) energies.

2 Abstract framework

In the present paper we are interested in the study of the anisotropic nonlinear problem
N
- Z Oai(x, deu) + O 2u = f(r,u)  inQ,
el ' 2.1
u=0 on 0Q,
where Q ¢ RV (N > 3) is a bounded domain with smooth boundary, b € L¥(Q), f : QxR —» R

and g; : Q X R — R are Carathéodory functions fulfilling some natural hypotheses. The differential
operator Zfi | Ox,ai(x, 0x,u) is a ?(')—Laplace type operator, 79)(x) = (p1(x), p2(x),..., py(x)), and

,,,,,

i =1,...,N. We denote by a;(x,n) the continuous derivative with respect to  of the mapping
A QxRN — RN, A; = Ai(x,n), that is, a;(x, 1) = (%A,-(x, ). Throughout this paper we assume
that the following hypotheses are fulfilled:

(Ag) Ai(x,0)=0fora.e. x€Q.
(A1) There exists a positive constant ¢; such that g; satisfies the growth condition
lai(x, )| < (1 + pl” "),
forall x € Qandn € RV,

(Az) The inequalities
" < aiCe,min < pi)AICx )
hold for all x € Q and 7 € RV,

(A3) There exists k; > 0 such that

+ 1 1 (x
e %) < A6 + SA(x ) ~ kin - €,

for all x € Q and 77, ¢ € RY, with equality if and only if = £.
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(A4) The mapping A; is even with respect to its second variable, that is,
Ai(x, =) = Ai(x, 1),
forall x e Qand 5 € RV,
(B) b € L*(Q) and there exists by > 0 such that b(x) > by for all x € Q.

The differential operator in problem (2.1) is the anisotropic 7 (x)-Laplace type operator (where
— .
p(x) = (p1(x),..., pnv(x)) because if we take

ai(x, ) = ™y,

forallie{l,...,N}, then A;(x,n) = ﬁlnl”f(’c) forallie{l,...,N}, thatis,

N
Ay () = Z 5x,(lr9x,u|”"(*‘>‘zax,u),

i=1
Obviously, there are many other operators deriving from Zfil 0y,ai(x,0y,u). Indeed, if we take

pix

2\ k2
ai(x,m) =0 +n")" 7 n,

pi(x)

foralli e {1,...,N}, we have A;(x,n) = ﬁ[(l + |n|2) = — 1] foralli e {l,..., N} and we obtain
the anisotropic variable mean curvature operator

i 8 [(1 +10,uP) "7 3ul.
i=1

Kone, Ouaro, and Traore [19] established the existence and uniqueness of a weak energy solution
to the following boundary value problem

N

- Z Oyai(x,0xu) = f  inQ, (2.2)
i=

u=0 on 0Q.

In [20], the author considered (2.2) where f = A(x)[ul72u. Combining the mountain-pass theorem
of Ambrosetti and Rabinowitz [3] with the Ekeland’s variational principle, they proved that under
suitable conditions, problem (2.2) has two nontrivial weak solutions. Boureanu [5] proved that
problem (2.2) has a sequence of weak solutions by means of the symmetric mountain-pass theorem.
In this paper, we consider the perturbed problem (2.1) in two cases, corresponding to the growth rate
of f.

First, we recall some definitions and basic properties of the variable exponent Lebesgue and
Sobolev spaces LP™(Q) and W!*¥(Q), where Q is a bounded domain in RY. We will also introduce
an adequate functional space where problems of type (2.1) can be studied. Such a space will be
called an anisotropic variable exponent Sobolev space and it can be characterized as a functional
space of Sobolev’s type in which different space directions have different roles.

For any Q c RV, we set

C,(Q) = {h(x) € C(Q), 1 < minh(x) < max h(x) < oo},

xeQ xeQ
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and we define . .
ht =sup{h(x); x€Q}, k™ =inf{h(x); x € Q}.

Forany p € C, (Q), we define the variable exponent Lebesgue space
LPY(Q) = {u; u is measurable real-valued and f [u(x)[P¥ dx < oo},
Q

endowed with the Luxemburg norm

p(x)

u(x) dx < 1}.

|M|Lp(x)(g) = Iulp(x) = inf {/J > 0; f
Q

As established by Kova¢ik and Rakosnik [18], (LP?(Q), ] - | p(x)) 18 a Banach space.

