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Some Results for Robin type Problem Involving p(x)—Laplacian
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Abstract. This work deals with the existence and multiplicity of solutions for p(x)-Laplacian Robin problem
without the well-known Ambrosetti-Rabinowitz type growth conditions. The uniqueness of solution is also
established under some new sufficient conditions.

1. Introduction
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In recent years, the study of differential equations and variational problems with variable exponent
growth conditions has been an interesting topic. There are several applications concerning elastic materials,
image restoration (see [33]), thermorheological and electrorheological fluids (see [29]) and also mathematical
biology [16]. For the advances of the study of differential equations with variable exponents see the overview

paper [18].

In this paper, we discuss the existence and multiplicity of solutions for the following Robin problem

involving the p(x)—Laplacian
Ayt = f(x,u) inQ,

VP22 g2 =0 on a0,

where Q ¢ RV is a bounded domain with smooth boundary, p € C,(Q) where

C(Q)={peC@): p :=infp(x) >1],
xeQ)

B € L*(Q) with B~ := infyeq f(x) > 0, Apyut := div(|VulP®~2Vu) denotes the p(x)-Laplace operator and

P () ={ N i p) <N,
tooif p@)=N.

The problem (1) is regarded in case of f € C(Q x R) and 1 < p~ < p* < co.
Now, let us assume that f satisfy the following conditions:
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(Hy) There exist C > 0and g € C,(Q) with p* < g~ < g* < p*(x) for all x € Q, such that f verifies
Ifx, )l < C(1+ 1517971

forallx eQand alls eRand f(x,t) = f(x,0)=0VYx € Q, t<0.

x,t x, bt

(H») lirnf(+ ) =1 < oo, lim A +) =00
t—0 |i’|}7 -1 t—00 |t|P

(H3) ForaexeQ, J;,(ffl) is nondecreasing with respect to t > 0.

So, we can report our first main result:

Theorem 1.1. 1) Assume (H1), (H) and (Hs) hold, then problem (1) has at least a nontrivial solution.
2)Suppose (H1)—(H3) are satisfied, for simplicity taking I; = 0 in condition (H>).
Moreover, we assume that

(Hs) f(x,—t) = —f(x,t) forallx € Qand t € R.

If g~ > p*, then problem (1) has a sequence of weak solutions {uy},? , such that I(xuy) — +o0 ask — +oo.

A lot of works have been interested in the existence of solutions for elliptic problems in this direction.
For instance, we refer [1-6, 8, 10, 12, 14, 17, 20, 22-24]... and the reference therein. To be more closer to the
topic, let us mention some work on the subject.

From the variational point of view, the authors in [32], have studied Robin problems involving the
p-Laplacian, they proved at least four nontrivial solutions.

Papageorgiou and Radulescu studied in [25] the following problem

=Nyt = Af(x,u) inQ,
(2)

0
VP22 a2 =0 on o

so by using the truncation techniques, they proved a bifurcation-type result describing the set of positive
solutions when the positive parameter A varies.

In [8], by applying the sub-supersolution method and the variational method, the author obtained at
least two positive solutions for problem (1) under (H;) and the following conditions:

AR) There exist M > 0 and 6 > p* such that
( p

0 < OF(x,s) < f(x,8)s, Is|=M, «xe Q,

where F(x, t) = fot fx,s)ds forxeQandtelR.
The works [7] and [20] considered problem (1) with a particular nonlinearity such that

o, t) = AV ul™ 2y .
For example, in [7], it shows the existence of a family of eigenvalues in a neighborhood of the origin.

Tsouli et al in [30] consider the following problem

Ay = Af(x,u) inQ,
3)

d
|vu|lﬂ(x)—2a_z +a()|ulf®%u = g(x,u) ondQ,

Under Ambrosetti— Rabinowitz type conditions on the nonlinear terms f and g, the authors obtained
some existence and multiplicity results for this problem.
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It is well known that (AR) condition defined by
(AR) p*F(x,s) < f(x,s)s aex € Q,

plays a crucial rule to guarantee that every (PS) sequence of associated functional is bounded in X. The
interesting point lines in the fact that we do not need the usual Ambrosetti-Rabinowitz type condition (AR)
under various assumptions on f and by a different method, as well as the assumption (H) is more weaken
than (AR) condition. That is why, according to our knowledge, the current work is a first contribution in
this direction with Robin boundary condition, then it is more interesting.

