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EIGENVALUE PROBLEMS
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Abstract. In this paper we consider an eigenvalue problem that involves a nonhomogeneous
elliptic operator, variable growth conditions and a potential V on a bounded domain in RY
(N > 3) with a smooth boundary. We establish three main results with various assumptions.
The first one asserts that any A > 0 is an eigenvalue of our problem. The second theorem
states the existence of a constant A. > 0 such that any A € (0, \.] is an eigenvalue, while the
third theorem claims the existence of a constant A* > 0 such that every A € [A\",00) is an
eigenvalue of the problem.
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1. INTRODUCTION

Let Q@ C RY (N > 3) be a bounded domain with a smooth boundary 9. Consider
that a; : (0,00) = R, 4 € {1,..., N}, are functions such that the mappings ¢; : R — R,
i€{l,...,N}, defined by

a;([tht, for t#0,
() =
wilt) {0, for t=0,

are odd, increasing homeomorphisms from R onto R, A > 0 is a real number, V(z) is a

potential and q1, g2, m : Q — (2, 00) are continuous functions. This paper is devoted
to the study of the anisotropic eigenvalue problem

{ZN B (ps(Dhu)) + V (@)l ™20 = A(Ju|# ()2 4 [y 2y in O

i=1

1.1
u=0 on 0f, (L.1)

where the potential V : Q — R satisfies V € L"®)(Q) with r(z) € C(Q).
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Considering that the operator in the divergence form is nonhomogeneous we
introduce an Orlicz-Sobolev space setting for problems of type (1.1). In fact, given
that our problem contains an equation of anisotropic type, we seek weak solutions in
a more general Orlicz-Sobolev type space, namely an anisotropic Orlicz-Sobolev space.
At the same time we note the presence of the continuous exponent functions m, ¢
and g2 which leads us to use a suitable variable exponent Lebesgue space setting.

We should note that, as the Orlicz spaces, denoted by Lg(£2), are a generalization
of the Lebesgue spaces LP(£2), so the Orlicz-Sobolev spaces, denoted by W™ L4 (),
are a generalization of the Sobolev spaces W™ P(2). Consequently, several properties
of Sobolev spaces have been extended to Orlicz-Sobolev spaces (see [2,9,10,24]). Due
to the interest regarding the Orlicz-Sobolev spaces, motivated by their applicability
in many fields of mathematics, in the last decades there appeared many papers
involving such spaces. These spaces consist of functions which have weak derivatives
and fulfill some integrability conditions. The Orlicz-Sobolev spaces are used to model
various phenomena among which are the image restoration (see [6]), and modeling
of electrorheological fluids (see [1,5,12,13,18,31]). Both applications are based on
variable exponent type Laplace operators.

In what follows we make a brief introduction for each of the following spaces:
Orlicz spaces, Orlicz-Sobolev spaces, anisotropic Orlicz-Sobolev spaces, and variable
exponent Lebesgue spaces.

We firstly recall some basic facts about Orlicz spaces. We refer to [2,3,7,8,14,15,
22,26] for more details.

Define

t

t
D,(t) = /cpi(s)ds, (®)*(t) = /((pi)_l(s)ds forallteR, i€ {1,...,N}.
0 0
We notice that ®;, i € {1,...,N}, are Young functions, that is, ®;(0) = 0, ®;

are convex, and lim, ,. ®;(z) = +oo. Also, whereas ®;(z) = 0 if and only if
2i(z) ®i(x)

x =0, lim,_,¢ =0, and lim,_, = 400, then ®; are called N -functions.
The functions (®;)*, ¢ € {1,..., N}, are called the complementary functions of ®;,
i€ {l,...,N}, and are defined as

(®;)*(t) = sup{st — ®;(s);s >0} forallt>0.

We observe that (®;)*, ¢ € {1,..., N}, are also N-functions. Furthermore, Young’s
inequality holds true:

st < P;(s)+ (P;)*(t) for any s,t > 0.

