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On a Class of Discrete Problems with the
p(k)-Laplacian-like Operators
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Abstract In this paper, we consider a nonlinear discrete problem originating
from a capillary phenomena, involving the p(k)-Laplacian-like operators with
mixed boundary condition. Under appropriate assumptions on the function
f and its primitive F' near zero and infinity, we investigate the existence and
multiplicity of nontrivial solutions by using variational methods and critical
point theory.
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1. Introduction

The aim of this article is to establish the existence and multiplicity of solutions
for a general discrete problem originating from capillary phenomena, involving the
p(k)-Laplacian-like operators with mixed boundary condition of the following form:

P) {A(m(T = Da(r, Au(r = 1)) + B(r)|u(r) PO~ 2u(r) = f(r,u(r)), r € [1, N,
u(0) = Au(N) =0,

where a(.,.) is defined as follows:
a(r,s) = (1 + ¢ (|s|p<r—1))) |s[P=YD =25 for all 7 € [1, N]y and s € R,

and ¢, is the so-called mean curvature operator defined as ( [23])

s
§) i = ——, seR.
¢C( ) m
Let [1, N]y be the discrete interval given by [1, Ny := {1,2,..., N}, where
N > 2 is a positive integer and A denotes the forward difference operator Au(r) :=
u(r+1) —wu(r). In addition, m : [0, N+ 1]y — [1,4+00), 5: [0, N+ 1]y — [1, +00)

fthe corresponding author.

Email address: barghouthe.mohammed@ump.ac.ma (M. Barghouthe), elah-
madi.mahmoud@ump.ac.ma (M. El Ahmadi), abayoujil@gmail.com (A. Ay-
oujil), berrajaamo@yahoo.fr (M. Berrajaa)

IDepartment of Mathematics, Mohammed I University, Oujda, 60000, Morocco

2Department of Mathematics, Regional Centre of Trades Education and Train-
ing, Oujda, 60000, Morocco


http://dx.doi.org/10.12150/jnma.2025.439

440 M. Barghouthe, M. El Ahmadi, A, Ayoujil & M. Berrajaa

and p: [0, N + 1]y — [2,+00) are given functions, and for every fixed r € [0, N]y,
f(r,.) : R — R is a continuous function that checks some conditions mentioned
below. We say that a function w : [0, N 4 1]y — R is a solution of problem (P) if it
satisfies both equations of (P).

For convenience, for any bounded function A : [0, N + 1]y — R, we will use the
following symbols

Rt := max h(r), h”:= min h(r).
r€[0,N+1]y re[0,N+1]x

Let
F(t,s) = / Qe
Alt,s) = / a(t, O)dc

1
“at-1) (ISI’”“‘” T L2 1) :

for all (¢,s) € [0, Ny x R, and we put

p”—pt
ptp

Cmp=(m%2? +8Y)>1, Kj= {(2N+2) max {m+,6+}} <1. (1.1)

Now, we introduce the following assumptions on the nonlinear term f and its
primitive F' at zero and infinity:

(Hy) There exists n < ﬁ such that for all r € [1, Ny,

F
lim sup (r, 2)

|z|—o00 |x|p_

<.
(Hz) There exists 6 > 0 such that for all r € [1, N,

.. ()
By(r) := llinjglf TS

> 4.

(H3) f(r,—x) = —f(r,x) for all (r,z) € [1, N]y x R, i.e., f(r,z) is odd in z.
(Hy) limg_o 252 — 0, for all r € [1, N]y.

|z [P ¥

— +

KP+C£T and
0 B

m

»t
(Hs) There exists x such that x > p%Np =

F(r,x)

>k, for all r € [1, N]y.