On other hand, we observe that the uniqueness for problem (1) have rarely been considered, then our
next theorem gives the uniqueness of solution.

Theorem 1.2. Suppose that the following assumption holds:
(Hs) f(x,u) is nonincreasing with respect to the second variable, for all x € Q, and f(x,0) > 0 with f(x,0) # 0
for all x € Q. Then problem (1) has a unique solution which is nontrivial.

Finally, we deal with the nonlinearity f(x,u) = eh(x)g(u), and ¢ > 0 is small enough, we give some
sufficient conditions to assure the existence of a positive solution to the problem provided & is sign-changing
in Q. So we have the third main result,

Theorem 1.3. Assume that g: R — R is continuous with g(0) > 0, and
(Hg) there exist € > 0 and 6 > 0 such that

A = (1 + e)h™) €T, for A€ (0,0],

where T, = {h € L*(Q) : A™'h(x) > 0}. (see the definition of A below in the proof)
Then, problem (1) has a positive solution.

The remainder of the paper is organized as follows. In Section 2, we will recall the definitions and some
properties of variable exponent Sobolev spaces. In Section 3, we shall establish the results of existence and
uniqueness of a solution for problem (1).

2. Preliminaries

In the sequel, let us define A = A,y : W70(Q) - (W70(Q))* by
Ao = f [VulP=2Vy Vo dx + f B uPP?uvdo, u ve WP(Q).
Q 0

Denoting by T the inverse mapping of A, which means that A™ =T : (WHPO(Q)) — WIPO(Q) is also
a strictly monotone homeomorphism, to lack of simplicity, noticing that T can be regarded as the solution
operator for the following problem

—Ap(x)u = b(x) in Q,
(4)

|W|P<")‘2§—Z +BEOUPY?u =0 ondQ,

that is T(b(x)) is the solution of the last problem (4), for b > 0 and b € L*(Q).
DefineI'y = {b € L*(Q) : T(b) > 0}.
To discuss problem (4), we need some theory of variable exponent Lebesgue-Sobolev spaces. For

convenience, we only recall some basic facts which will be used later. For details, we refer to [11, 15, 19, 21,
26-28].
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For p € C.(Q), we designates the variable exponent Lebesgue space by
rY(Q) = {u : QO — R is measurable and f [u(x)PPdx < +oo}
Q
equipped with the so called Luxemburg norm

[ty = inf{A > 0 fQ |@|”“‘)dx <1},

J— 1 (%)
Proposition 2.1. If f : Q X R — R is a carathéodory function and satisfies |f(x,t)| < a(x) + b|t|% for any
(x,t) € QX R, where p; € C4(Q,i=1,2,a € L*™(Q),a(x) > 0 and b > 0 is a constant, then the Nemytsky operator
from LP*™(Q)) to LP20)(Q) defined by N(u)(x) = f(x, u(x)) is a continuous and bounded operator.

As in the constant exponent case, the generalized Lebesgue-Sobolev space W™ (Q) is defined as
WH(Q) = {u € IP9(Q) : [Vul € LFI(Q)),

with the norm
[[ully = |u|p(x) + |V”|p(x)-

With such norms, LF®(Q) and W'#®)(Q) are separable, reflexive and uniformly convex Banach spaces.
Leta € L*(Q), a := infyg a(x) > 0 and for any u € W'*®(Q) define

lluell = inf{’t >0 : f |E pmdx+f a(x)|E|p(X) doy < 1}.
o't Fle} T

According to Theorem 2.1 in [8], ||.|| is also a norm on WPM(Q) which is equivalent to standard norm ||.||;.
Proposition 2.2. Let p(u) = fQ [VuPOdx + fao a(X)|[ulP® doy. For u, u, € WO(Q),n = 1,2, ..., we have

. p(u/lulp(x)) =1

Null<1(=1,>1) & pu)<1(=1>1).