The Orlicz spaces Ly, (), i € {1,..., N} are the spaces of measurable functions
u : @ — R such that

[ullLe, == sup /uvdm;/(q)i)*(|v|)dx <1) <o0.
Q Q
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Thus, (Le, (), |lLe,), @ € {1,..., N}, are Banach spaces whose norms are equivalent
to the Luxemburg norms

@, := inf k>0;/<I>i(u(]j)>dm§1

Q

[ul

Holder’s inequality in Orlicz spaces is as follows:

/uv dr < 2[|ullLy,[[v|Lq,. forany u € Lo, () and v € Lg,)- (), i € {1,..., N}
Q

Now, we are going to briefly describe the Orlicz-Sobolev spaces W'Lg,(Q),
i€{l,...,N}, defined by

W'Ls, () := {u € Ly, (Q);0s,u € Ly, (), i=1,...,N},

which are Banach spaces endowed with the norms

&, + [Vl

[[u] o, 1€{l,...,N}.

La; = [|ul

In addition, the Orlicz-Sobolev spaces Wi Lg, (), i € {1,..., N}, are the closure of
CH(Q) in WLg,(2). By Lemma 5.7 in [15], we obtain that on W Lg, () can be
considered some equivalent norms

ulli == [IVullle;, ie{l,...,N}.

Furthermore, the above norms are equivalent to the norms

[Ju

N
|i71 :ZHajU”@w (XS {1"~'7N}
=1

(see Proposition 1 in [17]).
An important role in handling the Orlicz-Sobolev spaces is played by

o tpi(t) 0 tpit)
i = f d i = 5 ]., ceey N}
(pi)o == inf o " (p:) SUD (D) i€ ¥
In this paper we assume that for each ¢ € {1,..., N} we have
tp;(t
1< (pi)o < gz((t)) < (pi)° < oo foranyt>0. (1.2)

The above inequalities imply that each ®;, ¢ € {1,..., N}, satisfies the As-condition,
namely
®,;(2t) < K®;(t) foranyt >0, (1.3)

where K is a positive constant (see Proposition 2.3 in [21]).



84 Ionela-Loredana Stancut and Tulia Dorotheea Stircu

We assume also that for each ¢ € {1,..., N} the function ®; satisfies the following
condition:
the function [0,00) 3 t — ®;(V/1) is convex. (1.4)

The latter two conditions guarantee that for each ¢ € {1,...,N} the Orlicz
spaces Lg, () are uniformly convex spaces, and consequently reflexive Banach
spaces (see Proposition 2.2 in [21]). Therefore, the Orlicz-Sobolev spaces W Lo, (1),
i € {1,..., N}, are reflexive Banach spaces, as well.

Next, we introduce the anisotropic Orlicz-Sobolev space W(}Lg(ﬂ), as the closure

of C3(Q) under the norm
N
||UH$ = Z |0iule, ,
i=1
- —
where ® : Q@ — RY denotes the vectorial function ® = (®1,...,®y). In [17] it was
argued that Wong(Q) is a reflexive Banach space.

- =
Now, we introduce P°, Py € RN as

PO = () o3)®) Py = (()on- - (o)),

and (P°)4, (Po)+, (Po)- € R as

(P0)+ = max{(pl)ov ) (pN)O}z
(Po)+ = max{(p1)o,---, (PN)o}
(Po)— = min{(p1)o, .., (PN)o}-

We also always assume that

1
> 3 > 1,

2
and define (Pp)*, Py € RT by

N
N 1 ’
2= Gy 1

Finally, we recall some definitions and basic properties of Lebesgue spaces with
variable exponent. To the best of our knowledge, these spaces were introduced in the
literature for the first time in 1931 by Orlicz [25]. Then, Nakano continued (in the 1950s)
this survey in [23] with a systematic study of spaces with variable exponent (called
modular spaces), and later the investigation was carried on by Polish mathematicians
(see for instance Musielak [22]). Taking [16] as a starting point, where Kovac¢ik and
Rékosnik have analyzed the spaces LP(*) and W¥?(*)  respectively, many results were
obtained regarding this type of variable exponent spaces. Of the recent works, which
treat problems involving various classes of nonlinear equations in such spaces, or more
general, we find the papers [27,29,30], and the book [28].