In recent years, there have been more and more papers on the topic of difference
equations with a variable exponent, which have contributed to the development of
research and studies related to the problems of differential equations since it has
been frequently used as mathematical models in several domains [9,14]. Known
means from the critical point theory are applied to prove the existence of solutions.
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Problems like (P) take the interest from the close connection with the study
of the capillary phenomena. These phenomena, which can be briefly explained
by considering the effects of two opposing forces: cohesion, i.e. the attractive
force between the molecules of the liquid; and adhesion, i.e. the attractive (or
repulsive) force between the molecules of the liquid and those of the container. The
study of this kind of problems possesses a solid background in physics and other
areas of research such as combustible gas dynamics [22], image restoration [5], the
analysis of capillary surfaces [3,11] and economic systems processing [21]. For other
applications, the reader is referred to [6,7,13] and references therein.

The p(k)-Laplacian-like operators have been widely used in areas such as non-
linear partial differential equations, variational calculus and geometric analysis
(see [4,10,18-20]). In [18], M. Rodrigues studies the existence and multiplicity
of solutions for the following problem involving the p(z)-Laplacian-like operators
originated from a capillary phenomena:

. w|P®) 2)—
. 1 ((1 * \/Hv,v'uﬁ) |VulP() 2W> = M(@u), T€Q,
u=0, ze€0Q,

where A > 0, Q C RY is a bounded domain with smooth boundary 92, p € C(€2)
and p(z) > 2, Vo € . Based on the mountain pass theorem, the author showed
that the problem has at least one nontrivial solution. The author also proved the
existence of a sequence of solutions by using the Fountain theorem. In [4], the
authors consider the problem (P.1) where p : © — R is a Lipschitz continuous

function with 1 < p~ = essiélf p(xr) < p(z) < pt = esssup p(zr) < N and
z€ z€eQ
f QxR — R is superlinear but does not satisfy the usual Ambrosetti-Rabinowitz

type condition. Under some conditions on f at infinity, they proved that the problem
(P.1) admits at least one nontrivial solution. Moreover, the existence of infinite
solutions is proved for odd nonlinearity and with some new trickes. In the case
m =1 and 8 = 0, the problem (P) can be regarded as the variant discrete of (P.1).

Concerning the investigation of discrete boundary value problems we mention,
far from being exhaustive, the following recent papers that used critical point theory
( [17,23]). In [17], the authors established the existence and uniqueness of positive
solution for a discrete boundary value problem of the following form:

—A (w(r = Dgpir—1y(Au(r — 1)) +a(r)dper (u(r)) = Xf(r,u(r)),
(Py) for all r € [1,Tn,
u(0) =u(T+1) =0,

where ¢, x)(s) = |s|P(*)=25 is the discrete p(k)-Laplacian operator and ) is a positive
real parameter. In particular, the authors have studied the existence of at least one,
and at least two positive solutions, as well as the uniqueness of a positive solution
for the problem (Py) which involves the discrete p(k)-Laplacian operator. They are
based on a local minimum theorem and on a two critical points theorem, which
they established the existence of solutions. For uniqueness part, they are based on
a Lipschitzian continuous condition on the function f.

We note that papers on the study of discrete problems involving p(k)-Laplacian-
like operators are relatively rare. So, after reading paper [17], a question was posed:
can we obtain some qualitative results such as the existence and multiplicity of
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solutions for the problem (P)) if we replace the p(k)-Laplacian operator with the
p(k)-Laplacian-like operator?

In this article, we will try to answer this question. More precisely, we will
establish existence and multiplicity results by applying variational methods and
similar techniques to those used in [g].

We organize the remainder of this paper as follows. In Section 2, we introduce
some necessary preliminary results. Next, we set the variational setting associated
with (P), and finally, in the last section, we will state and prove our main results,
and give some examples to illustrate our results.

2. Preliminaries

Consider E as the N-dimensional Banach space [1] defined as
E= {u: 0,N + 1]y — R | u(0) = Au(N) = o},

equipped with the norm

r=1

N+1 B ) 1/p
[ullm,s = {Z m(r — D[Au(r = D[P+ B(r)|u(r)[’ } - (2.1)

Let us define

N+1 N . 1/pt
Jull+ = {Z m(r — D[Au(r — )P + B(r)[u(r)? } - (2.2)

r=1
||.|l+ is a norm on E equivalent with ||.||, g and by the weighted Holder inequality,
we can conclude that (see [15])
pt—p—
Kollullmp < [lull+ <2777~ Kollul[m,s, (2:3)

where K is defined in (1.1).
Also, we define the norms

p_ —1

lulloo := max fu(r)] < (2N +2) »= [ullm,g, (2.4)

and

Lemma 2.1. For every u € E, we have:

N+1
uld < N(N+ 1771 [Au(r = 1), Vg >2. (2.6)
r=1
N+1
> 1Au(r —1)[7 < 27fuf?, g > 2. (2.7)

r=1
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(W2 <l g < Conslul? (2.8)
where ||.||m.3 is defined in (2.1).