Proposition 2.1 (see [10, 14]) (i) The space (LP(")(Q) | - |po) is a separable, uniformly convex Ba-
nach space and its dual space is LY (Q), where = = 1. Foranyu € L'™(Q) and v € L1Y(Q),
we have

p(x) q(X)

I
| L uvda| < (- qf)|u|p(x>|v|q(x> < 2ty V-

(i) If p1(x), pa(x) € Co(Q), p1(x) < pa(x), Yx € Q, then LP*D(Q) < LP'O(Q) and the embedding
is continuous.

Proposition 2.2 (see [13]) Denote p(u) = fQ [ulPDdx. Then for u € LPY(Q), (u,) € LFY(Q) we
have

(1) lulpy < 1 (respectively = 1; > 1) & p(u) < 1 (respectively = 1; > 1);

(2) foru#0, |ulpm =1 p(§)=1;

(3) if lulpcey > 1, then Iul”( , < pu) < Iulp(x),

(4) if bl < 1, then Jull) < p(u) < lul’, ;
(5) [uplpy — 0 (respectlvely — ) < p(u,) — 0 (respectively — o).

The Sobolev space with variable exponent W!*¥(Q) is defined by
WIPO(Q) = {u € LP'™(Q); du e LPFP(Q), ie(l,...,N}.
Then W!™W(Q) is a Banach space equipped with the norm

”u”p(x) = |u(x)|p(x) + |Vu(x)|p(x)-

As shown by Zhikov [27, 28] the smooth functions are in general not dense in WP (Q), but if the
exponent variable p in C,(€) is logarithmic Holder continuous, that is,

-M 1
[p(x) = p(y)] £ ———— forall x,y € Q suchthat [x—y| < =
log(lx — yI) 2’

then the smooth functions are dense in W!*9(Q). The Sobolev space with zero boundary values
Wé’p ) (€2) is defined as the closure of C(€2) with respect to the norm || - ||,). Of course, also the

norms [[ullpcy = Vtlp and [ullpy = SV, 05Ul are equivalent norms in Wé’p @(Q). Note that

when s € C.(Q) and s(x) < p*(x) for all x € Q, where p*(x) = 74

if p(x) > N, then the embedding Wé"” Q) < L™(Q) is compact. Details, extensions and further
references can be found in [15]-[18].

if p(x) < N and p*(x) = oo
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Finally, we introduce a natural generalization of the function space W(; P (x)(Q), which will enable
us to study with sufficient accuracy problem (2.1). For this purpose, let 7 : Q — RY be the vectorial

function B(x) = (p1(x), p2(x), ..., pn(x)) with p; € C.(Q), i € {1,...,N}. We define W(}*?(*)(Q), the
anisotropic variable exponent Sobolev space, as the closure of C;’(€2), with respect to the norm

N
el = " 105l
i=1

As it was pointed out in [21], Wé’p (x)(Q) is a reflexive Banach space.

The above definition shows that the anisotropic variable exponent Sobolev space W(;”’ Q) isa
function space of Sobolev’s type in which different space directions have different roles.
We refer to the books [2, 6, 8, 9, 23] for related results and complements.

3 Main results

A central role in our analysis will be played by the vectors 7’>+, PB_ e RN and by the positive numbers
Pt, P*, P;, P- defined as follows:

Po=hphe i) Po=(01opye DY),
Py =max{p},p5,....pnh P* =max{p],p5,....Pyh
P =min{p{,p3.....p%} PZ = min{p,p5,....py}
Throughout this paper, we assume that

— > 1 (3.3)

This condition ensures that the anisotropic space W(l ’7(”(9) is embedded into some Lebesgue space
L"(Q). If hypothesis (3.3) is no longer fulfilled, then one has embeddings into Orlicz or Holder
spaces.
Define P* € R* and P_,, € R* by
N

*® _ + *
P_ = m, P—,oo = max{P_,P_}.

i=1 Py
First, we consider the case when f(x, u) = /l_(|u|‘1(x)‘2u+ [u|”™®=24) in which the parameter A is positive
and ¢(x), y(x) are continuous functions on Q. Problem (2.1) then becomes

N
- Z 8.ai(x, A1) + bOOWI™ 2w = Aul"™ 20 + u’ @ 2u) in Q,
i=1

u = 0ondQ.

(34)

Definition 3.1 A function u € Wé’—p)(x)(ﬂ) is said to be a weak solution of problem (3.4) if and only
if

N

f [ ai(x,0:)0, + bW 2up = ™™ 2ugp - Al 2up) dx = 0,
Q=

forall p € Wé’?(x)(Q).
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Our first result establishes that problem (3.4) has at least two distinct solutions in the case of small
perturbations. The exact statement of this result is given in what follows.