(Po)* = P00 = max{(Fo)+, (Fo)"}.
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Set

Ci(Q) = {p € C(Q) : minp(z) > 1}
e
and denote, for every p € C (Q),

pt =supp(r) and p~ = inf p(z).
zEQ €N

For any p € C, (Q) we define the variable exponent Lebesgue space

LP@(Q) = {u; u is a measurable real-valued function with / JulP@ da < oo}.
Q

On this space we define the so-called Luzemburg norm

p(z)
|u|p($):inf{,u>0; /‘u'(ux) dscgl}
Q

and emphasize that (LP()(Q),| - [,()) is a separable and reflexive Banach space. If

0 < || < oo and p1, p2 € C4 () are variable exponents satisfying p1 (z) < pa(x) almost
everywhere in Q, then there exists the continuous embedding LP2(®)(Q) — LP1(#)((Q)).

We denote by L? (®)(Q) the conjugate space of LP(*)(£2), where ﬁ + ﬁ =1.
For any u € L@ (Q) and v € LP' ) (Q) the following Hélder-type inequality
1 1
uv dz| < Z? + F |u|p(z)|v|p/(z) < 2|u|p(m)|v|p/(r) (1.5)

Q

holds true.
Also, we define p(-)-modular of the LP()(Q) spaces, which is the mapping
Pp(y + LPO(Q) — R defined by

Py () = / P ®) .
Q

If (un),u € LP)(Q), then the following relations hold true:

- +

ulpey > 1= |“|£(.) < pp(y(u) < |U|£(.)» (1.6)
+ -

[ulpy < 1= |U|Z(<) < ppey(u) < |U|Z(<)’ (1.7)

[ty — o lpy = 0= py(un —u) — 0. (1.8)

Look into [16] for more details of these facts and further properties of the variable
exponent Lebesgue spaces.
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2. THE MAIN RESULTS
In this paper we look for weak solutions of problem (1.1) in a subspace of the anisotropic
Orlicz-Sobolev space W(}Lg(ﬂ), namely

E:=ueWiL-(Q); [ |V(x)||u/™™dz < x, with x > 0 real constant p.
"o

Define the functionals Jy,I : E — R by

N
S, (0wu) da:—&—/v(x @ de

(x)
Q

1
Ju|® :”)dx+/7|u|‘”(m)dx.
) @)

3

=1
1
q1(z)

By standard arguments, Jy-, I € C'(E,R) and the Fréchet derivatives are given by

/Zaz |0;u])O;ud;v dI—i—/V Mu™® 20w da,

Qzl

v) :/|u|‘“(z)72uv dz+/|u\q2(z)72uv dz,
Q Q
for all u,v € E.

The energy functional corresponding to problem (1.1) is defined as Ty : E — R,
Ty (u) = Jy(u) — M (u).
It is obvious that T\ € C1(E,R) with
(Ta(u),v) = (Jy (u), v) = MI'(u),v)

for all u,v € E.

We say that A € R is an eigenvalue of problem (1.1) if and only if there exists
u € E\ {0} a critical point of Ty, or, in other words, weak solution of problem (1.1)
corresponding to the eigenvalue .

The main results of the present paper are given by the following three theorems.

Theorem 2.1. Assume that the functions qi,q2, m € C(Q) satisfy the hypothesis
< (P, <q <qgf <m™ <mT <q <qf <qf g < (Po)™, (2.1)

where r~' = rfil' Then any A > 0 is an eigenvalue of problem (1.1).
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Theorem 2.2. Assume that the functions qi, qo,m € C(Q) verify the condition
2<qy <qf <qp <qf <mT<mt<mt T < (Py)- < (R, (2.2)

where r~' = rf—__l Then there is Ay > 0 so that every A € (0, \i] is an eigenvalue of
problem (1.1).