For the first two inequalities, see [12]. The third inequality is immediately
obtained from (2.7).
Now, let ¢ : E — R be given by the formula

N+1
o) = 3 [mlr = DIdu(r = )P 4 5 u(r)r )]

r=1
Then, we obtain the following result.
Lemma 2.2. [16, Lemma 2.1-2.2] For any u € E,
1. If |lullm,p < 1, then
lully” < ¢(w) < llull, 5

2. If ||lullm,g > 1, then

lal®, 5 — (N +1) (m™ + %) < o) < [lul% + (N +1) (m* + 87).

To investigate the problem (P), we consider L : E — R the functional associated
with problem (P) defined in the following way

L(u) = A(u) + I(u) — U(u), Yu€ E, (2.9)
where
N+1
Alu) = m(r —1)A (r, Au(r — 1))
r=1
N+1
_ m(r —1) wlr — 1)Pr=1 wlr — 1)[2p(r=1) _
-3 (180t = 1 [autr = 0 < 1),
> B(r) -
I(u)=>" WW(T)VJW and ¥(u) =Y F(r,u(r)).

The functional L is well-defined on E and is of class C1(E, R) with the Gateaux
derivative given by (see [17])

N+1 N
(L'(u),v) = Y m(r = Da(r, Au(r — 1)) Av(r — 1) + Y B(r)u(r) [PV~ 2u(r)o(r)
¥ .
= fru(r)o(r), (2.10)
k=1

for all u,v € E.
Since max (0,8 — 1) <1+ 52 —1<s, s >0, we can see easily that:

Lemma 2.3.
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1. For allu € E, we have

1 N+1 2 N+1
— > mr=D)|Au(r=1)PUY < Aw) < =Y m(r—1)[Au(r— 1),
p r=1 p r=1
(2.11)
2. For allu € E such that |Au(r —1)| > 1 for allr € [1, N + 1]n, we have
N+1
2 Nm*
= 3" m(r - 1)]Au(r — DPCD - pLj < A(uw). (2.12)
r=1

In our approach, we rely on the following critical point theorems:

Theorem 2.1. (Mountain Pass Theorem, see [2]) Let (X,||.||) be a real Banach
space. ¥ € CY(X,R) satisfies (PS)-condition, i.c., any sequence (u,) C X such
that (¥(uy,)) is bounded and (V'(un)) — 0 as n — +0oo has a subsequence which
converges in X. Moreover, if ¥(0) = 0 and the following conditions hold:

1. There exist positive constants p and o such that U(u) > « for any u € X with
l[ull = p.
2. There exists a function e € X such that ||e]| > p and ¥(e) <O0.

Then, the functional ¥ possesses a critical value ¢ > «. Moreover, the critical value
c is characterised by

— inf U (h(t
¢ = Inf max (h(t)),

where
r={heC(0,1],X)/h(0) =0,h(1) = e}.

Remark 2.1. Since FE is a finite dimensional space and the functional L is contin-
uous. Then, to show that L satisfies the (P.S)-condition, it suffices to show that it
is coercive or anti-coercive in E.

Theorem 2.2. (see [2]) Let X be a real Banach space and S™N~! be the N — 1
dimensional unit sphere in X. Let ¥ € C1(X,R) be even, bounded from below, and
satisfying the (PS)-condition. Suppose that ¥(0) = 0 and there is a set  C X
such that Q is homeomorphic to SN =1 by an odd map and sup{¥(u); u € Q} < 0.
Then, ¥ has at least N disjoint pairs of nontrivial critical points in X.