Theorem 3.1 Let q(x),y(x) € C,(Q) with P* < q~ < q(x) < ¢* < P*, y* < P_. Then there
exists A* > 0 such that for any A € (0, 1), problem (3.4) has at least two distinct, nontrivial weak
solutions.

Next, we consider problem (2.1) in the case when f(x, u) = Alu|?~2u + u|ul”®~2u. We assume that
A, p are parameters such that A2 + u? # 0. Thus, we study the nonlinear problem

N

- Z A ,ai(x, ) + bO)ul™2u = Aul™™2u + plu 2w in Q,
i=1

u = 0 on 0Q.

(3.5)

Definition 3.2 A function u € W(;’T’)(x) (Q) is said to be a weak solution of problem (3.5) if and only
if

N

f { Z ai(x,0y,)0x,¢ + b(x)|u|P:_2u<,o — 192 — ,ululy(x)_zmp} dx =0,
Q0

forall ¢ € Wé‘?(x)(ﬂ).

In what follows, similarly to the result named “concave and convex nonlinearities” for the
Laplace operator in [25], we establish the following multiplicity property.

Theorem 3.2 Let ¢, vy € C.(Q) with Pt < q <q(x) £ g < P, y" < P_. Then the following
properties hold:

(i) for every A > 0, u € R, problem (3.5) has a sequence of weak solutions (xu;) with high energy
solutions;

(ii) for every u > 0, 1 € R, problem (3.5) has a sequence of weak solutions (+vy) with small
energy solutions.

It should be noticed that by conditions in Theorems 3.1 and 3.2, we have

P_o =max{P’, P’} =P".

4 Notations and auxiliary results
We start by recalling a theorem concerning the embedding of the anisotropic Sobolev space Wé’?(")(Q)
into the Lebesgue space with variable exponent LYY (Q).

Proposition 4.1 (see [21]) Let Q c RV (N > 3) is a bounded domain with smooth boundary. As-
sume relation (3.3) is satisfied and that g € C(Q) verifies

1 <qgx)<P_n, forall xe Q. (4.6)

Then the embedding
Wy PO(Q) © L19(Q)

is compact.
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Since W(}’?(X)(Q) is a reflexive and separable Banach space, then (Wé ’7(X)(Q))* is too. There exist
(see [26]) {e;} € Wy P™(Q) and {e7) < (W 7(©Q))" such that

WS,T;(X)(Q) = span {ej j=1,2,...},

W70y = span (€] = j = 1.2,..,

and
w1 i=]
<e"’ef>‘{o it Q%)

where ( - ) denote the duality product between W(;’?(x)(Q) and (W(; ’7(X)(Q))*. We define

k o0
X;=spanle)l, Vi=EPX, z=EPx;
=1 =k

Lemma 4.1 (see [12]) Assume that g(x),y(x) € C.(Q)and q(x),y(x) < P_ o, forallx e Q. Denote

Br = supl{lulpaoqys lull =1, u € Zp}, 6 = sup{lulpwys llull =1, u € Z).
Then limk_m ,Bk = 0, limk_)oo 9k = 0

A central role in our arguments will be played by the fountain theorem, which is due to Bartsch
[4]. This result is nicely presented in Willem [25] by using the quantitative deformation lemma.
We also point out that the dual version of the fountain theorem is due to Bartsch and Willem, see
[25]. Both the fountain theorem and its dual form are effective tools for studying the existence of
infinitely many large or small energy solutions. It should be noted that the Palais-Smale condition
plays an important role for these theorems and their applications.

Lemma 4.2 (Fountain theorem, see [25]). Let I € C'(X,R) be an even functional, where (X, || .1|) is
a separable and reflexive Banach space. Suppose that for every k € N, there exist py > ri > 0 such
that

(H1) inf{I(u) : u € Zy, ||ul| = ry} — +o0 as k — +oo.
(H2) max{I(x) : u € Yy, |lull = pr} <O.
(H3) I satisfies the Palais-Smale condition for every ¢ > 0.

Then I has an unbounded sequence of critical values.

Lemma 4.3 (Dual fountain theorem, see [25]). Assume (H1) is satisfied and there is ko > 0 so that,
for each k > ky, there exist py > r; > 0 such that

J1) ap = inf{l(u) : u € Z, |lull = pr} = 0.
J2) by =max{I(u) : ueY, ||ul| =r}<0.
J3) dy =inf{l(u) : uez, |lull <pr} = 0ask — +oo.

J4) I satisfies the (PS ) condition for every ¢ € [dy,,0).
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Then I has a sequence of negative critical values converging to 0.