Theorem 2.3. Assume that the functions qi,qa,m € C(Q) fulfill the hypothesis

2<qg, <gf <mm<mt<q <qf <qgf T < (R)-<(R), (23)

where r~' = Tf—:l Then there is \* > 0 so that every \ € [\*,00) is an eigenvalue of
problem (1.1).

Remark 2.4. If in our problem we take q;(x) = ¢2(7) = q(z) for every € Q and
V =0 for every = € 2, we obtain the problem dealt in [17]. Therefore, we are motivated
to state, for our more general problem, to a certain extent, some similar results to those
in paper [17], although in the present paper we encounter more technical difficulties.

3. PROOF OF THEOREM 2.1

We begin by proving two auxiliary lemmas.

Lemma 3.1. Assume that the hypothesis of Theorem 2.1 is satisfied. Then there exist
n >0 and a > 0 such that Th(u) > a > 0 for any v € E with ||u|\£ =1.

Proof. We have

Ty (u) = Jy(u) — AI(u)

_Q/;@i(aiu)dx—i—ﬂ/m(x)m da

1 1
/\/(uql(m)+uq2(‘”)) dz
/ ql(x)| | q2(x)| |

N
1 m(x
> [ S wi(ialds - - [ W)
o =1 o
_4/<|u‘q1<w>+|u|q2<m>) .
p) 5

Now, taking into account that go(z) < m~ < m(z) < m* < ¢1(z) we obtain

u(z)[™) < Ju(z)|™ + |u(m)|m+§ 2 (|u(x)|‘“(‘"”) + \u(x)|‘”(m)) forallz € Q, u e E.
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On the other hand, since ¢;” < ¢;(x) < ¢;7, i = 1,2, we derive that
[u(z)| 7@ 4 u(2)|2®) < Ju(@)| D +|ul)]? +u(@)]|% +|u(z)]® for allz € Q, u € E.

Therefore, we get

N
W= [ S esouhds = = [ W@ (lf + fult +ul o+ ful) de
o =1 Q
A - + - +
= 2 [l ) de
43

Further, the inequalities qijE < qijE ~7°_/, 1 =1,2, lead us to the fact that the embeddings

qu:i'rfl(Q) C L () are continuous, thus there exists C;; > 1, 4, j = 1,2, constants
such that L
lul e < Cijlul =, 5 =1,2, forallue L% (Q).

Since V € L"®)(Q), it is obvious that V € L™ (Q), as well. Hence, by Holder-type
inequality (1.5) we obtain

[Ivel
Q

+
% dr < 2|V|T—|u|q?:.r,/, 1=1,2.

Then, we arrive at

Vv - + - +
/ Z@ Ay (S VI G WS M

—Co (™, + L+l L+l )

N
— + —
> / S u(iorulde = (Julf -+l ).

q =1
+
where Cy = o max {Cu 7C’12 ,021 ,Co3 } In the same time, by (2.1) we have
2

2 < (P, < g -1 < (Ry)* = max{(Py)+, (Ro)*} = Pooc-

Consequently, using Lemma 1 in [17], we get that there exists B;; > 1, 4,5 = 1,2,
constants such that

|u|qii,r_/ < Bij||u||$, 1,7 =1,2, forallue FE.

So, we can see that

N
02 [ S wdias - (Bl + Balul + Balulls + Balul ).
q =1
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where Bzw 1,7 = 1,2, are positive constants. Next, we focus our attention on the
case when u € E and ||u||$ < 1. For such an element u, we have [|0;ul|s, < 1, for all

i € {1,...,N}. By a similar relation to the third relation of Lemma 1 in [19] we obtain

