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EXISTENCE OF SOLUTIONS FOR NONLOCAL PROBLEMS IN
ORLICZ-SOBOLEV SPACES VIA MONOTONE METHOD

RABIL AYAZOGLU (MASHIYEV), MUSTAFA AVCI, NGUYEN THANH CHUNG

ABSTRACT. In this paper, using theory of monotone operators, we study the
existence of weak solutions for a class of nonlocal nonvariational problems in
the Orlicz-Sobolev spaces.

1. INTRODUCTION

In this article, we are concerned with a class of nonlocal problems in Orlicz-
Sobolev spaces of the form

{—M(u)div(a(|Vu|)Vu—a(|u|)u) = f(z,u) inQ, "
u = 0 on 02,

and

{ —M(u)div(a(|Vu|)Vu — g(x,u, Vu)) = f(z,u) inQ, @)

u = 0 on 09,

where €2 is a bounded domain in RY (N > 3) with smooth boundary 99, f is a
Carathéodory function and M is a continuous and bounded functional. The func-
tion ¢(t) := a(t)t is an increasing homeomorphisms from R onto R. For the case
a(t) = |t[’7?, equations (1) and (2) turn into the well-known p—Laplacian equa-
tion (p > 1) which has been extensively studied during the last decades by many
authors. We refer to ([4, 9, 12, 16, 18, 22]) and the references therein for detailed
background.

The study of variational problems in the classical Sobolev and Orlicz-Sobolev spaces
is an interesting topic of research due to its significant role in many fields of math-
ematics, such as approximation theory, partial differential equations, calculus of
variations, non-linear potential theory, the theory of quasiconformal mappings,
non-Newtonian fluids, image processing, differential geometry, geometric function
theory, and probability theory (see [2, 3, 6, 7, 8, 13, 19, 20]). Moreover, problems (1)
and (2) possess more complicated nonlinearities, for example, it is inhomogeneous,

2010 Mathematics Subject Classification. 35J60, 35J92, 58E05, 7T6A02.
Key words and phrases. Nonlocal problems, Orlicz-Sobolev spaces, monotone method.
Submitted Sept 16, 2014.

63



64 R. AYAZOGLU (MASHIYEV), M. AVCI, N. T. CHUNG EJMAA-2016/4(1)

so in the discussions, some special techniques will be needed. However, the inhomo-
geneous nonlinearities have important physical background. Therefore, equations
(1) and (2) may represent a variety of mathematical models corresponding to cer-
tain phenomenons (see [13]), e.g.,

(1) Nonlinear elasticity: ¢(t) = (1 + tz)a -1, a>1,

(2) Plasticity: p(t) =t (log (1+1))", a>1,8> 0,

(3) Generalized Newtonian fluids: () = fot sl—o (sinh_1 s)ﬁ ds,

0<a<l1,8>0.

In the present paper, we study the nonlocal problems (1) and (2) in the Orlicz-
Sobolev spaces. However, unlike the above mentioned papers, problems (1) and
(2) cannot be settled in the variational framework because of the functional M.
Indeed, the existence of M makes these problems very complicated and make us
force to apply different tools, such as the monotone operator theory, for this class of
problems. So, in that context, we use two well-known theorems named as Browder
theorem and Leray-Lions theorem. We want to remark that, to our best knowledge,
there is no paper which considers nonvariational nonlocal problems via monotone
operator methods in the Orlicz-Sobolev spaces, and hence, the results of the present
paper are new and original.

2. PRELIMINARIES

To study problems (1) and (2), let us introduce the functional spaces where it
will be discussed. We will give just a brief review of some basic concepts and facts
of the theory of Orlicz and Orlicz-Sobolev spaces, useful for what follows, for more
details we refer the readers to the monographs ([1, 17, 21, 23]) and the papers
(5, 7, 8, 10, 15)).

The function a : (0,00) — R is such that the mapping ¢ : R — R defined by

a([tht  for t # 0,
t) ==
e (t) {O, fort =0,

is an odd, strictly increasing homeomorphism from R onto R.
For the function ¢, let us define

O(t) = /Ot p(s)ds VteR.

The function ® introduced above is a Young function, that is, (0) = 0, ® is convex,
and

lim ®(t) = +oo.

t—o0
Furthermore, since ®(¢) = 0 if and only if t = 0,

)
lim —(t) =0and lim —q)(t) = 400,
t—0 ¢ t—oo
the function @ is then called an N-function.