Definition 4.1 We say that the functional I satisfies the (PS) condition (with respect to (Y,)), if
any sequence (u,;) C X such that nj — +co, u,; € Y, , I(u,;) — ¢ and (I |y"/ Y (un;) — O, contain a
subsequence converging to a critical point of I.

In the present paper we choose X = WOI’T’)(X)(Q). To apply the fountain theorem and the dual
fountain theorem, we will operate with energy functionals and rely on the critical point theory. This
is why we provide properties of some of the functionals that will be involved in our future calculus.
We start with A; : X - R, i € {1,..., N}, defined by

Aiu) = f Ai(x, Oy ) dx.
Q

forall u € X.
Proposition 4.2 (see [19]) Foric{l,...,N},
(i) the functional A; is well-defined on X,
(ii) the functional A; is of class C'(X,R) and
) = [ a 0,00, 0

forall u,¢ € X. Inaddition A; is continuous, bounded and strictly monotone.

(i) A; is weakly lower semi-continuous.

Denote by A : X — R the functional

N
Alu) = A;(x, 0, u)dx.
(u) fQZI (x, B, u)dx

We recall the following result concerning the functional A.
Lemma 4.4 (see [20]) Assume that the sequence (u,) converges weakly to u in X and

N
lim sup f Z ai(x, Ox,uy)(Ox,ty — Ox,u) dx < 0.
Q55

n—oo

Then (u,) converges strongly to u in X.

In the sequel, we use c;, to denote the general nonnegative or positive constant (the exact value may
change from line to line).

5 Existence of two solutions

This section is devoted to the proof of Theorem 3.1, which is essentially based on the mountain pass
theorem [3] combined with the Ekeland variational principle [11]. We refer to the recent paper [22]
for several relevant applications of the mountain pass theorem.

Let us define the functional I : X — R by

N
b(x), pr A A
Li(u) = f E Ai(x, 0 u) + —=|ul™ — ——[u|?™ — ——[u"™} dx.
! o {,._1 P q(x) e
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Then, the functional 7, associated with problem (3.4) is well defined and of C ! class on X. Moreover,

we have
N

(LW, ¢) = fQ { Z ai(x, 0 )0y + bCOul” 2 ugp—
i=1

Alulq(x)’zugo - Aluly(x)’zugo} dx,

for all u, ¢ € X. Thus, weak solutions of problem (3.4) are exactly the critical points of the functional
I,. Due to the Proposition 4.2, we can show that I, is weakly lower semi-continuous in X. The
following lemma plays an important role in our arguments.

Lemma 5.1 The following assertions hold:

(i) there exist A* > 0 and 6,r > 0 such that for any A € (0, A%), we have I,(u) > 6 for allu € X
with ||u|| = r;

(ii) there exists ¢ € X, ¢ # 0, such that lim,_,, [;(tp) = —
(iii) there exists y € X, ¥ > 0, ¢ # 0 such that L)(ty) < 0 for all t > 0 small enough.
Proof. (i) Since g(x) and y(x) fulfil (4.6), by Proposition 4.1, we deduce that X is continuously

embedded in LM (Q) and LY™(Q). It follows that there exist two positive constants c¢; and ¢, such
that

f ez < eyl + lul?), (5.7)
Q

and

f " dx < collull?” + ), (5.8)
Q

for all u € X. Using the hypothesis (A2), (B), relations (5.7) and (5.8) yield

b(x) pr Ay A
Li(u) =f ZA(X ﬁx‘u)+ | [P+ — prs )| u1™ — mmp( )}dx

pi(x) q q (5.9)
Z f Ol Velx + P+| ot ™ (||u|| +lull”)

—”—_ P + )
Y

Next, we focus our attention on the case when u € X and ||u|| < 1. For such an element u, we have
[0x,ulp0 < 1, i €{1,..., N} and by Proposition 2.2, we obtain

i=1 i=1

i=1 . (5.10)
Using (B), we can write
P%r Lb(x)hqhdx > %lulLP+(Q) (5.11)
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Taking into consideration (5.10) and (5.11), the inequality (5.9) reduces to

N = D A—
L) 2 G~ (Il + ") - = =2 (Il + i)

> [eallult™ = cad(lul” + 1))
+eallult™ = esAdlull” + "))

Since the function g : [0, 1] — R defined by
(t)—Cg—C4tq “PL_eyd P

is positive in a neighborhood of the origin, it follows that there exists r € (0, 1) such that g(r) > 0.
On the other hand, defining

. . C3 . - ot
A :mln{l,z—mln{rp+ Y Py }},
Cs

we deduce that, provided 4 < A%, there exists ¢ > 0 such that for any u € X with ||u|| = r we have

(ii) From (Ag) and (A1), we have

1
Ai(x,n) = f ai(x, tmndt < ce(In| + T|,7|1v,(x))
0 l

for all x € Q and n € RN, where ¢ = max;e(;__y, ¢;. Therefore

.....