N
ZH@uH(pL Z/ (Opul)ds for allu € B, with [ul, <1 (3.1)
i=1 Q

Using the6 Jensen’s inequality, applied to the convex function a : Rt — RT,
a(t) =tF)+ (P%), > 2, we obtain

||u|‘gpo)+ (P%) ¢
N =N ( v |19rull, )
¢ N (3.2)
< Z 10sull 3 0 & < Z/ (|0sul)dx
By (3.1) and (3.2), we arrive at
| £+
Ta(w) > b (Balnu& Bl + By ul® + Bygljul )
NP -1 & & & >
1 (P F-(PY) (P°)

= <N(P°)+—1 - Bh”“”% T - BiQHUHg " — By lu ||q2 *

+_(PO) PO
— Bhy||ul|% ) S
b [

for any u € E, with ||u||$ < 1.
Let g : [0,1] — R be the function defined by

1

- (pO +_(p0 — _(pO + _(pO
g(t) = NPT Bt (P _ Bl =(PO)4 _ gt 4t —(PP)s _ Bl gas —(P7)s

It is clear that g is positive in a nelghbourhood of the origin, such that the choice of
p€(0,1) is so small that a= p(P )+g(p) >0 and this completes the proof of lemma. O]

Lemma 3.2. Assume that the hypothesis of Theorem 2.1 is verified, and let n given
in Lemma 3.1. Then there exists e € E with ||e||$ > n such that Tx(e) < 0.
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Proof. Let ¥ € C*(2), ¥ > 0 and ¥ # 0, be fixed and let ¢ > 1. By a similar
inequality to (11) in [19] we see that

O, (t|0;0]) < t®)"®,(19,0]) < t )+ d;(19,0]) for alli € {1,..., N}.

Accordingly, we can write

N
T\(t0) _/Z<I>i(|8¢(t\11)|)dx+/:1§?)tq;|fﬂ(w)dx
Q =1 a

1 1
—A / 0|2 dy
( q1(z) | Q2($)| | )
Q Q

< ¢(P) /@z EA)) dz+—/|v )@@ g
Q

A A2z
o LT R
1 dz
Q Q

By (2.1), it is clear that

lim T (t0) = —oc.

t—o0

Thus, for ¢ > 1 sufficiently large, we can take e = tU so that ||e||$ > n and Ty(e) < 0,
that is what we wanted to show. O

Proof of Theorem 2.1. Taking account of Lemma 3.1 and Lemma 3.2 and the mountain
pass theorem (see [4] with the variant given by Theorem 1.15 in [33]) we obtain the
existence of a sequence (u,) C F such that

Ty(up) —¢>0 and Ty(u,) —0 (in E*)asn — oo. (3.3)

We are looking to prove that (u,,) is bounded in E. For this, we assume by contradiction
that passing eventually to a subsequence, labeled again by (u,,), we have ||Un||$ — 00
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and ||up||~ > 1 for all n. Keeping in mind the above and relation (3.3) we deduce that

for any n sufficiently large we have

L&t flun

> T4 (un) — —= (T4 (n), un)
/§:¢ (sl + [ L, o
Q

)\/<1|unq1(‘”)+ ! |un|q2(z)> dx
J a1 () g2 ()

1 [ .
- T/Zai(‘aiu"DWiu"lew_ T/V($)|Un|m(m)da:

42 o =1 4 J
+é/(‘un\‘h(@+|u |QQ(;17)>

qs 2

1 N
—f/Z%qa un\)a'undaf——/w )
a2 i=1
Q
+é/(\u \q1<w>+|un|q2<z>> da:
d2 P

Next, taking into consideration the definitions of (p;)°, i € {1,..., N}, and (P%); we
can write

|03t |0 (|05

foralli e {1,...,N}.
P ([Oiunl)

(P, > (p)° >
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Hence, we have

N
1+0+WMW» /§:¢ (|05un])d ( ) /§:¢Awmﬁmx—m
211

Q i=1

:<1_(];2_)+>/§;<I>1 |0;up|)dz — K.

By using the Jensen’s inequality for the convex function b: R* — R*, b(¢t) = t(Fo)—
(Py)- > 2, we get

)- Py)_
[ SV dunle )T &
i= iUn || P, Py)_
el b I SN )
1=1

On the other hand, let

e gl < 1,
T R 0l > 1.