The function ®* defined by the formula

t
(1) z/ ¢ '(s)ds VteR
0
is called the complementary function of ® and it satisfies the condition
O*(t) = sup{st — ®(s): s >0} Vt>0.
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Notice that the function ®* is also an N-function in the sense of the following
Young inequality

st < P(s) + @*(t) Vs, t>0.
We define the numbers

. to(t) 0 teo(t)
= inf —= andy" :=sup ——. 3
07103 (1) LR 0 3
Throughout this paper, we assume that
to(t) 0
1 < < Vvt >0 4
SRS Gy S¥ <o V20, (4)
which implies that ® satisfies the As-condition, i.e.,
O(2t) < KO(t) Vt>0, (5)

where K is a positive constant (see,e.g., [21]).
In this paper, we also need the following condition

the function ¢ — ®(\/t) is convex for all ¢ € [0, 00). (6)

Under the condition (4), for a N-function ®, the Orlicz space L (2) coincides with
the set (equivalence classes) of measurable functions u : Q — R such that

/Q<I>(|u(:r)|) dx < 400

and is equipped with the (Luxemburg) norm, i.e.

lull o o) = llulle = inf{k s0: [0 ('“gﬁ)) dr < 1},
Q

which makes the pair (Ls(2), ] - ||¢) & Banach space.
For the Orlicz spaces, the Holder inequality holds (see [23]):

/ wvdz < 2ull @ lull i@ 1€ La(®), v € La- (9).
Q

The Orlicz-Sobolev space W' Lg(£2) is the space defined by

WlLe(Q) := {u € Lo(Q) : (;9“ € Lo(Q), i= 1,2,...,N},
i

and W!Lg(Q) is a Banach space with respect to the norm
lullwiza) = llullie = [lulle + [[[Vullls.

Now, we introduce the Orlicz-Sobolev space Wi Lg(f2) as the closure of C§°(f2) in
W1Lg(2). It turns out that the space Wi Lg(Q2) can be renormed by using as an
equivalent norm

[[ul = [[[Vullle.

Lemma 2.1 [see [3, 19, 20]] Let u € W¢ Lg(£2). Then we have
. 0 .
(@) [lull*” < [o @(Vu(z)]) dz < ||UH“"Z if fJul] < 1.

(1) [Jull#e < [, ®(|Vu(z)]) dz < |lul|# if [lul| > 1.
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We notice that the Orlicz-Sobolev spaces, unlike the Sobolev spaces they gener-
alize, are in general neither separable nor reflexive. A key tool to guarantee these
properties is represented by the Ag-condition (5). Actually, condition (5) assures
that both Lg(Q) and W L () are separable (see [1]). Conditions (5) and (6) as-
sure that Lg () is a uniformly convex space and thus, a reflexive Banach space (see
[20]); consequently, the Orlicz-Sobolev space W} Lg(£2) is also a reflexive Banach
space.

We also note that with the help of condition (4), Orlicz-Sobolev space W L (£2)
is continuously embedded in the classical Sobolev space VVO1 #0(Q), as a result,
W Le(Q) is continuously and compactly embedded in the classical Lebesgue space
L1(Q) for all 1 < ¢ < ¢ := J\J,Vf“igo.

We can give certain examples of functions ¢ : R — R which are odd, increasing
homeomorphisms from R onto itself and satisfy conditions (4) and (6):

(1) Let @ (t) = p|t|’ >t Vt € R, with p > 1: For this function it can be proved
that @9 = ¢° = p. Besides, in this particular case the corresponding Orlicz
spaceLq (€2) is the classical Lebesgue space LP(2) while the Orlicz-Sobolev
space W Lg(Q) is the classical Sobolev space W, ().

(2) Let o(t) =log (1 + [t|*) [¢t|’"*t Vt e R, with p, > 1: For this function it
can be shown that ¢y = p, ©° = p + a.

(3) Let ¢(t) = % if t #0, p(0) = 0, with p > 2: For this function we
have oo =p —1, ¢ = p.

The main results of the present paper are based on the following well-known lem-
mas (see, e.g., [11]).

