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Abstract. The goal of this paper is to study a class of Steklov problems involving a fourth-order
operator containing a singular term. Under suitable conditions, we prove the existence and multiplicity
of solutions.
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1 Introduction

Exploring problems involving growth conditions dependent on p(z) has attracted significant interest
due to their applicability in various fields. These applications include elasticity theory, image restora-
tion, fluids with unique properties such as thermorheological and electrorheological fluids, and even
mathematical biology. For more details, we refer to [1,10,19].

Several researchers have investigated the existence of solutions for specific problems involving a
fourth-order operator, as discussed in [2-4, 11] (particularly when the Kirchhoff function equals 1),
and [7,15,16,22,24,25,27,30,34]. These studies extend beyond the classical p-biharmonic operator to
cover scenarios where p is a positive constant.

Our aim is to study the following variable exponent problem:

|U|l72u
BE

u=0 on 0,

Au=Bu+ \f(z,u) =0 on 09,

Afn(x)u + w(x) =0 1in Q,

(P)

where:
e () is a bounded open domain in RY (N > 3) with a smooth boundary 99,

e The operator Afn(w)u = A(JAu|™*) =2 Au) is the m(z)-biharmonic operator,

m € C(Q) with infsm(z) > 1 for all z € Q,

Au = |Au|™®)=2 8% and Bu = 2% (|Au[™®)~2Au), where v is the outward normal vector on OS2,
e )\ is a parameter,

e w is a real L*-function with essinfw(z) > 0,
zeQ

e [ is a constant satisfying [ € (1, N/2).
Throughout this paper, the function f is given by
Flw,u) = h@)(Jul* 20— [u)? %),

where h € C(Q) is a nonnegative function.

We denote
m~ := inf m(z), m* := supm(x),
TEQ €0
o~ =infa(z), a™ = sup a(x),
ifala), o* = sup a(a)
B~ =infB(z), BT = sup B(z).
o0 €N

The weight h satisfies
(Hy) heL"®(0Q), with v e C(d9Q).

Now, we are ready to announce our first result.

m?(x)
mo(z)—1 "

Theorem 1.1. Suppose that A < 0 and y(x) >

(a) Assume that (Hg) and (Hy) hold where

y(z) -1 m6(1,)

(Hy) 1<l§m7§m+<a7§a+<57§5+<m2(x)= @)

Then there exits Ag < 0 such that every A € (Ao, 0) is an eigenvalue of problem (P).
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(b) Suppose (Hy) and (Hz) hold where
N - + - + — + 0
(H2) max{2,5}<a =a(z)<am <m” <m" < BT < BT <my(),

with 1 <l < a~. Then there exists A, < 0 such that for each A € (4,,0), problem (P) has at
least two weak solutions.

Next, we suppose the following condition:
- + - + N o
(H3) 1<il<a <a™<fpf <8 <m(x)<§ on .

The second result can be presented as follows:
Theorem 1.2. If A > 0.

(¢) Under the conditions (Hy) with v~ > N/2 and (Hs), there exists Ao > 0 such that for any
A € (0, A0), problem (P) admits at least one solution.

Mm@

mo@) —q(x)—1 and

(d) Suppose that v(x) =
(Hy) 1<B  <B@)<pt<i<m < g7 and a:0Q — (—1,0).

Then there exists A« > 0 such that for any A € (0, ), problem (P) admits at least one solution.

It is worth to emphasize that the p(z)-biharmonic operator introduces more complex nonlinearities
compared to its p-biharmonic counterpart. Typically, it is inhomogeneous and lacks a first eigenvalue,
since the infimum of its principal eigenvalue is zero. Furthermore, the methods utilized in this study
can be adapted to accommodate other boundary conditions, including Navier or Robin boundary
value conditions.

The existence of weak solutions of the following special case of problem

A2 U= MNu|?@®) =2y in Q,
Au=u=0 on 012,

has been studied in [4].