That being defined we apply inequalities (C.9) and (C.10) in [8], then take into account
relation (3.4) to see that

1+¢c+ ||un||ﬁ
N
> ( ) S 1wl —
i=1
N
= Z a7~ - (1055~ = N0runll§ ) | = 5
i=1 {i; asn=(P%)4}
. (Po)- .
<1 ) et )
Now, we divide by ||un||iP°)’ and obtain
[
1+¢ 1 1 (P%),
> —
o+ o 2 5= (1
[ o]

N <1 B (P0)+> K
|50~ % |5
[ (o)

Passing to the limit as n — oo we obtain a contradiction. It results that (u,,) is bounded
in F. This together with the fact that E is reflexive mean that there is a subsequence
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of (uy), labeled again by (u, ), and an element ug € E such that u,, — ug in E. On the
other hand, the embeddings E C L%()(Q), i = 1,2, are compact and thus u, — ug in
L%()(Q), i = 1,2. Thus, using the Holder-type inequality (1.5), we deduce that

/Iunlq'i‘”‘zun(un—uo)dx — 0, i=1,2. (3.5)
n—oo
Given the definition of the subspace E C Wong(Q), we can easily see that

V() |un ™)1 € L™ (@)(Q). But the embedding L™ (*)(Q) ¢ L%®)(Q) is continuous,
so V(z)|u,|™® =1 € La@)(Q). Therefore, using again the Holder-type inequality (1.5),
we find that

/V(x)|un|m<-f>—2un(un “up)dz < 2| V@) — wolgye) — 0.

qi (x) n—oo

(3.6)
By relations (3.3), (3.5) and (3.6), we obtain

n—oo

N
Z/az |0t |)Ostun (O, — Ojug)dz — 0.

i=1 Q

Taking into consideration that u, — ug in E, by the above relation we infer that

n— 00

Q

Then, considering relation (3.7), the same arguments used at the end of Theorem 1 in

[17] lead us to
2 (et

which means that u, — uo in E. This, together with (3.3) show that

3un 8u0

n—oo

)d:z: — 0, (3.8)

Ty(up) =¢>0 and Ty(ug)=0.

In other words ug € E is a nontrivial weak solution of problem (1.1). O

4. PROOF OF THEOREM 2.2

We start by showing two auxiliary results.

Lemma 4.1. Assume that the hypothesis of Theorem 2.2 is satisfied. Then there exists
A« > 0 so that for every A € (0, \.] there exist p,a > 0 such that Tx(u) > a > 0 for
any u € B with ||u||$ = p.
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Proof. Using the hypothesis (2.2), Lemma 1 in [17] shows that the embeddings
Ec L™ (Q) cLeO@Q), i=1,2 (4.1)
are continuous. Hence, it follows that there is a constant C; > 0 such that
[ulg, () < Cl||u||$ for all u € E. (4.2)
We fix p € (0,1) such that p < C% Then, relation (4.2) implies that
[ulg,(y <1 forallu e E, with ||uH$ =p. (4.3)

Taking into account relations (4.3), (1.7) and (4.2) it results that

/|u|‘“(m)dx < Cf; Hu||(£7 for all w € E, with ||u||$ = p. (4.4)
>
Q

Similar arguments to those used in the proof of Lemma 3.1 show that there are some
constants C; ; > 1, ¢,5 = 1,2, so that

1 1
7uq1(x)da:+/ 2@ dy
Q/ql(l’) | J @

1 - - + + - - + +
< — <Ci’i lull +Cfs lullZ + G55 [lull®2 + C3 IIuII‘iz) (4.5)
Qs o o o o
4edt .
< —2lull%,
) ®

where ¢g = max{C11, C12, Co1, Caa}. Also, relation (4.1) provides the existence of some
constants ¢y, co > 1 such that