Lemma 2.2 [Browder] Let X be a reflexive real Banach space. Moreover, let
T : X — X* be an operator satisfying the conditions:
(7) T is bounded;
(#4) T is demicontinuous;
(#4t) T is coercive;
(iv) T is monotone on the space X, i.e., for all u,v € X we have

(T (u) =T (v),u—wv)>0. (7)

Then the equation
T (u) = h* (8)
has at least one solution u € X for every h* € X*. If, moreover, the inequality (7)

is strict for all u,v € X, u # v, then the equation (8) has precisely one solution
u € X for every h* € X*.

Lemma 2.3 [Leray-Lions|] Let X be a reflexive real Banach space. Moreover,
let T': X — X™* be an operator satisfying the conditions:
(¢) T is bounded;
(i) T is demicontinuous;
(#i7) T is coercive.
Moreover, let there exists a bounded mapping ¥ : X x X — X* such that
(iv) ¥(u,u) =T(u) for every u € X;
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(v) For all u,w,h € X and any sequence {t,}52; of real numbers such that
t, — 0, we have

U(u+tnh, w) = ¥(u,w);

(vi) For all u,w € X we have (the so-called condition of monotonicity in the
principal part)
(U (u,u) — VU(w,u),u —w) >0,
(vit) If w, — u and
nl;n;o(W(un, Up) — U(U, Up), Uy —u) =0,
then we have
U(w, u,) = ¥(w,u) for arbitrary w € X;
(viit) fw € X, up, — v and ¥(w,u,) — 2, then

nlLIgo(\D(w,un),un) = (z,u).

Then the equation (8) has at least one solution u € X for every h* € X*.
In the sequel, for function a introduced above, we assume that:
Define a : [0, +00) — (0, +00) such that there exist a constant ag > 0 such that
a(t) > ag >0, Vte|0,+00). (9)
We point out that a(t) = [t|P~2 + ag satisfies the conditions mentioned for func-
tion a.

In the rest of this section, we prove the following auxiliary result.

Lemma 2.4 Assume that the condition (9) holds. Then for any &, > 0, there
exists a positive constant C'(d), 6 = min{1, ag, k, [}, such that
(ka(|€)€ = la(ln))n, & —n) = C(O)@(|€ —nl) V& neRY. (10)

Proof. If we consider the homogeneity of norm, we can assume that |£| = 1 and
In| < 1. Moreover, according to a convenient basis in RY, we can assume

¢=(1,0,...,0) and n = (n1,12,0,...,0) with |n| < 1.

Let also denote a (|{]) = a¢ and a (|n|) = a,,. Then we can proceed as follows: To
verify (10) holds, we will show

(kag — laym) (12_ 771)2 + layns >0,
(L —=m)" +n
which is equivalent to (10). Then we must show that the function
B(t,s) = kag — (layt + kagt) s + la,t?
(1 —2st +12)

is bounded from below by a positive constant. Then for fixed ¢, we get

B —(layt + kagt) (1 — 2st + %) — (kag — (layt + kagt) s + layt®) (—2t)

ds (1—2st + 2)°

Then, we obtain

(11)

(lay + kag) (1 — 2st + t2)

kag — (layt + kagt) s + la,t* = 5 ,
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when % = 0. Therefore, replacing (12) in (11), we get

_ (lay + kag) (1 —2st +1*)  (la, + kag) _ C(9)
bl =50 smrey  — 2 2 2

>0,
where 6 = min{1, ag, k,{} > 0. The proof is completed.

3. MAIN RESULTS

In this section, we shall state and prove the main results of the paper by using
the monotone operator method. For brevity, we denote by X and X* the Orlicz-
Sobolev space W Lg () and its dual space (WOIL<1> (Q))*, respectively.

Let us define the operators J, F': X — X™* by

(J(u),v) = M(u) /ﬂ (a(|Vu)VuVo + a(Ju|)uv) dz, Vu,v € X,

(F(u),v) = / flz,w)vde, Yu,ve€ X,
Q
and set
T:=J-F.
Then, from the monotone operator theory, the solution function v € X of (1)
satisfying the operator equation
T(u) = J (u) — F (u) =0. (13)

is also the solution of the integral equation
M(u)/ (a(|Vu|)VuVo + a(ju|)uv) dx — / f(z,w)vdr =0 Vo € X. (14)
Q Q

Namely, the existence of weak solution of problem (1) is equivalent to the existence
of solution of the operator equation (13) (see, e.g., [11, 14]).