In [27], the author investigates the existence of weak solutions for a p(z)-biharmonic equation with
the Navier boundary conditions:

{AZ(@“ + |uP@ =2y = A(a(z)|u|"®2u — ¢(z) |u[P®)~2u)  in Q,
Au=u=0 on 01},

where a(x) and ¢(z) are nonnegative continuous functions. The study establishes the existence of at
least one nontrivial weak solution.

In [26], the authors employ Ricceri’s Theorem to prove the existence and multiplicity of weak
solutions for a (p(z), ¢(x))-biharmonic elliptic equation involving a singular term under the Navier
boundary conditions:

|u‘s—2u

AL @yt + Afyu +0(2) P Af(x,u) inQ,
Au=u=0 on 0.

For the case p = 2 (without the Hardy singular term), the author of [29] examines the asymptotic
behavior of solutions and the unique solvability of a Steklov biharmonic-type problem. Additionally,
in [21], the spectral properties and positivity-preserving characteristics of the biharmonic operator are
analyzed under Steklov and Navier boundary conditions, with a focus on the first Steklov eigenvalue.
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In this work, we extend the existing results to the case of a p(z)-biharmonic equation with Steklov
boundary conditions. To the best of our knowledge, this general Steklov problem involving a variable
exponent has not been previously studied in the literature.

The paper is organized as follows. Section 2 reviews preliminary concepts related to variable
exponent spaces, while Section 3 presents the proof of our main result and establishes the existence
of solutions.

2 Preliminaries

To study problem (P), we need some foundational theory of variable exponent Sobolev spaces. For
clarity, we briefly recall the key concepts that will be used later. Let & C RY be a bounded domain
with a smooth boundary 0f2. Define

C.(Q) = {m € @) | essintmlz) > 1}.

For any p(z) € C4(Q), let m~ = minm(z) and m* = maxm(z). Additionally, we define the critical

z€Q z€Q
exponent
Nm(z) )
——— if k N
mjy(z) = ¢ N —km(z) if km(z) < N,
+00 if km(z)> N.

Remark 2.1. Tt is essential to distinguish between the two types of critical exponents used in this
work:

e The exponent mj(x), defined above, is the Sobolev critical exponent for the embedding
of the space WF™(®)(Q) into the Lebesgue space over the domain Q. The subscript k¥ € N
denotes the order of derivatives in the Sobolev space norm. In our analysis of the m(z)-
biharmonic operator, the relevant exponent is m*(x) = mj(x), that corresponds to the second-
order derivatives in the space X, since our space X is embedded in W2™®)(Q).

e The exponent m?(z) = md(z) = %, defined below, is the trace critical exponent for

the embedding of X into the Lebesgue space on the boundary 9Q2. The superscript 0 explicitly
indicates its relation to the boundary. Furthermore, the notation mf( () (and similarly mg(x))

incorporates a subscript to denote a parameter r(z) (or v(z)) stemming from a boundary
weight or from the nonlinearity in the Steklov boundary condition.

The variable exponent Lebesgue space is defined as

Lm™@(Q) = {v : = R measurable | /|U|m(w) dr < oo}

and is equipped with the norm

. v (@)
[V]p(z) = inf S > 0| /‘f‘ de <15.
v
Q

So, L™®)(Q) is a separable and reflexive Banach space [18].

Proposition 2.1 (cf. [16,18,33]). Let g(u f |o|™®) dzx. Forv e L™®)(Q), the following statements
hold:

L If [ulyzy < 1, then |u\m(l) glu) < |u|m(l)

2. If [0lma) > 1, then o] ) < g(u) < |ul2
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Proposition 2.2 (cf. [18]). For any u € L™®)(Q) and v € L) (Q), we have

’/uvdm
Q

umx v x)»

1 1
where =5 + gy = 1-
The variable exponent Sobolev space W5 ™) (Q) is defined as

WEmE(Q) = {u e L"(Q) | DYue L(Q), 7] <k,

N

where D% = % for a multi-index v = (y1,...,vn) with |y| = 3 v;. The space W™ (Q),
F1oEN i=1

endowed with the norm |jul| = 3 |D7uly(), is a separable and reflexive Banach space (see [4,15]).

