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Existence and multiplicity solutions for a singular

elliptic p(x)-Laplacian equation

Shahrbanoo Aboulfazli, Mohsen Alimohammady and Asieh Rezvani

Abstract. This paper deals with the existence and multiplicity of nontrivial weak
solutions for the following equation involving variable exponents:

— Dp(z) U+ = Ah(z,u), in Q,

u =0, on 0N,
where © is a bounded domain of RY with smooth enough boundary which is subject
to Dirichlet boundary condition. Using a variational method and Krasnoselskii’s
genus theory, we would show the existence and multiplicity of the solutions. Next,

we study closedness of set of eigenfunctions, such that p(z) = p.

Keywords. p(x)-Laplacian, variational method, genus theory, Sobolev space.

1 Introduction

In this paper, we study the following problem

— Dp(z) U+ = Az, u), in Q,

(1.1)
u =0, on 09,

where Q is a bounded domain of RV with smooth enough boundary. Let A be a positive real
parameter and p be real continuous function on  with 1 < r < p(z) < p*(x), where p*(z) =
Np(z)
N —p(z)
operator ( for details, see [8, 10] ).
We assume throughout this paper that the function h satisfies the following hypotheses:

and p(z) < N for all z € Q, Ap(y) u = div (|Vu[P®)~2Vu) denotes the p(z) -Laplacian
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(H1) h:Q xR — R is a continuous function such that Cy [t|*®) =1 < h(z,t) < Cot*® 1 for all
t > 0 and for all z € Q, where Cy,Cy are positive constants and a, 3 € C(Q2) such that
1< B(z) < a(x) < p*(x) for all x € Q.

(H3) his an odd function according to t, that is h(x,t) = —h(x, —t) for all t € R and for z € Q.

In recent years, the study of p(x)-Laplacian problems in the variable exponent Lebesgue
Sobolev spaces is an interesting topic. For many problems, authors studied the existence one, two
and three solutions. For example, in 2021, Ragusa- Razani- Safari [2], considered the existence of
one solution for a p(z)-Laplacian problem with Dirichlet boundary condition, by using variational
principle. In 2022, Yucedag [22, 23], for Steklov boundary problems and in 2023, Chu- Xie- Zhou
[7], for a new p(z)-Kirchhoff problem, proved the existence of one solution by using the Mountain
pass theorem. In 2022, Heidarkhani- Ghobadi- Avci [14], considered the existence two weak
solutions for p(z)-equations. In 2014, Allaoui [1], for a Robin problem and in 2021, Aydin-
Unal [5], for a Steklov problem, studied the existence three weak solutions by using Ricceri’s
variational principle.

In [3], the authors studied the Kirchhoff type equation:

1
-M (p(m) fQ |Vup($)dx) Apy u = f(z,u), inQ,
u =0, on 0N).

(1.2)

They established the existence and multiplicity of the solutions of the problem (1.2).

The authors in [4], by using the mountain pass theorem, the fountain theorem, the dual fountain
theorem and the theory of the variable exponent Sobolev spaces, obtained results on existence
and multiplicity of solutions for the following problem:

|V ulP@)

M (fﬂ () da:) (— Ap(z) u) = f(z,u), in Q, (1.3)
u =0, on 0N).

In [9], Z. El Allali and S. Taarabti studied the p(z)- Kirchhoff equation:

1
-M (p(m)/ﬂ|VU|p(“")dz> Aﬁ(x) u= f(z,u)in Q, (1.4)

with Neumann boundary conditions, by using the Krasnoselskii’s genus theory.
In [18], R. M. Khanghahi and A. Razani showed that the following problem:

|u|s—2u

|z[®
u =0, on 08,

— DNpz) u+ = Af(z,u), in Q,

(1.5)

have two weak solutions in the case when f : 2 x R — R is a Caratheodory function satisfying
fz,t) < ay + ast?®=2 for all (z,t) € Q x R, where a1, as are two positive constants.

Here, we prove at least m pairs of distinct critical points and then infinitely many solutions for
equation (1.1) by using variational method and Krasnoselskii’s genus theory.
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2 Preliminaries

We recall some necessary definitions and propositions concerning the Lebesgue and Sobolev
spaces.