Ml < 1= Jlull”” < pu) <l

Null > 1= JlullP < p(u) < [lull”.

. Then the following statements are equivalent each other:

U = W N =

(a) lim ||lu, —u|| = 0.
(b) lim p(u, —u) =0.
(c) u, — uin measure in Q and lim p(u,) = I(u).
For A c Q, denote by p~(A) = inlg p(x), p*(A) = sup p(x).
XE.

X€A
Recall the following embedding theorem.

Theorem 2.3. Ifq € C..(Q) and q(x) < p*(x) (resp. q(x) < p"(x)) for x € Q, then there is a continuous (resp.compact)
embedding W'®)(Q) — LID(Q).

Let us recall the following interesting result:

Proposition 2.4. Let X a Banach space. If ] € CY(X,R) is bounded from below and satisfies (PS) condition, then
¢ = infx ] is a critical value of |.
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Related to problem (1), the associated functional I : X — R s given by

1
Iw) = | —|Vuf®d ——|u, PP d fF 1) dx.
®) LP(X)| 4 xr aQﬁ(X)P( )Iu | 7" Q e, 0) dx

From the continuous embedding
WEPR(Q) = L(Q), Vs(x) € [1,p" ()],
which implies that I € CY(W*®(Q), R).

Proposition 2.5. Putting
1
(u) = f — V)™ dx + |u|r’<x) da,
¢ a p) aoﬁ p(x)

then ¢ € CY(X, R) derivative operator ¢’ of ¢ is
u).v = f [VulP®-2vyu Vo dx + f ‘B(x)ilul”(x)_zuv do.
o} aQ p(x)

(i) The functional ¢’ is of (S+) type, where ¢’ is the Gateaux derivative of the functional ¢.
(ii) ¢’ : X — X" is a bounded homeomorphism and strictly monotone operator.

The proof is similar to that in [14] with slight modification.

3. proofs

Lemma 3.1. Assume that (Hy), (Hz) and (Hs) hold, then
i) There exists v € X with v > 0 such that [(tv) — —oco as t — oo.
ii) There exist o, 6 > 0 such that I(u) > 6 for all u € X with ||ul| = a.

Proof. i) In view of the condition (H;), we may choose a constant K > 0 such that
F(x,s) > K|s]"" uniformly in x € Q, [s| > Ck. (5)

Let t > 1 large enough and v € X with v > 0, from (5) we get

1 1
I(tv) < f ——|Viol™ dx + () —[to]P® do — f F(x, to)dx — f F(x, tv)dx
o p(x) Q P p(x) Itol>Cx lt|<Cx

stp*l_( f IVoP® dx + f B[P do) - Kt f ol dx — f F(x, tv)dx
p Q 9Q Q |tol<Ck

sﬂﬂ*l_( f Vo™ dx + f B)loP™ do) - Kt f ol dx + Cy,
p Q 90 Q

where C; > 0is a constant, taking K sufficiently large to ensure that

f VolP®@dx + | B)of™ do f [olP"dx < 0
2Q

which implies that

I(tv) - —c0  ast — +co.
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ii ) for || u ||< 1 we have

umz%«fwwmw+fﬁmmwu@—fpmmm
pTtJo Fle) Q
z%wW-jﬁmmw
p Q
Furthermore, in view of (H;) and (H»),
If(x, )| < elul ! + C()ul™™, V(x,u) e QX R.
By the continuous embedding from X into L1¥(Q) and L7 (Q) there exist ¢1, ¢, > 0 such that

|M|L;ﬂ*(Q) < cqllull, |u|m+(Q)/ |u|Lﬂ’(Q) < col[ul]

for all u € X. Hence

fF(x, u)ydx < f %|u|”+ dx+f %Wra(x) dx
Q Qb o q9(x)
< sc’17+||u||l’+ + cgfif)“u”q’
q

forallx e Qand all u € R.
Therefore,

() > (pi = CO hull” " = e} | ",
since 1 < p* < g7, then for r sufficiently small we take ¢ > 0 such that
Iu) >0, Yue X with |u|l=r
O