[v|<k

Proposition 2.3 (cf. [16,18]). If m,r € C+(Q) such that r(z) < mj(z) for all x € Q, then there
erists a continuous and compact imbedding

whm@)(Q) — Lr@(Q).

Proposition 2.4 (cf. [38]). Define

plu) = /|Aw|m(m) da:+/|w|m('”) dx.
Q Q

For w,w,, € W2™®)(Q), the following properties hold:

L If [wl < 1, then [[w]|™" < o(w) < flw]™ .

2 0f |fwll > 1, then | < o(w) < [lw]™".
3. |lwn|| = 0 if and only if p(w,) — 0.
4. |lwn|| = +oo implies p(w,) — +oo.

Lemma 2.1 (cf. [18]). Let f: Q x R — R be a Carathéodory function satisfying

my (=) —
F(2,9)] < alz) + bls| 55, ¥ (a,5) €D xR,

where my (), mao(x) € C(Q), a(x) € L™ (Q), mi(z) > 1, ma(z) > 1, a(z) > 0, and b > 0
is a constant. Then the Nemytskii operator Ny : L™ (@) (Q) — L™2(*)(Q), defined by Ny(u)(z) =
flz,u(x)), is continuous and bounded.

Remark 2.2 (cf. [16]).
(1) W2m= Q)N Wol’m(z)(Q), Il - |) is a Banach space separable and reflexive space.

(2) By the above remark and Proposition 2.2 there is a continuous and compact embedding of
w2m(@)(Q) N Wol’m(w)(Q) into L*®)(Q), where s(x) < m} for all z € Q.

For s <m™ a.e. in €, it is known that
Wy " (Q) = Wt (), WAME@(Q) s W(Q).

In a particular case,
X < W™ (Q) N W™ (Q).
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In the sequel, we denote X := (Wol’m(I)(Q) N W?2m(*)(Q)) equipped with the norm

||u|:inf{u>0: ‘/|AU| dx<1}
v
Q

(see [15,16]), and let X* be the dual space of X.

We point out that X is also a reflexive separable space and there is a continuous and compact
embedding from X into LP(*)(Q) for 1 < p(z) < m(z).

Let w : 992 — R be measurable. Define the weighted variable exponent Lebesgue space by

w(z)

Lm(x)(('?Q) = {u : 00 — R is measurable and / |w(2)] [u(z)™®) do < —|—oo}
o0

with the norm
u(z) ’m(-”ﬂ)

|| () () = inf{T >0: / |lw(z)] ‘—
99

do, < 1}.
-

Then LZL((;))(GQ) is a Banach space.

In particular, when w(z) =1 on 99, LZL((;))((?Q) = L™®)(99) and [t m(2),w(z) = |Ulm(z),00-
Define

no(ay = (V= 1)
N —2m(z)
and )
m?(a:) (z) = %ma(l’),

where z € 9Q, r € C(9Q) with r—(9) > 1.
Recall the following embedding theorem.

Theorem 2.1 ([13, Theorem 2.1]). Assume that the boundary of {0 possesses the cone property and
m € C(Q2) with m~ > 1.
a
Suppose that w € L™ (0Q), r € C(9Q) with r(z) > m?(x()xL for all z € 9Q. If g € C(99) and

1<q(x) < mf@)(x), Vo e 09,

then there exists a compact embedding W) (Q) — LZ]((Z))((?Q),
Next, we give the classical Hardy—Rellich inequality (see [12]).

Proposition 2.5. Let [ € (1,N/2). Foru e W21(Q) N W' (Q), we have
u(z)[' 1 z
/ FE dx < n |Au|* dz,
Q Q

o (N(l - 2;)(1 - 1))1.