Let © be a bounded domain of RY. Set
Q) := {s(z) € C(Q);s(z) >1, Vaec}.
For any continuous function s : Q — (1, 00),

s~ := inf s(x) and st :=sups(x).
e zeN

For s € C(Q), define

L*®(Q) = {u :Q — R is a measurable function : / lu(z)|*@dx < +oo} .
Q
Endowed with the norm:

s(z)
ullsa) = inf{ﬂ>0: / dx <1}.
Q

L*®)(Q) is well known that is a separable reflexive Banach space [6, 12, 16].
The modular of L*(*)(Q) is defined by

Us(:z: / |U, s(ac

Proposition 2.1. [10, 13]. (LS ) (), ||u||s($)) is separable, uniformly convex, reflexive and its

u(x)
"

conjugate space is (LS @(Q), |ulls(z)) where
1 1

——t—=1, V Q.
@ e S
For all u € L¥™(Q), w € L¥®)(Q), we have
1 1
Jwwds] < (524 52) Tallo Tl < 2l ol 1)

Proposition 2.2. [11, 16] Suppose that u,u, € L*®) (), we have

lullsgey > 1= iy < 0ue () < Ilulli;
lallotey < 1= lulliey < ooy (@) < Julli;

llull sz > 1 (respectively, = 1; < 1) < oy (u) > 1 (respectively, = 1;< 1);
l|tn || s(z) — O(respectively, — 4-00) < 04(5)(un) — O(respectively, — 4-00);
nl;rrgc lun — ulls@) =0 <= HILH;O Og(z)(Un —u) = 0.

The Sobolev space W*#)(Q) is defined by

les(m)(Q) — {u c Ls(z)(Q); |Vu| c LS(z)(Q)}.
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It is a separable and reflexive Banach spaces with norm:
||u||1,5(m) = HUHS(:E) + ||VUHS(:6)

(For more details, we refer to [8, 16]). Denote by W, Wy S(I)(Q) the closure of C§° () with respect

to the following norm:
s(x)
||u||:inf{,u>0: / Vulz) dxgl}.
Q

I

It is well known that

W, (Q) = {u € L*™(Q) =0, |Vul € Ls‘”)(ﬂ)} :

P
For more details, we refer to [6, 11, 15].

Proposition 2.3. (Sobolev Embedding[10]) For s,s' € C4(Q) and 1 < s'(z) < s*(x) for all
x € Q, there is a continuous compact embedding

1,s
Wo () = L) (),
which is continuous and compact. Therefore, there is a constant cqg > 0 such that
l[ulls ) < collull-
Proposition 2.4. (Poincare Inequality [19]) There is a constant ¢ > 0 such that
”uHS(E) < C||VU||S(I)7 (2.2)
for all u € Wy *™(Q).

Remark 1. From Proposition 2.4, ||Vul| 3 s(x)(Q)~

Proposition 2.5. [10, 13] The functional A : Wols(T)(Q) — R defined by A = fQ |Vu| @) dx

is conver. The mapping A : Wol’s(m)(Q) — (W&"Q(I)(Q)) is a strictly monotone, bounded

homeomorphism and of (S type, if u, — u (weakly) as n — oo and lim,, o0 (A (un), Uy — u) <
0 implies u, — u (strongly).

Definition 1. [20] Let 1 < r < N, we have

|u(z
A |ac|’“ _M |Vu )|"dx, (2.3)

for all u € W&’S(I)(Q), where M := (N — T) .
r

Definition 2. Let U be a real Banach space. Set R := {B C U—{0}; B is compact and symmetric}.
Let B € R and we define the genus of B as follows:

~¥(B) :=inf{m > 1; 39 € C(B,R™\{0}); g is odd}.