[Iv@l @iz < [ @ (um -+ 1) de
Q Q

m- mt
S (T (16)
N - +
< W (™ + ")
) [

+ —
< 2™ V], full2

where ¢ = max{ecy, ca}.
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Therefore, by (3.2), (4.5) and (4.6) we deduce that

P+ 9ty _ L anel
D) 2 Ly g = 2 W o D0
N(P )+71 m— q2
- o (4.7)
> 2 _ p P+ 2™ V], P Tl 4Acy” .
- NP4 -1 m-— s
By setting the number
— +
T Vi -
/\* _ - qs p(PO)Jrfq? . c Qi| |7‘ pm —qq (48)
8cgt N(PO)+~1 2t m~
0
we get that for any A € (0, \,] and v € E with Hu||$ = p the number a = wﬁ%
is such that
T (u) >a>0,
and this completes the proof of the lemma. O

Lemma 4.2. Assume that the condition of Theorem 2.2 is verified. Then there is
0 € E such that 8 >0, § £ 0 and Tx(t) < 0 for t > 0 sufficiently small.

Proof. Firstly, we show that
Di(ol) < PO, (0) foralll >0, o€ (0,1), andi e {1,...,N}. (4.9)

Let o € (0,1) be fixed. Using the definition of (p;)o, we have

£ ‘

M@MDA%@wm:/g@%z/@m@
ol ol

= —log (J(p")") foralli e {1,...,N},

that is, the relation (4.9) is true.

Next, from hypothesis (2.2) we obviously have ¢; < m~. Let € > 0 be so that
q; + ¢ < m~. In the same time, the fact that q; € C(Q) yields the existence of an
open nonempty set w C €2 so that |¢1(z) — ¢; | < € for all x € w. Or, in another train
of thoughts, we have ¢1(z) < ¢; + € <m~ for all z € w.

On the other hand, let 8 € C§°(Q2) be such that supp(d) D w, 6(z) = 1 for all
x € w, and 6(z) € [0,1] for all x € Q.



96 Tonela-Loredana Stancut and Iulia Dorotheea Stircu

The above piece of information and relation (4.9) lead us to

Ty(t0) = Jy (t0) — A (t0)

/Z@ (#1:8)) da:Jr/ )( )( ) 0 dz

A/( e >'9'q2 ) ar

< tPo)- Z/cpz (|0:0))dzx + —/IV )160]™®) da

119

ar
M 1+ / (|9‘q1(w) + |9|qz(w)) da
q

1

1
Bi(108do + = [ Vi) |o s

z_lﬂ/
q; te
- /('9\q1(””>+|9|q2“))dz
4

Consequently,
T,\(te) <0

for t < pt/(m” =4 =€) with

%f (|9‘q1(r) + |g|qz(w)) dx
0 < 0 < min 1, Do

s 1f 0])dx + 7”‘/ )0 dx

The above fraction is meaningful if we have Zi\il [ ®;(10:0])dz > 0. Indeed, it is
Q
evident that

0 < |w| :/ldx:/\0|q1(“’)d:z: < /|0|‘“(I)dz < /|9|q1_dx: |9|Z{ <ch g%,
1 P
w Q Q

w

where ¢ > 0 is the constant given by the continuous embedding E C L% (). Hence,
we obtain that H0||$ > 0.

Now, we focus our attention on the case when 6 € E so that ||0H$ < 1, obtaining

, N'}. Therefore, by relation (3.2) we arrive
at Zl 1o @i |8 0)) dac > 0 which Completes the proof. O
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Proof of Theorem 2.2. Let A, > 0 be as in (4.8) and A € (0, A,]. By Lemma 4.2 we
derive that there exists § € E such that T)(t0) < 0 for every ¢ > 0 sufficiently small.
At the same time, by Lemma 4.1 it results that on the ball B,(0) we have

inf T\ > 0.
0B, (0)

These together with inequality (4.7) and hypothesis (2.2) imply

—oo < c:= inf T\ <0. (4.10)
B,(0)

Now, we let 0 < & < infyp, o) Th —infp, ) Tx and apply Ekeland’s variational principle
(see [11]) to the functional Ty : B,(0) — R obtaining u. € B,(0) so that

Th(ue) < inf Ty +e¢,
B,(0)

Th(ue) < Th(u) +¢l|lu — u5||$, U # Ug.