Remark 2.3. Let us denote by +'(z) the conjugate exponent of v(z) with

where
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we obtain

(N = 1ym(a)

o (@)B(x) = ﬂﬁ(x) <m?(z) and ¥ (z)a(z) <m’(z) = N —2m(x)

V(@) —1
Hence, by virtue of Theorem 2.1, we get X — L7 @@ (90) X — LY @F@)(HQ) and also X —
L@ (9Q) (resp. X — L@ (092)), which are continuous and compact.

We say that u € X is a weak solution of (P) if it satisfies

Ju|'~2uw
|22

/\Au|m(z)_2AuAvdx—|—/w(x)
Q

de — A / h(x)(\u|o‘(r)_2uv - |u|ﬁ(£)_2uv) do,, (2.1)
Q o)

for all v € X.
We shall look for a solution of (P) by finding critical points of the functional energy ¢ : X — R
given by

u) = L u|™ ) dx 1 wx|u|lu r — T 1 ua(x)_iuﬁ(a:) o
o) Q/m@)'A' d +ZQ/ (@) o @ /\aéh( ) (55l = 551l dow, 22

where [ € (1, N/2).
It is clear that ¢ € C*(X,R), and for every u € X \ {0} and v € X the following holds:

o (u) v = / |A|™®) =2 AuAv da
Q

1-2
+ /w(m) W dr — X / h(m)(\u|a(l)_2uv - |u|5(w)_2uv) do,.
o0

3 Proofs

Proof of Theorem 1.1.
a) We will apply the Mountain Pass Theorem. We begin by verifying the geometric conditions.

Lemma 3.1. There exist \* < 0 and p,r > 0 such that for any A € (A*,0), we have
p(u) >r, Yue X, with |ul = p.

Proof. For ||u|| sufficiently small, in view of Theorem 2.1, we have

u) = [ ———dx + dr — A | —= |u|*"doy + A | ——= |u|”Pdoy,
Q Q o0 o0

1
>
~—mt

L YA L e M
Since m™ < at < 87, there exist p, r > 0 and A* < 0 such that for any A € (A*,0), we have

o(u) >r, Yue X, with |ul| =p. O
Lemma 3.2. There exist v € X, v > 0 such that

tlggo p(tv) = —o0.
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Proof. Let v € C§°(Q), v # 0 and t > 1. So, we have

o= (1A N R e g, M) 8@ gy
ot )_(! e d) Aaéa(x) to]*@ d +)\aéﬁ<x)|t d

Aul! to -
[Aul A ho|*@ doy + A2 [ hlv)*® do,.
|$|2l OZ+

(o9} (o9}

1
<m” —7/|Au|m(m) da + !
m
Q

Since 3~ > a~ > m*T and A < 0, we get ¢(tv) — —oo as t — oo. This ends the proof of the
lemma. O

Lemma 3.3. The functional ¢ satisfies the Palais—Smale condition in X.

Proof. Let {(un)} C X be a sequence such that
o(up) —=¢>0, ¢(u,) =0 in X*, (3.1)

where X* is the dual space of X.

Let us show that (u,) is bounded in X. Assume, by contradiction, the opposite. Then, passing
eventually to a subsequence, still denoted by (u,), we may assume that ||u,|| — co. Thus, we can
consider that ||u,| > 1 for any integer n. From Proposition 2.2 we deduce that

1
c+1> p(u,) — e (@ Uy Uy
> (% - ai_) /|Aun|m<w> dz + (f - —)/|Aun|ldx
Q Q
+ A(ai_ - ai_) /h(;v)|un|a(”) dz + A(i - i_) /h(x)|u 1B@) gy
Q o0
> (o = o)l + Coo= = 5= ) Il

Since m* < a~ < 87, dividing the above inequality by |u,||™ and passing to the limit as n — oo
yields a contradiction. Thus, the sequence (uy), is bounded in X.