And ~v(B) = oo, if does not exist such a map g. y() = 0 by definition. For more details, we refer
to [9].
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3 Main results
Let E : Wol’p(z)(Q) — R is a functional defined by

1
E(u ::/ —|vulP® dg +
() QP($)| |

where 1 < r < p(z) < co. By [21] and [[16], Theorem 3.1],

1 T
ﬂdac, (3.1)

rJo |zl

e Fc(C.
e For all u,we Wol’p(x)(Q),
r—2
E'(u)(w) := / <|Vu|p(x)_2Vqu + WU) dz. (3.2)
Q

o« E WP Q) - (Wol’p(w)(Q)> defined by (3.2) is strictly monotone.
o E: Wg’p(x)(Q) — (W&’p(x)(Q)) is homeomorphism and a mapping of type (S4).

Now, let h: Q x R — R be a Caratheodory function. For all (z,2) € Wol’p(m)(Q), define

H(x,z):= /Z h(z,t)dt. (3.3)

Q

For u € W, ") (Q), define F : W ") (Q) — R by
Plu) = /Q H(z, u(x))dz, (3.4)
F € C" and has compact derivative such that
F()(w) = [ houw)ula)ds, (3.5)
for u, w in Wy (Q) (see [21]).
Definition 3. u € Wol’p(r)(ﬂ) is called a weak solution of (1.1) if

r—2
/ <|Vu|p(w)_2Vqu+ |uuw) dx = )\/ h(z,uw)w dz,
Q |z )

for all w € Wol’p(z)(Q).

The energy functional associated with problem (1.1) can obtained by

1 T
L[l de — X\ | H(xz,u) dx,
rJa |@" Q

1
T(u) = | ——|VulP® dz +
= f ™

for all u € Wol’p(z)(Q). It is well defined, C! functional and for all u,w € Wol’p(x)(ﬂ)
|u|"2uw

(7' (u), w) :/ VPP =2 vuvw + ———— | do — )\/ h(z, w)w dx.
Q || Q

We consider 2 € RV (N > 3) as a bounded domain with smooth boundary and p € C (Q) such
that
1<p” <Ba)<pt <a” <al@)<a® <r<p” <pla) <p' <p'() (3.6)

and p(xz) < N for all z € Q.
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Definition 4. The functional 7 satisfies in the Palais-Smale condition at the level ¢, (PS)., if
for every sequence {u,} C WO1 P (I)(Q) satisfying

T(up) — ¢ and 7'(u,) -0 asn— oo,
has a convergence subsequence.

Theorem 3.1. [9]. Let 7 € CY(W, Wwyr@ ,R) and satisfies the (PS)c condition. We assume the
following conditions:

i) T is even and bounded from below;

ii) There exists a T € R such that v(T') = m and sup, e 7(x) < 7(0).

Then problem (1.1) has at least m pairs of distinct critical points and their corresponding critical
values are less than 7(0).

Theorem 3.2. If (3.6), (H1) and (Hz) hold, then there are at least m pairs of distinct critical
point for (1.1).

Lemma 3.1. Under assumptions (3.6), (Hy) and (Hz), T is coercive on Wol’p(z)(Q) and bounded
from below.

Proof. For any u € Wol’p(I) (Q), we have

/ (VulP®) dz +f— —A/qu
p(z)
1
> j/ | V[P dm—A—_/ |u|*®) dg.
a Jao

If o) (u) = fQ |u|P(®) dz, by Proposition 2.2 and Proposition 2.4, we have two cases:
i) If Op(x) (u) > 1
1 - Cy +
T — 22yl
) 2 ol = Al

According to (3.6), T is coercive and bounded from below.
ii) If op(u) < 1,

1 /\C’g o
7(u) 2 e ullP" = ==l
Because of (3.6), so 7 is coercive and bounded from below too. O

Lemma 3.2. If (3.6), (H1) and (Hz) hold, then 7 := E — AF satisfies the (PS). condition.