Then, we infer the following inequalities:

Th(ue) < inf Th+e < inf Th+e < inf T),
B,(0) B, (0) 0B,(0)

meaning that u. € B,(0). Next, we define A : B,(0) — R by A(u) = Tx(u)+
ellu — u5||$. We have

Aue) = Ta(ue) < Tha(u) +¢l|u — u€||$ =Au), u# ue.

It results that wu. is a minimum point of A, whence

Alue + tv) — Alue)

>0 for small t > 0 and every v € B,(0).

t
This shows that T T
t —
Mue +10) Z Talte) | ol > 0.
t o
We let t — 0, which means that %% > —e. Hence, we deduce that ||T}(uc)|| <e.
D

Therefore, there is a sequence (wy,) C B,(0) so that
Ta(wy,) — ¢ and T3 (w,) — 0. (4.11)

Evidently, (w,,) is bounded in E. Then, there is an element w € E so that, up to a
subsequence, denoted again (wy,), w, — w in E. In a similar fashion as in Theorem 2.1
we can prove that w, — w in E. Consequently, using relation (4.11) we finally have

Th(w)=c<0 and T;(w)=0.

In other words, w is a nontrivial weak solution for problem (1.1), and the proof of
theorem is complete. O
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5. PROOF OF THEOREM 2.3

We first prove an auxiliary result.

Lemma 5.1. Assume that the hypothesis of Theorem 2.8 is fulfilled. Then the func-
tional T is coercive on E.

Proof. We focus attention on the elements u € E with Hu||$ > 1. Taking into account

hypothesis (2.3), and relation (3.4), similar arguments as those used in the proof of
Lemma 3.1 show that

HUH(_»POL / a7 ’ ay / q5 ’ as
T(u) > NPT N — <Bll||u|£ +B12Hu”£ + BQl||u||§ JrB22H“||£ > )

where B;;, 4,7 = 1,2, are positive constants. Hence, passing to the limit as n — oo,
we obtain that Th(u) — oo, that is T) is coercive in E. |

Proof of Theorem 2.3. Lemma 5.1 ensures us that the functional T} is coercive on FE.
On the other hand, using Lemma 1 in [19], similar arguments as those used in the
proof of Theorem 2 in [20] lead us to the fact that T is weakly lower semicontinuous,
as well. So, we have the necessary data to apply Theorem 1.2 in [32] to obtain the
existence of an element u € E, global minimizer of T) and, consequently, the weak
solution of problem (1.1).

We intend to show that u is not trivial for A sufficiently large. To this end, let
to > 1 be a fixed real number and Qy C 2 be a nonempty open subset. Therefore, we
infer that there is an element v € C§°(§2) C E so that v(z) = to for every z € Qp, and
v(x) € [0, 1] for every z € Q\ Qp. We have the following:

N
T,\(X)Z/Z@i(|aﬂ|)daj+/‘/(£) Iv|™®) g
& =1 J

m(z)
1 1
- A v|a@) 4 Vq2("”)> dx
/ (ql @M L
Q
A @) (@)
<Lk [ (W@ 4+ |y=@) d
qy
Q
A ,
<Ly— (Mqlu) + Iyl‘”‘x)) da
a1
Qo
A qi a5
<Lo—— (tol +ty? ) dx
q
Qo
2IN[Qp |20
< 1, Pholfe”
q1

where L > 0 is constant and « is the constant given in the definition of E. Thus, there
is A* > 0 so that T (v) < 0 for all A € [A\*, 00). This, together with the fact that u € E
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is global minimizer of Ty, gives us T (u) < 0 for any A € [A*, 00). In other words, u is
a nontrivial weak solution of our problem for A sufficiently large, and this completes
the proof of Theorem 2.3. ]
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