Since ¢ is of type Sy, we find that wu, converges strongly to u; in X, so we conclude that the
functional ¢ satisfies the Palais—Smale condition. This means that all conditions of the Mountain pass
Theorem are satisfied, and then (P) has a nontrivial solution of col type. O

b) Let us recall the following interesting result.

Lemma 3.4 ([5]). Let X be a real Banach space and ¢, ¥ be two continuously Gateauz differentiable
functionals such that ¢ is bounded from below and $(0) = ¢(0) = 0. Fiz r > 0, and suppose that for

each
r

o)
ued((—o0,r))

K E (0,

the functional p = ¢ — uy satisfies the Palais—Smale condition, and it is unbounded from below. Then,
for each

"e (O’ Supr w(u))’

u€p=t((—o0,1))

the functional @ admits two distinct critical points. O
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If A <0, weset p = ¢ — \.
It is known that ¢ is a continuously Gateaux differentiable functional. Further,
/ m(xz)—2 |u|l_2u
() - v = (|Au| Aulo + w(z )W> dz
x

Q

for u,v € X, and v is continuously Géateaux differentiable (as in [2,15]) with the compact derivative

' (u) v = /h|u|a(1)72uv do, — /h|u|ﬁ(m)72uvdom

o0 o0

for every u € X.

It is clear that ¢(0) = ¢(0) = 0.

Now, let (un), C X be a Palais-Smale sequence, which means that ¢(u,) is bounded and
I’ (un)]|x+ — 0. By the same reasoning as in the proof of Lemma 3.3, we can conclude that (u,) is
bounded in X.

Now the sequence (u, ), is bounded up to a subsequence denoted also by (uy), so u, — u. From
the compactness of ¢’ we derive that ¢’(u,) — ¢’(u). From the Palais Smale condition,

@' (un) = ¢' (un) — M (un) — 0.

By [15,16], ¢’ is a homeomorphism, so u, — u.
Now, we show that ¢ is unbounded from below for ¢ > 1:

p(tu) = (¢ — ) (tu)
L ™ T ™ ) AT / BulP@ do — At /h|u|"(”) da,

m+
a9 a9
since 8T > m™* > ot > [, we conclude that ¢ is unbounded from below.
So, all hypotheses of the previous Lemma 3.4 are achieved, so for each A € (4,,0), ¢ possesses at
least two distinct critical points which are the weak solutions of problem (P).

Proof of Theorem 1.2.

¢) Regarding the condition (Hp) and v~ > &, it is clear that from (Hj) we get 7/ (z)a(z) < m?(z)
and 4/ (z)B(z) < m®@), Therefore, the embeddings X < LY @@ (5Q) and X — L7 @F)(9Q) are
continuous and compact.

We will use the following tools.

Lemma 3.5. There exists v € X such that v >0, v £ 0 and (tv) < 0 for t sufficiently small.

Proof. Let v € C§°(Q) such that v > 0 and v # 0. For t € (0,1), we have

tm(:v) t |’U|l 1
_ A@)m@ 4+ L / a@) _ L @)Y 4o,
) / (m(x) @+ 8 ) de = [ i) (o 1017 = 5ol ) do
m(z) ‘Ull B(x)
|Av| dx —|— | EE dx + /377 hlv|P*®) dz
Q

< C’ltm + Oyt + CstP — C4ta ) (3.2)
Hence, ¢(tv) < 0 for ¢ small enough. O

Lemma 3.6. For v € (0,1), there are A\g > 0 and p > 0 such that o(u) > p for any X € (0, \g) with
[ul = v.
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Proof. From the continuous embedding from X into L’Y/(’”)O‘(”’)(aQ), there is ¢ > 0 such that
|u"y’(x)a(gc) < CHU”, Vue X.