Lemma 3.2. For the functional I and for any (u,), € X and t €]0, 1[, then we have

I(tu ) < ﬂf [ I f ] (x y )u dx] f F(x u )dx
n) —= _ f 7 n n 7 n .
P’ OUf. Consider a funCtion l,b SuCh that

—tV f(x, un)uy — F(x, tuy),

1
Y(t) = =

then

l//(t) = tp__lf(xr Up) Uy — f(x/ tu,)uy,
tp__lun(f(x/ Up) — f t) )r

1

which means that ¢/ () > 0 for t €]0,1] and ¢’(t) < 0 when t > 1, it follows that

W) < (1), V> 0.

2110

(6)
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Since I'(u,).u, — 0 we can see, for any n > 1, that

1
—= < I'(uy)ty = f Vi, P& dx + f B, P do — f £, )ity dx < 1 9)
n Q Q Q n

Using the formulas (8) and (9) we obtain

1 B(x)
I(tu,) = f— Vi, |'®) dx+f [P0 da—fF x, tuy,) dx
R e s p@ o)

< ;l [% + Lf(xr un)un dx] - LF(X, tun) dx. (10)
[

Proof. [Proof of Theorem 1.1:] 1) To this end, let (1,), C X satisfying the proposition 2.4, then

1 B(x)
I(u =f—|Vu P dy + —|u Ip(")do—fl-"x,u dx =c+o(1
(tn) o px) ! aq P(x) " Q ) @
and
(1 + a1l ()l > O
then
= [ et = o)
Q
and also
Vi, P2V, Vo + f B, 2ugp do — f F(x, un)p = o(1)
Q 9Q Q
Yo € X.
We prove that such (u,), is a bounded sequence in X.
Define y
2ptc)lir
n= ﬂ 6]0,1[
[l
and
wy, = t,Uy,.

Because ||w,|| = (2p+c)1/ " 50 w, is bounded in X, therefore, up to a subsequence still denoted by w, we have

wy, = w in X
wp = w in L19Q), q(x) € [p7,p*(x))

and
w, = w a.e in Q.

Suppose that ||u,|]| = oo and then we confirm that w = 0. Indeed, putting
Q={xeQ : wkx) =0}

and
QD ={xeQ: wlk)=+0}.

Easily we can see that |u,(x)| = oo a.e in (.
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From the assumption (H>) and for n large enough, we have that

— >k uniformely x € ()
[P

for k large enough. Thus,
2p'c = lim fw,lf’

_ lim |f(x/ un)l
n=0 Jo fuy P!

|y, |p+ dx

> klim | |w,)f dx

n—oo
Q

— k f P dx. (1)
O

The fact that 2p*c is constant and k is sufficiently large so we infer that [(),| = 0 and then w = 0in Q.
Furthermore, since w = 0 and in view of the continuity of the Nemitskii operator we get

F(,w,) — 0 in LY(Q)

what implies that
lim F(x, w,)dx =0,

then,

I(wy)

\%

1 .+
—t f Vi, PO dx + f [11,P®) do | - o(1)
p* [ Q 0 ]

1
> F 2p*c—o0(1) =2c—-o(1)
> c. (12)

On the other hand, for certain n > 1 we have

-1 p 1
— < F(I (Un), un) < E

n
Hence,
I(u,) = f ——|Vu,[P® dx [1,PY) do — f F(x, u,)dx
p(x) a0 Q
% P ( f(x )t dx) fQ F(x, ) dx (13)
that is,
I(u,) + L_ > f (i_f(x, Uy )y — F(x, un)) dx. (14)
np QP
Meanwhile, from Lemma 3.2,
Ity < 2 + f (% £ unYun — Fx, ) ) dx. (15)
np QP
By virtue of (14) and (15), we have
Hw,) < v+l + I(u,) — ¢,
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which is contradictory with (12). Therefore, (1), is bounded in X.