Proof. Let {u,} C Wol’p(x)(ﬂ) be a (PS). sequence. Initially we prove that {u,} is bounded in
WO1 P (w)(Q). Assume by contradiction the contrary. Then, passing eventually to a subsequence,

1
[[tn|l = +00 as n — +oo. We choose §, 0 < § < —-. By Definition 4, for large enough n,
p

C+lunll = 7(un) = 0(7' (un), un)

1 nl”
:/ p—(z)|Vun|p(’”) dx—i— |u | —/\/ H(x,uy)
Q
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—0/ <Vun|p ) 4 |un| ) d:ﬂ—A/ h(z, up)uy, dzx
Q

*/ |Vun [P dar — f/\unr*(’”) dx—e/ |V [P d:c+)\902/ | |*@) do
Q Q Q

1
= <+ — 9) / |V, [P@) dz — AC,y (_ - 9) / |V, |*®) dex.
p Q « Q

By Proposition 2.3, there is a constant Cy > 0, such that

1 1
- (Oé_ - 9) ”un”a > >\CO <_ - 0> ”u"”

1 1
O+ llunl) > (p+ - 9) JunlP” — ACH ( - 0) Jtall

It follows from (3.6),when we divide the last inequality by ||, || and pass to the limit as n — 400,
we obtion a contradiction. Thus {u,} is bounded in Wy (). Then, we prove that {uy,}
has a convergent subsequence in WO1 P (m)(Q). It follows from Proposition 2.3 and reflexivity of
WOLP(‘T)(Q), we may assume that

So

Up — U in Wol’p(I)(Q), U — u in L (Q), un(z) = u(x), ae. in Q, (3.7)

where 1 < s(z) < p*(x).
From (Hy), (2.1) and (3.7)

<Gy

/Q B2, un) (un — u) dz

/ i |20y, (1 — u) da
Q

< 04 ‘|un|a(a;)—1

< Cg/ |un|a(z)71|un — uldx
Q

a(z) |u” - u|a(ﬂc)'
T

(@) —

Because {u,} converges strongly to u in L*®)(Q), that is |u, — U|o(z) — 0 as n — oo, we get

/ h(z, upn)(un —u) de — 0. (3.8)
Q

Similarly, by (2.1) and (2.3), we have

/ [unl"™ TZL' Un =W gy, (3.9)

From Definition 4,
(7" (un), up, — u) — 0.

Thus,

r—2 _
(7" (un), up, — u) = / |Vt [P 29w, (Vi — Vu)da +/ [un | Zin (1, = ) dx
Q Q

||”

- )\/Q h(z, up)(un —u) dz — 0.
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From (3.8) and (3.9), we have

A = / |VUn\p(z)72Vun(Vun — Vu)dzx — 0. (3.10)
Q

Then by (3.10) and Proposition 2.5, the sequence {u,} converges strongly to u in Wol’p(x)(ﬂ).
Therefore, 7 satisfies the (PS). condition.

Proof of Theorem 3.2. Set R,, = {B C R; v(B) > m} and d,, = inf sup7(u),
BeRm wecB
m=1,2,---, then we have

_Oo<d1§d2§"'§dm§dm+1§~-.

We will show that d,,, < 0 for every m € N. Because VVO1 P g a separable Banach space, for any

m € N, let X,, be a m-dimensional linear subspace of Wol’p(I) such that X,,, C C§°(2). As the
norms on X, are equivalent, there exists r,, € (0,1) such that u € X,,, with ||u|| < r,, implies
Set S = {u € Xy»; |lu|| = rm}. By the compactness of S} and condition (H1), there exists a
constant p,, > 0 such that

C
/H(:r,u) de—i/ [ulf@ dz > p,,, Yue ST,
Q BT Ja "

For w € S and t € (0,1), we have

1 (@) 1 [ |[tul”
T(tu) = [ ——tvulP'*) do + - dex — X | H(z,tu) dzx
o p(z) rJa lxf” Q
tp7 tr T
< f/ |VulP@ dz + — ful dx — Apm.
P~ Jo T Jo |zl”

Then

: |t () [ ul”

lim 7(tu) < lim | — [ |vVu|?'* dax 4+ — dx — A\pm | = —Apm.-
t—0 t—0 [ p~ Jq r Jo |z

Consider t,,, € (0,1) converging to zero such that

lim 7(tmu) < —Apm.

tm—0
Then
T(tmu) < )\’% — Ao < —%)\pm.
Since ||tmu|l = timrm, SO
T(tmu) < —%)\pm <0, YuesS",

and

1
7(u) < —iApm <0, Yues’", |,
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SO

1
sup 7(u) < —=Apm < 0.
uesy 2

tmTm

1
It is well known that v(Sf*,. ) =m, d,, < —5)\pm < 0. Since 7 is even, so by Theorem 3.1, 7

tmTm

has least m pairs of different critical points. O

Corollary 3.3. If (3.6) holds. Then there are infinitely many solutions for (1.1).