3. Main results and proofs

Theorem 3.1. Assume that the hypotheses (Hy)-(Ha) hold, then the problem (P)
has at least one non trivial solution in E.

Furthermore, if the hypothesis (Hs) holds, then problem (P) admits at least N
disjoint pairs of nontrivial solutions.

Proof. Let u € E such that |lul,, g is large enough so that |[Au(r — 1)| > 1 and
|u(r)| > 1. On the one hand, according to Lemma 2.2 and (2.12) we have

N+1

_ - - o B(r
Alw) + I(u) = Z m(r — 1)A(r, Au(r — 1)) + Z o)

~—

u(r)

r=1
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N+1

N =D plr () _
E m(r —1)| Au(r — 1)|P —&—Tglpr k)P p+
N+1
2 Nm
> — m(r—1 Aur—l””‘”—l—ﬁr urp(’"))—
p+(;1 (r = D]Au(r — 1) (r)|u(r)| pe
2 - 2(N+1)(m*+pt) Nmt
> p+ ”qun,ﬁ - pt - pt : (31)

On the other hand, the assumption (H;) implies that for ¢ > 0, there exists
K > 0 such that

F(r,s) < (n+e)lsl”, ¥(r]s]) € [1, N]y x [K, +00),
and by continuity of the function F, it follows that there exists ¢ > 0 such that
F(r,s) < (n+e)|sf’ +e¢, VY(rs)€[l, Ny xR. (3.2)
So, for any u € E we have
F(ryu(r)) < (n+e)|u(r)|? +c¢, ¥rell,N].

Hence, by (2.8) we have

N
U(u) = ZF(r,u(r)) <(n+ 5)|u|§: +cN
r=1
< (n+o)llul®, 5+ cN. (3.3)
Using the above relations, we get
L(u) = Au) + I(u) — ¥ (u)
2 o 2(N +1)(m*+8%) Nm*
> E”uHm,ﬁ =+ 9llully, 5 —eN — o -
1 - 2(N+1)(m*+pT) Nm*
> (5 = )l - e - 280 SE e

Therefore, if we choose 0 < € < — 1, then the functional L is coercive i.e.,

p+C
L(u) — +00 as ||u|m,g — o0, and L is bounded from below.

Since L is lower semi-continuous, then according to the global minimum princi-
ple, it has a global minimum 4, which is a solution of (P).

It still remains to show that the solution @ is nontrivial. By the assumption

(Ha), there exists R > 0 such that
F(r,s) 2 (6 —¢)|s|” , (r.]sl) € [1, Nln x [0, R],

where € > 0.
1-p—
Let u € E, ||tf|m,p < & with £ = min {1,R(2N +2) }
By (2.4) it follows that

lu(r)] < max |u(k)| < R, Vre€[l,N]x.
k€[1,Nl]y
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So, by (2.8) we have
Y F(tu(t) = (60— 2) Cplllull?, 5
t=1

On the other hand, for ||u||.m,g < 1, we have |Au(r —1)| < 1 and |u(r)| < 1 for all
r € [1, N + 1]y. Then,

Aww+nm<1(%fmmT—nmwr—nw+MMuWW’)
=

,
< llll g (3.5)
Thus,
L(u) = A(u) + I(u) — ¥(u)

2 , _ -
< = llelln s = (6 =¢) Crgllull s

-( 2
< ¢p <p_ — G (6 - s)) . (3.6)
Hence, for € > 0 such that
2C
e< 77"’5,
e

we get L(u) < 0, for all u € B, so

sup L(u) < 0. (3.7

u€ B¢

Therefore,
L(u)=inf L(u) < inf L(u) < L(u) < 0.
(@) = inf L{u) < inf L(u) < sup (u)
Since L (0) = 0, we conclude that @ # 0.

Now, we prove the second result of Theorem 3.1. By condition (Hj), we infer
that L is an even function. Moreover, the functional L is coervive, bounded from
below in the finite dimensional space F, and thus the (PS)-condition is also satisfied.