Our first result is given by the following theorem.

Theorem 3.1 Assume that the following assertions hold:

(fo) f: QxR — R is a Carathéodory function, and assume that there exist
C5 > 0 such that

[z, 8)] < Co (1+]t71),

for all t € R and a.e. © € Q, where ¢° < g < ¢;
(f1) f(z,0) =0and (f(z,t) — f(z,5))(t —s) <0 for all 5, € R and a.e. z € Q;
(Mp) M : X — (0,400) is continuous and bounded on any bounded subset of X
such that there are constants mg,m; > 0 such that my < M(u) < my for
allu e X.
Then problem (1) has precisely one weak solution.

Proof. It is obvious from (fy) that T is well defined. Indeed, we first see that the
functional

/Q (a(|Vu])VuVv + a(Ju|)uv) dz
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is well defined. Moreover, taking into account that M is bounded and continuous
then boundedness and continuity (and hence demicontinuity) of T is derived.
From (f1) and (M), for sufficiently large ||u||, using Lemma 2.1

(T, = MG [ (a(Vul) [Val® +alfu) ol?) do = | fla,w)uds

> mo [Jul",

which shows that T is coercive. Let us show the monotonicity of T. If u = v,
T (u) =T (v). For the case u # v, from (f;) and (Mp) and Lemma 2.4 we have

(T'(u) = T(v),u —v)

> M(u) /Q (a(|Vu])Vu(Vu — Vo) + a(|u])u(u — v)) dz
— M(v) /Q (a(|Vv])Vo(Vu — Vo) + a(jv])v(u — v)) do
= /Q (M(w)a(|Vul])Vu — M(w)a(|Vv|)Vv) (Vu — Vo) dz

+ /Q M(u)a(lul)u — M(v)a(|v|)v)) (u = v) dz
> 0(5)/ (®(|Vu — Vo) + ®(Ju — v])) da,
Q
where ¢ = min{1, ag, M(u), M(v)}. This implies the monotonicity of T. As a
consequence of Lemma 2.2, the equation
T(u)=J(wu)—F(u)=h"

has at least one solution u € X for every h* € X*. Moreover, since the last
inequality above is strict, it follows then from Lemma 2.2 that there is a unique
solution of (13), which in turn is a unique weak solution of (1). The proof is
completed.

We want to remark that the operator
Th» () :=T (u) — h*
also satisfies all the conditions of Lemma 2.2. Therefore, it suffices to prove that

the operator equation (13) has at least one solution, as we showed.

Now, we consider problem (2). Similarly, we define the operators I, K : X — X*
by

~
—~
=
“d
N
Il

M(u)/a(\VuDVqudm Yu,v € X,
Q

(K(u),v) = M(u)/ g(z,u, Vu)vdr Vu,v € X,
Q
and set
G=I+K-F,

where operator F is defined as previous. Then, the solution u € X of (2) satisfying
the operator equation

Gu)=Iuw+K@u)—Fu)=0 (15)
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is also the solution of the integral equation
./\/l(u)/ (a(|Vu|)VuVo + g(z, u, Vu)v) doe — / flz,u)vde =0 VYve X. (16)
Q Q

This fact shows that the solutions of (15) correspond to the weak solutions of
problem (2).

The second result of the present paper is:

Theorem 3.2 Assume that the conditions (fy), (f1) and (M) hold. In addition,
suppose that the function g : Q x RV +17—> R is a Carathéodory function, and for
all (t,&1,62,...6x) € RV and a.e. = € Q, it satisfies the followings:

(go) there exist a constant C' > 0 and a function h € L#0(£) such that

N
\g(x,t, 517527 7§N)| § h(lL’) + CZ |§i|r763
1=1

where r = g — 1 + ¢ with € € (0,1);
(g1) the inequality
9(,t,81,&2, .. EN)L > 0,
holds.
Then problem (2) has at least one solution.