N N 10, [P
L ;Ai(x, Oy u)dx < co ; fg; (|3x,»14| + #)d}c

Let g € C7(€), ¢ # 0. For any 7 > 1, we find

1 1
L(tg) = f { A(x 0y, (1)) + ()|t¢p|P —— [t = —— |t ™} dx

P Py q(x) y(x)
N
10, 19)P 1 -
(,Zj fg 05, (1¢0)] + ) Gy BT | bl dx
1
-2 —|z 19 dx — A f — |t dx
a0 QY@ "

. 1 et "
SCel‘P* f 1050l + 10, P ) dx + f b0l dx
; Q< Pz ) P Jo

Since Pt < ¢~, we infer that lim,_,, I;(f¢) = —co.
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(iii) Let y € C3(Q), ¢ 2 0, # 0,1 € (0, 1). By (A) and (A1), we find

b(x)

N
_ , pr_ A e _ A
L) = f ;Au O 1) + ™ = Sl = il }dx

i)
f 10, (2] + |6‘,C‘(i/)|)ﬁ )dx+PiiLb(x)|z¢|Pi dx

1
_ a() 4 /lf Y g
jg; ( )W/I T y(x )W/| g

ey [+ oo f BOOW™ dx
=1 YQ - + JQ

1
for all t < p™—", with

0<p< min{l 1 f rtdx }
*eo Ty [ (10501 + F=10, i) dx + 3= [, bCOWIP* dx]

The proof of Lemma 5.1 is complete.

Lemma 5.2 The functional 1, satisfies the Palais-Smale condition in X.

Proof. Let (u,) C X be a sequence such that

Li(u,) — ¢ and  Ij(u,) > 0as n— oo (5.12)

We claim that (u,) is bounded. Arguing by contradiction. We assume that, passing eventually to a
subsequence still denote by (uy,), ||u,|| = oo as n — oo. Using relation (5.12), for n large enough, we
have

1 4
1 +c7+luall = L(uy) - q—,(lﬂ(un),u,»

N
1 - A A
> Ai sax- n + b nP+ - nq(X) n)/(X)
_Zilfg[ (5 Ot + bl = ZoSlt = sl d

N
1 .
-—> f |16, B 0)05 0 + BOONR | = Aatn 7 = Aty ]
9 5 Ve (5.13)

N
> Z f(; [Ai(x, 6x;un) - qi_ai(x, (9x,.u,1)axiun] dx

i=1

11 . 11
H—-— bx|u|P+dx+/lf—— |7 dlx
(Pi q*)f ) g(q* q(x ))

17 .
-2 (W - q—)|u "™ dx.

From (A,), forall xe Qandi € {l1,..., N} we have

ai(xs axiun)axiun < Pi(x)Ai(X, ax;’ftn) < P:Ai(x» axiun)»
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which implies

1 +
_Tai(-xv ax; Mn)ax,-un > ——in(x, 6.)(, un)~
q q

Joining together the previous inequality into relation (5.13) we obtain

P .
tecr ol = (1= 2) ) [ Axduudr = calll”
i=1 Y&
Again from (A,) we have

1 1
Ai(x, 0ty) > —— 101" > — 10,1, P,

pi(x) C P
forall x e Qandi € {1,...,N}, thus
1 1\ .
Lt ¢ + llugll 2 (P—i - q—_)Z fQ 105,10l dx = cyllunl”" (5.14)

i=1

Foreachie{l,2,...,N}and n we define

i = Pi if |6x,.u,1|p[(x) < 1,
b P- if Ic')xiu,,lpi(x) > 1.

Using Proposition 2.2 and Jensen’s inequality (applied to the convex function 4 : R* — R*, h(r) =
tP=, P~ > 1) or the generalized mean inequality, for n large enough we have

N N

> f Ol Oddx = > 1l
¢ Q ¢ !
i=1 i=1

N
P- P- P
> Z 10 ttnl 0 = Z (19 tnl oy = it ) (5.15)
i1 (0in=P?) :
s N(Zim Pty
- N
_ lall™
NP--1

Taking into consideration (5.15), we get

Lt er 2 (5 - qi_)<
;

el *-
Np:—l

.
= N) = csllu|l”".