Let

£

Q= {ue B fullns =~}

and define ¢ : Q@ — SN~1 by

where SV~1 is the unit sphere in RY. Obviously, ¢ is an odd homeomorphism
between SV~1 and Q.
For u € ©, we have [lu[[,5 < £, then by (3.7) we have sup,¢p, L(u) < 0 and thus
sup,eq L(u) <0.

Hence, in view of Lemma 2.2, L admits at least N pairs of nontrivial critical
points, which are exactly nontrivial solutions of the (P). Then, the proof of Theorem
3.1 is completed. O
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Example 3.1. Let us take N = 10, p(r) = Zr + 3, m(r) = 8(r) = 3 + cos?(.F)
for r € [0,11]y. By simple calculations, we get

3

= +: —_
27 B 27

p_—pt
pt

_ 2 »
Crmp=(m*2P +p%) = 57 and K, = <2N + 2> ~ 0.66223.

Let f be the function defined as :
1

=— R
and
F(r x)—¥|x|3 reR
4524 ) ’
We have
. F(r,x) 1 1
lim sup = <—<n

lelsoo  |Z[PT 4B(247) T 90 T
where 7 is a constant such that n < Wlm,ﬁ = 1%, and

F(r,z) 1 1
Bo(r) := liminf ——— > = =4
o(r) = limin [z[P~ T 45(2+ N) 540

We see easily that assumptions (Hy), (Hs) and (H3) hold. Then, in view of Theorem
3.1, the problem

2.,
—A(m<r —1)(1 4 ALur? )) [Au(r — DIFE+ 4 B u(r) [ F7+ u(r)
Vi Au(r—1)[Fr7+0
= f(r,u(r)), for r € [1,10]y,
u(0) = Au(10) =0,
for r € [1,10]y, has at least 10 pairs of nontrivial solutions.

Theorem 3.2. Suppose that the assumptions (Hy)-(Hs) are fulfilled. Then, the
problem (P) has at least two nontrivial solutions in E.

Proof. From the condition (Hy), for € > 0, there exists K > 0 such that
|F(r,s)| < e|s|P”,V(r,|s]) € [1, N]x x [0, K].

1-p—

Let u € E , such that ||ul|;m,g < & with £ = min {17K(2N—|—2) - }
By inequality (2.4) it follows that

< ) <K,V 1, N]x.
u(r)| < mare [u(t) < K.Yr € [LN]y

So, we conclude that

|F(r,u(r))| < elu(r)?", for all r € [1, N]x.
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Also by (2.4), we get

N s .
U(uw) =3 F(ru(r)) < eN@2N + 9) 7= 7 lull?, 5.

r=1
On the other hand, for w € E such that ||u||,, g < 1, by Lemma 2.2 we have

N+1 N B(r)
Alw) + I(u) = Z m(r—1)A(r — 1, Au(r — 1)) + Z m|u(r)|p(r)

N
m(r — 1)|Au(r — 1)PU—1 + p% > B u(r)P)
r=1

+ +
> p+K§ llull7,,5- (3.8)

The combination of the above inequalities, leads us to the following

y2

1 + + -1+ +
L(u) = ijg lully, 5 — eN@N +2) 7= " lull}, 5

1 + PZ =L+ +
> ijé’ —eNE@N+2) #= " | lull}, 5
P+
> 2O ul2)
D :
pt l=p p+
for € > 0 such that e < 20 (2[\2];23\, . . Then, if we take
K§+ + .
a=pP >0,it follows that
L(u) > a > 0,Yu € E with ||ul;m,g = p- (3.9)

According to the hypothesis (Hs), for any € > 0 there exists Ry > 0 such that
F(r,z)

|z

>k—e for (r|z|) €1, N]yx]Ro,+00],

SO
F(r,z) > (s —e)lz|"" for (r,|z]) € [1, Nlyx]Ro, +ool.