Proof. From Theorem 3.1, we know that I is bounded and continuous. Moreover,
by compact embedding X «— L9 (2) and assumption (fy) the operator F'is bounded
and (sequentially weakly-strongly) continuous. Let us proceed for K. First of all,
it is immediately seen that K (u) is linear in v. To establish its continuity it suffices
to check that
sup |(K (u),v)] < oo. (17)
llvll<1

Therefore, using (M), (go), Holder inequality and continuous embedding, we have

K@)l = sup |(K(u),0)] = sup [M(u) /Q oz, u, Vuyv de

loll<1 loll<1

N
<m sup/
[lv][<1 /@

h(z)+C>

<my sup ( [ bleglela, + €| 9l
Q

loll<1

T—€

|v| dx

ol

ou
8%—

< Cm[uf"™° sup |lv]|
loli<1

0
wo—1
Therefore, K is bounded, and hence it is continuous. As a consequence, G is
bounded and continuous. From (f1), (M) and (g1), for sufficiently large |lu|, we
have

(G(u),u) = ./\/l(u)/Q(a(|Vu|)|Vu|2+g(:z:,u,Vu)u) dzf/Qf(:zz,u)ud:L'

mo [[u]*°,

< Cmallul|™™, ¢f =

v



EJMAA-2016/4(1) NONLOCAL PROBLEMS IN ORLICZ-SOBOLEV SPACES 71

which implies that G is coercive. The assumptions (4)-(iii) are verified.
Let us define an operator ¥ : X x X — X* by

(U(u,w),v) := (I(u),v) + (L(w),v), Vu,w,ve X,
where L := K — F, and hence L : X — X* is also bounded and continuous. Then

(U(u,u),v) = M(u) /Q (a(|Vu|)VuVo + g(z, u, Vu)v) de— A f(z,w)v=(G(u),v),

ie., U(u,u) = G(u) for all u € X, so assumption (iv) is verified. In order to verify
the assumption (v), let u,w, h € X and any sequence of real numbers {¢,}°2 ; such
that ¢,, — 0 as n — oo. Then

U(u+ tph,w) = I(u+t,h) + L(w).
Since I is continuous, we have

I(u+tyh,w) + L(w) = I(u) + L(w),
or

U(u+ tph,w) = ¥(u,w).

Let us continue for the assumption (vi). Using Lemma 2.4 and Lemma 2.1, respec-
tively, we have

(0 (uty0) — W (w, u),w — w) = (1), u— w) + (L), u— w) — (1 (w) ,u—w) — (L (u) ,u—w)

:/Q(M(u)a(|Vu|)VufM(w)a(\Vw\)Vw,VufVw) dx
20(5)/§2<I>(|Vu—Vw|)dx

> () min { Ju — w]#, |lu— w]*'} > 0,

where 6 = min{1, ag, M(u), M(w)}. For the assumption (vii), let us assume that
uy, — uin X and

Hm (U (tn, un) — U(u, up ), uyp —u) =0,

n— oo

which is equivalent to

lim (I(u,) — I(u),un, —u) =0. (18)

n— oo

Since u,, — u in X, the sequence {u, } is bounded in X. Therefore, from conditions
(9) and (M), the functions a and M are bounded for any n € N. Then from Lemma
2.4 and Lemma 2.1, we have

(I(up) — I(u), un, —u) = /Q (M (up)a(|[Vuy|) Vi, — M(u)a(|Vu|)Vu, Vu, — Vu) dx
> C(5,) /Q ®(|Vuy, — V) dz

> C(8) min { [lun = ull, Jun —u]# } > 0,

where 6,, = min{1, ap, M(uy), M(u)}. From the proof of Lemma 2.4 and the
condition (M), it is easy to see that C(d,) > 0 for all n. Therefore, considering
(18), we must have that ||u, — u|| — 0 as n — oo, i.e., up, — v in X.

In addition, by continuity of L, we have

U(w,u,) = I(w) + L(u,) = I(w) + L(u) = ¥(w,u)
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for arbitrary w € X.
Finally, let w € X and u,, = u in X. Then, by continuity of L, we get

(W(w, un), un) = (H(w), un) + (L(un), un) = (I(w), u) + (L(u), u) = (¥(w,u), u).

Since u, — u in X, we also have ¥(w,u,) — I(w) + L(u) = ¥(w,u), which
verifies the assumption (viii). Consequently, from Lemma 2.3, operator equation
(15) has at least one solution, which is a weak solution of problem (2). The proof
is completed.
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