Dividing the above inequality by ||u,||*~ and passing to the limit as n — co we obtain a contradiction,
since g~ > P and PZ > y*. It follows that (u,) is bounded in X. This information combined with
the fact that X is reflexive implies that there exists a subsequence, still denote by (u,), and uy € X
such that (u,) converges weakly to g in X.

Using (5.12) we infer that

lim <I/,1(un)v u, —up) = 0,
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more precisely,
N

lim [ Z ai(-x, ax,- Mn)(ax; Up — 6)61' Lt())+

n—oo Jo P 5]6
B+t (uy — 110)— 610

Aty = upl?™ = Ay, = 1o ]dx = 0.

Note that g(x),y(x) and PZ fulfill (4.6), hence Proposition 4.1 yields that the embeddings X —
LIDQ), X — L'™(Q) and X — L (Q) are compact. Thus (u,) converges strongly to ug in
LIO(Q), L"™(Q) and also in LF*(Q). By these facts and using Propositions 2.1-2.2, relation (5.16)
reduces to

N
lim f a;(x, Ox,uy)(Ox,uy — Ox,up) dx = 0.

n—oo

Using Lemma 4.4, we deduce that (u,,) converges strongly to iy in X, in other words I, satisfies the
Palais-Smale condition.

5.1 Proof of Theorem 3.1 concluded

By Lemmas 5.1 and 5.2, all assumptions of the mountain pass theorem in [3] are satisfied. Then
we deduce u as a nontrivial critical point of the functional I, with I,(uy) = ¢7 and thus a nontrivial
weak solution of problem (3.4).

We now prove that there exists a second weak solution u; € X such that #; # uy. Indeed, let A*
as in the proof of Lemma 5.1(i) and assume that 1 < A*. By Lemma 5.1(i), it follows that on the
boundary of the ball centered at the origin and of radius r in X, denoted by B,(0) = {w € X; |lw|| < 1},
we have

a%?(f()) Li(u) > 0.
On the other hand, by Lemma 5.1(iii), there exists ¢ € X such that
I(tp) <0 for t>0 smallenough.
Moreover, for u € B,(0),
L) = [esllull™ = ca(ll + )] + [caliull™ = cs AP + "))
It follows that

—o0 < ¢g = inf I)(u) <O0.
B.(0)

We let now 0 < & < infyp, ) I2 — infp,0) 1. Applying Ekeland variational principle [11] to the
functional I, : B,(0) — R, we find u, € B,(0) such that

I(u;) < inf I, + ¢
B,(0)
L(ug) < Li(w) +éellu—ull, u#u,.

Since

IA(MS) < inf ]/{ +¢& < inf I/l +¢& < inf ]/{,
B, (0) B (0) 9B,(0)
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we deduce that u, € B,(0). Now, we define K : B,(0) — R by K(u) = Li(u) + &llu — ug||. It is clear
that u, is a minimum point of K and thus

K(ug, + tv) — K(ug) S

07
t

for small # > 0 and v € B,(0). The above relation yields

La(ue + v) — Li(u,)

+ g|v|| = 0.

Letting t — 0 it follows that (/' (u,),v) + &llv|| > 0 and we infer that ||/} (u,)]| < &. We deduce that
there exists a sequence (v,) C B,(0) such that

L(vy) > ¢ and I}(v,) > 0. (5.17)

It is clear that (v,) is bounded in X. Thus, there exists u; € X such that, up to a subsequence, (v,)
converges weakly to u; in X. Actually, with similar arguments as those used in the proof that the
sequence u, — ug in X we can show that v, — u; in X. Thus, by relation (5.17),

I/I(I,t]) =Cg < 0 and I:l(l/tl) = 0,

hence u is a nontrivial weak solution for problem (3.4). m]

Finally, since
L(up) = ¢7 > 0> ¢co = (),

we see that uy # u;. Thus, problem (3.4) has two nontrivial weak solutions.

6 Infinitely many high or small energy solutions

Since in this section, we are concerned with the existence of multiple weak solutions of problem
(3.5), we begin by giving the definition of such solutions.

Definition 6.1 A function u € X which verifies

N
f {3 ai(x, 0:)dx6 + b 2up = Aul™2ugp - plul2up} dx = 0,
Q

i=1
for all ¢ € X is called a weak solution of problem (3.5).

We associate to problem (3.5) the energy functional 7, : X — R defined by

N
b(x), pr A u :
L) = f Ai(x, ) + —=[ulP — —— |7 — ——|u ™ dx.
s Q{; P q(x) () }

Due to Proposition 4.2, by a standard calculus it can be shown that I, , is well defined and I, €
C'(X,R) with

N

(L0 = [ {0,000 + bl up = Al 2up = ™ 2ug)
Q=
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for all u, ¢ € X. Hence any critical point u € X of I, is a weak solution of problem (3.5).