Proof. Since m is arbitrary, so there are infinitely many critical points of 7. O

4

Example 1. The function h(z,u) = u*sinu, satisfies hypotheses H; and Hs and the following

problem satisfies Theorem 3.1.
r—2
U
= utsinu, in Q,

|z["

u =0, on 0NQ.

~ Bp(a) U T

4 Closedness of the set of eigenfunctions

We study closedness of the set of eigenfunctions of the problem (1.1) in typical conditions. We
consider the following problem:

—div (|Vul[P~2Vu) + [ul” = AMu|72u, in
2l e (4.1)
u =0, on 09,
where
l<g<p<p (4.2)
The pair (u, A) € Wol’p x RY is a eigenpair of (4.1) if
-2 u[P2uw -2
[VulP*VuVw + —— | de =X | |u|" “uwdx, (4.3)
Q || Q
for all w € W, P(Q). Let
(Au, w) :/Q|u\q_2uwdx, (4.4)
and )
p—
(Bu,w) = [ |Vu|P"2VuVwdz + [P uw (4.5)
Q o |z

Then (4.3) becomes Bu = AAu.

Theorem 4.1. The sets of eigenvalues of the problem (4.1) are closed.

Proof. Let {(un, pn)} be a sequence of eigenpairs of (4.3) such that u,, — p for some p > 0. We
show that there is u such that w, — u and (u, i) is a eigenpair of (4.1). First we prove that {u, }
is bounded in VVO1 P(Q). Assume by contradiction for large enough n, by (4.3), we have:

P
/|Vun|pdx—|—/ |UnL da;:,un/ |tn|? da.
Q o |zl Q
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So

flun P < ;“nH“an'

By Sobolev embedding we have:
[unll” < pncollun||?.

It follows from (4.2), when we divide the last inequality by ||, ||? and pass to the limit as n — oo,
we obtion a contradiction. Thus {u,} is bounded in W,?(€2). We can assume |ju,|| = 1 and thus
{un} has a weakly convergent subsequence. We may assume that u, — u in Wy* (). By (4.3),
(4.4) and (4.5) we have:

(B(up),un —u) = pn(A(un), un — u). (4.6)

By (2.1) we have:

(A(un),up —u) = |/Q|un|q72un(un —u)dr| < ||Un|q71| q |un, — u q- (4.7)
qg—1

Because {u,} converges strongly to v in L9(Q), that is |u, — u|, — 0, as n — oo, we get
(A(un),un, —u) — 0, as n — oo. From (4.6), (B(up),un, —u) — 0, as n — oo. Then by
Proposition (2.5), the sequence {u,} converges strongly to u in W, ().

To show that u is an eigenvalue of (4.3) and w is an associated eigenfunction we need to show
for any w € W, *(2) as n — oo,

/|Vun\p_2Vun dex—>/ \Vu|P~2Vu Vuw dx, (4.8)
Q Q
p—2 p—2
JunP” un g, [l uw (49)
Q |[P o |z
and
/\un\‘FZunwdaj%/ lu" 2w w d. (4.10)
Q Q

Let t,, = |Vu,|[P~2Vu, and t = |[Vu[?~2Vu. Then as u, — u in Wy ?(Q), t, — ¢, a.e. in Q and

_pr _pr
/\tn|p_1da:—>/|t|p_1dx.
Q Q
p

It follows from Lemma A.1 of [17], that ¢, — ¢ in LP — 1 (€). Thus, by (2.1) and (2.3), we obtain
(4.8). Similarly, we have (4.9) and (4.10). O

Conclusion

Here, we proved multiplicity and infinitely of solutions for the problem (1.1) by using variational
method and genus theory. We also proved the closedness of the set of eigenfunctions for problem
(4.1), such that p(z) = p.
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