For |[u|| = v small enough, we have |u|y/ (z)a(z) < 1. Thus,

1 mt 1 ala 1 mt 2 ol
o(u) > oo flul™ — P /\/ |u[*®) dz > oo fJul™ — ai)\|u|7(z)|\u| ( )l’y’(:r)
o0
1 mt 2 o= o 1 ot _a- 2
>l = Bl = v (o™ T Colblyw ). (33)
So, ¢(u) > p, where
Vm*—oz7 Vm+
Ao = — and p= . O
2V+7200\h|w(1) 2m+t
From Lemma 3.6, there exits Ag > 0 such that for A € (0, Ag), we have
inf >0, wh 0B, = € B,(0 =vt. 3.4
pini @ where {ueB,(0)] [lul =v} (3.4)
For u € B,(0), we assert that
1 e 2 -
o) 2 o ™~ AColblygoy el (35)

In view of (3.4) and (3.5), this yields

—oo < ¢ =inf(0)p < 0.
B

v

Let c. = ming ¢(u). Through a simple calculation, we obtain ¢, < 0. Applying Ekeland’s
variational principle as stated in [14], there exists a sequence (u, ), satisfying

1
e < o(up) < cu+ - (3.6)

and

1 _
90(1]) < @(un) - % ||Un - UH7 Vv e B,.

Consequently, ||u,|| < v for sufficiently large n > 1.
The case ||u,|| = v is impossible. Indeed, from Lemma 3.6, we have ¢(u,) > p > 0. Taking the
limit as n — oo and combining this with (3.6), we arrive at

O0<pu<c <0,

which is a contradiction. Therefore, ||u,| < v.
Next, we verify that ¢'(u,) — 0 in X. Let v € X with |ju|| = 1, and define w,, = u,, + 7u. For a
fixed n > 1, we have
[wnll < Junll +7 < p

for sufficiently small 7 > 0. This implies that
.
plun +7u) 2 plun) = —|lull-

Dividing by 7 and taking the limit as 7 — 0, we obtain

1
/
n)’ > ——.
o (up) -u > .
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Since |lul]| = 1, it follows that

|0 (un) - uf <

Y

3=

which shows ¢'(u,) — 0 in X*. By standard arguments, there exists u. € X such that ¢'(u.) = 0
and @(u.) = ¢, <0.

d) Let A > 0 and o € (—1,0). For simplicity, consider § = —«, which means ¢ € (0,1). Then
problem (P) will take the form:

ul=2u .
A2 (o)t +w(@) | Lc|2l =0 in ,
u=0 on 01},
1
| A | )2 % = % (|Au[™® =2 Aw) + Ah(z) (W u— |u|5(“”>*2u) —0 on dQ.

Thus the energy functional is still defined in X as

_ [l Apm@ gy L [ul'w v 5 S SN INTTeS
o0 = [ s AP do+ 7 [w(e) Bt =) [ ha) (g O = 5 ) do
Q Q o0

Similarly as in [36], we can verify that the energy functional ¢ is weakly lower semi-continuous.
From the Hoélder inequality, we have

/h|u|—o(z)+1 < ‘h|m6(r)+( @) 1)|u|ma<m)(,g(m)+1). (3.7)

Moreover, let || u ||> 1. From Proposition 2.4 and (3.7), it follows that
() 2 [l — Cillul =+
"2 = mt 1 )

in view of (Hy), 6~ +1 < m™, so ¢ is coercive and has a minimizer, which is a solution of (P). This
minimizer is nonzero. In fact, for ¢ > 0 small enough and v; € X, v; # 0, we have

o(tvy) = </m( )\At o™ g >+Q/°"(f)||;||;:£_6(;mh(x)ml|5<w>“ do

+>\/ () [tv1]*) dor,
tm(ﬂﬂ) ! _ - _ _
< / o1 | de +tl/wﬂ+02tﬁ /\v|/13( ) do, — Cst' 0 /|v|if‘s doy,
m(x) R
Q Q o0 a0
<0,

since 1 —§~ < 1.
As is known, X is a reflexive Banach space, and since ¢ is coercive and weakly lower semi-
continuous, (P) admits a nontrivial weak solution of a global minimum type. O
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