We will use Lemma 4.2 to prove Theorem 3.2 (i) and Lemma 4.3 to prove Theorem 3.2 (ii),
respectively. We will show that hypotheses (H1)-(H3) and (J1)-(J4) are fulfilled. To this end we
will prove the following auxiliary results.

Lemma 6.1 For every k € N, there exists ry > 0 such that inf ez, y=r, I1u,(W) — +00, when k —
+00.

Proof. By (A2) and (B) for any u € Z, ||u|| = rx > 1 (r; will be specified below), when 1 > 0, u € R
we have

I/l,,u(u) = f

b(x) + q() _ Yl g
§ q()" T

f 10, ul” dx + — f lul " dx—— f (7™ dox — || f —|u|7<x>dx
i= 1
. Clo|,u|
2 —+Z f |6x,u|"'<x>dx+—| ull - = f ™ dox = === lull”".
Py~ Ja @)

(6.18)
Taking into consideration relations (5.11) and (5.15), the inequality (6.18) reduces to
el P~ N c | I
a0 2 i - f et — L

Since P~ > y*, there exists ry > 0 large enough such that cL'”‘IIuIIf lleel|P= as r = |jul] = ro.

If [ulyy < 1 then [ [ul®™dx < |ul?,

(ﬂk||u||)‘1+. So, we conclude that

2P+N” -

1. However, if lul,co > 1 then [\ [ul®dx < |ul’,

g S a0 S

2 .
llull ™= — 2 if fulgry < 1,

+ P -1 q’
L) >4 20N .
* ZPW,, ™ = 2Bl if ludly > 1,

1 P A +
> —|ul| - — — u 1 — C12.
2PN [lall q_(ﬂkll I 12

Choose r; = ( AN gl ) . Then

1,1 1y p
Ly (u) > ]F(P_i_q )rk —c¢1p — +00 as k — +oo,

because PT < ¢~ < g* and By — 0 as k — +oo. So, we can deduce for u € Z; with |lul| = r, > 1,
Iy, (u) — +o0 as k — +oo and the proof is complete.

Lemma 6.2 For every k € N there exists px > ry (ry given by Lemma 6.1) such that

max [, (u) <O0.
ueYy, llull=px
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Proof. From (Ag) and (A;), for any u € Y;\{O} with |lu|| = 1 and 1 < py = # with y — oo,
A>0, u eR, we have

N
1 . 1
I/{#(tkbl) = f ZAi(x’ axi(tku))dx + P_i Lb(x)ltkulp+dx - /ljs; m“kl,dq(x) dx

1
- —|z ul™ dx
M Y k
10, (txu0) [P 1 .
<C6Zf 0y, (tru)| + 1;( ) )d + F b(x)ltku|P+ dx

-= f ltul?dx + 'ﬁ_l f ltul”™ dx
9" Ja N Y Ja b
p |0, u|pi(x) ;k + b
<cgt,* f O ul + ———)dx+ — | b)lul"+ dx
k ; Q( ! Pz ) P Jo

e e .
— f |1 dx + —% f ™ dx.
Q Y Q

Since dimY; < oo and all norms are equivalent in the finite dimensional space, it is easy to see that
I(tyu) — —oo as k — +oo for u € Yy, due to PT < g~ and y* < PZ. Therefore, we deduce that for p;
large enough (o > 1), max,ey,, uj=p, L1,.(@) < 0.

Lemma 6.3 The energy functional I, satisfies the Palais-Smale condition.

Proof. The proof is similar to that of Lemma 5.2 if we use the following inequality
Ly
I+ ci3+ ”un” 2 I/l,y(un) - C]__<I/1’H(un)’ M,,).

Now, we want to construct the geometry of the dual fountain theorem. We will show that when
u >0, A €R, hypotheses (J1)-(J4) are fulfilled.

Lemma 6.4 Thereis ko > 0so that, for each k > ko, there exists py > 0 such thatinf ez, juj=p, L1,,(W) =
0.