Since (i), is bounded and f(x, t) verifies the sub-critical growth condition, then by using the compact-
ness of Sobolev embedding and Proposition 2.5, it follows that there exists a subsequence of (u,), which
converges strongly to a nontrivial critical point of I and the proof of the first assertion is completed. [

2) Since X is a reflexive and separable Banach space, it is worth to recall that there exist e; € X and e; eX*
(j=1,2...) such that

o 1if i=],
ejlei) = { 0if i#]

X = spanie, ez, ...}, X* = spanie],e;, ...},

k )
X; = spanle;), Yy = @Xi, Zi = @Xi. (16)
i=1 i=1

Theorem 3.3 (Fountain Theorem, [31]). X is a Banach space, I € C}(X,R) is an even functional an satisfies the
(P.S) condition, the subspaces Y and Zy are defined in (16).
If for each k=1,2..., there exists py > dy > 0 such that

(a) max I(u)<0.
ueYyllull=px

(b)) inf I(u) > c0ask — oo.
ueZy ||ull=dx

Then I has an unbounded sequence of critical values.
Now, via Fountain Theorem, we are to prove that problem (1) has infinitely many solutions.
Lemma 3.4. Sig(x) € C4(Q), q(x) <p*(x) forany x € Q, denote

Br = supllulye; llull =1, u € Z},

then limy_ ,Bk =0

(a) For u € Zj such that ||u|| = r, > 1 (r, will be specified below), by condition (H;), we have

1
I(u) = f ——|VulP® dx + f |, [P® do — f F(x, u) dx
o px) 9Q ! Q

1 _
> —|lulp” - f Cljul + Jul™™)dx
Q

|~

P q&) _
2 —|ull” = Clul, ) = Cllull, where & €Q,

SellulP™ = € = Cllull if Julgy <1
%I ull’” = CBellul)™ = Cllull if fuly > 1

\%
/_/a-w

2 Fllull’”_ — C(Bllull)™ = Cllull - C

I
YEI

i (p+ cpl ! ”) Cri—C.

We fix ry as follows
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Cq+ﬁf]+ p’ltl*

then
-(1 1
Iw=r (—=-—|-Crn-C
p q+
Using Lemma 3.4 and the fact p* < g%, it follows ry — +o0, as k — +co. Consequently, I(u) — +oo as
[|lu]| = +oo with u € Z.
(b)
Since dimY} < oo and all norms are equivalent in the finite-dimensional space, there exists di > 0, for all
u € Y with |[u|| > 1, we have

A

M) < diduf). = 2dilul. + elul”

+ +
—Collull’” + eCslull”,

IA

Therefore, for ¢ > 0 small enough and py large enough (px > 1), we get from the above that
ar = max{I(u) : u € Yy, |lull = px} < 0. O

Proof. [Proof of Theorem 1.2]:
a) Existence: From the fact that f € C((), R) and by (Hs), there exists a constant m such that

f(x,0) <m, Yx € JQ.

Then

Apu =m in Q,

17)
P22 g2 =0 on a0,

has unique L solution u; which is nonegative (see [8].
Denote
_ fx,0) if u<o,
fx,u)y= { flxu) if 0<u<u,
flx,ur) if u>u

Hence, — < f(x, u) <m, ¥x € Qand u € R. Thus,

[F(x, u)| < Klu|, for xeQ,

where f(x, u) = fou ﬂx, s)ds.
Let us consider

1 B(x) -
— —IVulP® 4 L de — | Fx,u)dx,
v Lp(x)l up a0 P(x) & ’ jﬁ‘) G

for u € WhM(Q). B
A standard argument shows that ¢ € C'(W?®(Q), R), since p~ > 1 and f is bounded.
When ||u|| > 1 we have

1 _
P(u) = FIIMII” — Kyllull,
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with K is a positive constant. Then ¢ is coercive, and since it is sequentially weakly lower continuous, we
conclude that ¢ has a global minimizer u € W"?®(Q) s.t ' (u) = 0. Thereby, u verifies

f [ValP®=2Vi.Vo dx + f B[P 200 do — f ﬁx,ﬁ)vdx,
Q Fle} Q

for all v € WM (Q)). _
Taking 1™~ as test function and keeping in mind that f(x, u) = f(x,0), for u < 0, then we have

f Vi ™ dx + f B P® do — f foo, ) dx =0
Q 2Q Q

As we have ﬂx, u”)u <0, s0we get

f Vi P® dx + f B P do <0,
Q 2Q

which implies that u~ = 0 and then u > 0.