By the continuity of the function s — F(¢, s), there exists d > 0 such that
F(r,s) > (k —5)|s|p+ —d, V(r,s)€l,N]yxR.
Thus,
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> (5 — &)|ul?y — dN

- ot
>(k—e)N 7 |ult’ —dN
+ —pt

71‘77__17 ? p+
>(k—¢e)N » Co s ”“”mﬁ

On the other hand, for v € E such that |u(r)| > 1 and |Au(r — 1)] > 1 for all
r € [1, N]y, by (2.11), we have
1N+1

AGw) + 1) < = 3~ (mlr = Dldu(r = D7+ 50 ()"

2

r=1

+

< —Jlullf
2 + +
—pTK(Z)) [l -

It follows that,

2 + + pmopt = +
L(u) < ZT_KS’ [ullfn,s =N 7= Cpl g (k= )lully, g + dN
2 + p=—pt =2t +
< p—_Kg =N = Cry(k—e)|ull}, s+ dN.
top= o2t
Consequently, for € < Kk — p%N — K¥ 'm, 3 We have

L(u) — —o0, as ||u|lm,pg — 00.

Hence L is anti-coercive on E.

Therefore, we can find a function ¢ € E \ {0} with a norm large enough and
satisfies L(¢) < 0. Furthermore, any (PS) sequence (u,,) associated with L will be
bounded in E which is a finite dimensional space. So, the functional L satisfies the
(PS)-condition.

Since L(0) = 0, by the Mountain Pass Theorem (Theorem 2.1) we conclude that

pt
L has a critical value ¢ > a = I;(Lr pp+ > 0 defined as
= inf L(g(t
¢ = Inf max (9(2)),

where
={heC(0,1],E)/h(0) =0,h(1) =e}.

Let @ € E be a critical point corresponding to ¢, i.e., L(%) = ¢ and L'(a) = 0.
Clearly, @ is a nontrivial solution of (P).

In addition, the functional L is continuous, anti-coercive and bounded from
above, then it has a maximum point 0 € E, i.e., L (?) = sup,cp L(u).

Bearing in the mind (3.9), we obtain L (0) = sup,cp L(u) > sup,cgp, L(u) > 0.
Hence, ¥ is a nontrivial solution of (P).

If & # v, then we have two nontrivial solutions @ and v. Otherwise, similar to
the proof of [8, Theorem 3.1], since & = ¥, we infer that

L(3) = ma L(g(t)) = L (7).
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By the continuity of the function ¢ — L(g(t)) and the fact that L(0) = 0 and
L(u) < 0, we conclude that there exists ¢t; €]0, 1] such that L(@) = L (g(t1)).
Now, we choose go, g3 € I' such that

{g2(t) | te]o,l[} N {gg(t) |t €0, 1]} =0,
and it follows that there are ts,t3 €]0, 1] such that

L (ga(t2)) = L (g3(t3)) = L (a) = tfen[gﬁ] L(g(t))-

Consequently, we have two different critical points of L.
Finally, the problem (P) has at least two nontrivial solutions. O

Example 3.2. We take, again as in example 3.1, N = 10, p(r) = Zr + 3, m(r) =
1+ cos?(Z) and B(r) = & +sin®(%F) for r € [0, 11]y. We have

p_—p

27 pTp—
Cm,g = 5 and Ko = [ 2N + 2 ~ 0.66223.

Let us take the function f as follows:

f(r,x) =30e*"2°, 7€ [l,10], |z| <1,
flr,x) = 30e*"|z3z, r € [1,10]y, |z| > 1,

and

F(r,z) = 5e* 2%, r € [1,10]y, |z <1,

F(r,z) = 6e* |z|> —e?", r e [1,10]y, |z| > 1.
We have

F F
(’"’f) =0 and liminf L“’f) > 6e? > K,
z—0 “’E|p || —o00 ‘.’E|p
+_p— L 2t

where £ is a constant such that x > 2N 7= Kg C5 ~ 30.1659.

Then, conditions (H4) and (Hs) hold. So, by virtue of Theorem 3.2, the problem

Frte 2 2
- (e = (1 R Y ()] A )
1+|Au(r—1)|TT7+6

= f(r,u(r)), for r € [1,10]y,
u(0) = Au(10) = 0,

has at least two nontrivial solutions.
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