Proof. By (A2), relations (5.10) and (5.11), for any u € Z; we have

A
Lyu(u) =f ZA(x Oy,u) + ()|| MM{M m| |y(x)} N

b + cralA -
Ly [ o ans 2, - B ax- 2 [ ax
Py Ja PyLR@ g v Jo

1 . Cl4|/1| M ‘
= +—P+_1||14||P* ——ull" - — |t Pdx.
P+N + Y Q

Since P < ¢, there exists pp > 0 small enough such that C‘;—,l’ullullq_ < 2P+Nf’+ ||u||P+ as0 < p =

[l#]] < po. Then from the proof above, we have

)™ - ‘%" if |uly < 1,

+ P+
I (u) > 2PN " .
# WHMHP (9k||14||)7 if [uly > 1.

(6.19)
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2PN
—

Choose p; = ( ) T . Then

L) > —————(o)" = ———(o)"* =

2P+NP* ! 2P+NP* !

Since Pf > PZ > y*, 6y — 0, we know py — 0 as k — oco. So we can deduce for u € Z; with
lleell = o> Lap(u) = 0.

Lemma 6.5 For every k > kg there exists ry < pi ( px given by Lemma 6.4 ) such that

max I;,(u) <0 as k— +oo.
u€Yy, llull=re

Proof. From (Ay) and (A;), forv € Y, with |[[v|| =1 and 0 < < p; < 1, we have

i(X)
Liu(tv) <c62 f 10, (1 )|+|a"'(t()|: )dx +% ()|t dx

+|__|ftq(x)|vlq(x) dx — Tfty(x)lvl)’(x) dx

q Jao N Y Ja
B |8, v|Pi® Lt pr

< cott- f |0,V + ————)dx + b(x)v|F+ dx
; Q( i Pz ) P Ja

A 2
L f ) de — f WP dx.
q Q Y Q

Since dim Y; = k, conditions y* < P~ and P < ¢~ imply that there exists a r, € (0, px) such that
I, (u) < 0 when |jul| = . Hence by = max{l,(u) : u € Yy, |lull = e} < 0 and the proof is
complete.

Lemma 6.6 For every k > ko and py given by Lemma 6.4, we have

I (u) — 0.

in
u€Zy, |lull<px

Proof. Because Y, N Z; # 0 and ry < pi, we have
di =inf{ly, () : ue€Z, |lull <pr} <br=max{ly,(u) : uely, llul=rj<0.

From (6.19), for u € Z, ||u|| < px small enough we can write

+ + +
L) = pllall™ = L6 lull”

2P+NP+
> —;’—_ez*uuuf,

hence dy — 0, due to 6y — 0 and p; — 0 as k — +oo,

Lemma 6.7 The functional 1, satisfies the (PS ) condition for every ¢ € [dj,,0).

Proof. Suppose (u,;) C X such that n; — +oo, u,, € ¥, and (IAMYnj)’(“n,-) — 0. Assume [ju,|| > 1

for convenience. If A > 0, for n large enough, we have

L
1+ Cle + ”unj” > I/l,y(unj) - __<I,1,ﬂ(un,-)’ unj>

Pz
s (= L) e
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Since P~ > y* and g~ > P}, we deduce that (u,,) is bounded in X.
If A <0, for n large enough, we can consider the inequality below to get the boundedness of (uy)).

L,
I+ Ccig + ”Mn,” 2 I/l,/l(un,-) - q_+<1/l’ﬂ(unj)’ Mnj>-

Passing if necessary to a subsequence, we can assume u,, — u in X. As X = U, Y,,, we can choose
Vu; € Yy, such that v, — u. Hence

lim,,/,_,wo(IjL”(un]), Un, = UL) ETOO(I;#(""/)’ Un; = Vn;)

nj
. ’
n/llg_loo<1/l,p(unj), vnj - u)

+

Jli}lilw <(1/l,,u|Y,,/. )I(un,-), un_,v - Vn_,->
=0.
Similar to the process of verifying the Palais-Smale condition in the proof of Lemma 5.2, we con-

clude u,; — u, furthermore we have I;#(u,,/.) - Iiﬂ(u).
Let us prove I/’Lﬂ(u) = 0 below. Taking wy € Y;, notice that when n; > k we have

I 0wy = (I, ) = I (), i) + (T (i), k)
= (13,0 = ), 00) + ((Lugly, ) (), ).

Going to the limit on the right side of the above equation reaches
(Iiﬂ(u), wr) =0, forall wy €Yy,

SO 1:1, ﬂ(u) = 0, this show that I, , satisfies the (PS); condition for every ¢ € R.

6.1 Proof of Theorem 3.2 concluded

(i) The fact that the mapping A; is even in 57 implies that I, , is even. The proof follows immediately
from Lemmas 6.1-6.3 and Lemma 4.2.
(ii) This follows by combining Lemmas 6.4-6.7 and Lemma 4.3. O
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