Meanwhile, f(x,u) < m, according to comparison principle [9], we have u < u;. Hence,

F 1) = f(x, )

and then u is a solution of (1.1), which is nontrivial because f(x,0) # 0.
b) Uniqueness:
Let recall the following formulas:
Vx,y e RN
| x—yP<2(x P x=y 2 y(x-y) if y=2,
1

(X Ly PPy PR -y if 1<y <2,

2
[x—yl<

where x.y is the inner product in RY.
Let u and v two solutions of (1.1), viewing the last inequalities, we have

0 < f V2V — [Vop®2Vo)(Vu - Vo) dx +
[u>v]
f ﬁ(x)(lulp(")‘zu - Ivlp(x)‘zv)(u - v) do
2Q
< f ’Vul”(x)_ZVu - |Vv|7’(")_2VU)V(u o)t dx +
Q

-2, _ P23 — )
L()ﬁ(x)(lulp u— ol v)(u v) do

fQ (£, u) = £, 0))(u - 0)* dx <0. (18)

Thus, Vu(x) = Vo(x) for a.e [u > v] = Q.

Let x € Q\ Qy, then (1 — v)*(x) = 0 and V(u — v)*(x) = 0 for a.e Q\ () thereby, (u — v)"(x) = 0 and
V(u —-v)*(x) =0fora.eQ,so (u—v)* =0fora.ex e thatmeansu <v for a.e x € Q.

Similarly, we provev < u a.e x € Q, hence,u =v. [

With similar arguments as those used in [13], we can obtain the following result,

Proposition 3.5. 1) For every b € L*(Q), problem (4) has a unique solution T(b) and T(b) € L™.
2) The mapping T : L*(Q) — L*(Q), is increasing, that is, when b(x) < d(x) we have T(b(x)) < T(c(x)) in Q.
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Proof. [Proof of Theorem 1.3]:
Suppose that f(x,u) = eh(x)g(u).
Let us consider the function
g(1) for u>1,
g(u) = g(-1) for u<-1,
gu) for —1<u<l,

and define a(u) = fou g(t)dt foru € R.
Let put

- [ Ly s — e )
ylje(u)—Lp(x)IVulp dx + agﬁ(x)p(x)lulp do éLh(x)g(u),ueWW (Q).

From the definition of g, there exists a positive constant C such that
gu) <C ueR,

then _
|G(u)| < Clu.

The fact that p~ > 1 and h € L*(Q), we can see that . is coercive and sequentially weakly lower semi-
continuous, since W?®(Q) is reflexive, so 1. possess a global minimizer 1, which is a weak solution of the
following problem

—Apu = eh(x)g(u) inQ,

19
IVuIP(’”‘zg—Z + PP ?u =0 ondQ. (19)

We point out that when ¢ — 0, we have |eh(x)g(u)| — 0 and |u,|.~(€2) — 0. Taking ¢ > 0 sufficiently small in
order to have |u.[;~(Q) <r < 1.
From the definition of g7 we can see that g(u.) = g(u,) and accordingly u, is a solution of problem (1).

On the other side, from the continuity of g, particulary in 0, there exists > 0 such that

lg(s) — g(0)| < g(0)e, for Is| <r

with ex = &, fork >2
For ¢ > 0is small enough and the last inequality, we have

B = e () - e (gtu)
> el - g O (@) - T ()
> (1= @Ot @) - (1 + (), 0

Hence, for ¢ € (0, OTO)M)) we have that A = £(1 — €)g(0) < 0. In virtue of the assumption (Hg),
e(1 - ex)g0)(h*(x) — (1 + e)h™(x)) > 0.

In view of the comparison principle, u, is a positive solution of problem (1). [
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