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We study the existence of positive solutions for discrete boundary value problems to one-dimensional p-Laplacian with delay. The
proof is based on the Guo-Krasnoselskii fixed-point theorem in cones. Two numerical examples are also provided to illustrate the

theoretical results.

1. Introduction

The p-Laplacian differential equations have been vastly ap-
plied in many fields such as non-Newtonian mechanics,
economics, ecology, neural networks, and nonlinear flow
laws, [1-5].

One of the important examples was described in [6]. Let
x = (x, x,) be the two Cartesian coordinates in the plane of
the glacier occupying the Lipschitzian domain €, we denote
by u(x) the horizontal velocity component of the ice at the
point x. After a rescaling of the physical velocity of the ice, u
satisfies the following equation:

—div(y (IVul) Vu) =e, in Q, 6))

where e is a hydrostatic pressure force acting on the glacier
and v is a function resulting from a constitutive law for the
ice. The typical case of (1) is the following equation:

B(0.R,)

div (‘/’p (V”)) tb(x)gw) =0, xe W’

)
where ¢,,(s) = |s|P%s with p > 1 and B(0,R;) ¢ RY are the
open balls centred about the origin with radius R;, respec-
tively. People are interested to consider the positive radial

solutions of (2), and then (2) can be reduced to the following
form [7]:

P, (W) +b( g ) =0, R, <r <Ry )

Let s = —LRZ @D G y(s) = u(r(s)), and p =

R
— [ @-D/P=D gy Then (3) is transformed to
Ik
1

(6, (V' (9)) + 4D ()b (r (5)) g (v () = 0,

p<s<O0.

With variable change t = 1-s/p and y(t) = v(s), (4) reads

(6, () ) +cg(y@®) =0, 0<t<1,

where c(t) = (—p)Pr @@ 51 — HIb[r(p(1 - 1))].
Equation (5) is a typical type of one-dimensional p-Laplacian
equation.

In the real world, some processes are more reasonably
described as p-Laplacian differential equations with delay
[2, 8, 9]. The reason is that the differential of the unknown
solutions depends not only on the values of the unknown
solutions at the current time but also on the values prior to
that. Such equations, to a certain extent, reflect much more
exactly the physical reality than the equations without delay.

In reality, (5) is applied together with some boundary
value conditions, see for example, [1, 4, 8-11]. By using
the Guo-Krasnoselskii fixed-point theorem, Jin and Yin [9]



proved the existence of one positive solutions for the follow-
ing boundary value problem of one-dimensional p-Laplacian
with delay

(¢, ®)) +Ag(tult-1)=0, 0<t<1L7>0, ©
u(l) =0,

u(t)=0, -t<t<0O0.

Based on a fixed-point approach, Bai and Xu [8] obtained
the existence of positive solutions for problem (6) with g(t, u)
having some singularities.

The main motivation of our work is twofold. The one is to
prove the existence of positive solutions for discrete boundary
value problems with delay. It is of interest to note here that the
existence of single and multiple positive solutions for discrete
boundary value problems to one-dimensional p-Laplacian
have been studied in great detail in the literature [12-18] and
the references therein. However, there are few papers dealing
with the existence of positive solutions for discrete boundary
value problems to one-dimensional p-Laplacian with delay.

The other motivation is coming from the numerical solu-
tions of problem (6). In order to get the numerical solutions
of problem (6), we can apply the standard Euler method to
discretize problem (6) and approximate its solutions numer-
ically. An immediate and natural question arises if the corre-
sponding difference equation together with boundary condi-
tions has positive solutions.

Motivated by above, our purpose in this paper is to
show the existence of positive solutions for the discretization
equations of problem (6). Namely, we will prove the existence
of positive solutions of the following problem:

A, (Au(n—1)))+Aa(n) f (nu(n-ny)) =0,

u(N+1)=0, u(mn)=0, ne{-ny-ny+1,...,0},

(7)

where Au(n) = u(n + 1) — u(n) and n, is a positive integer.

This paper is organized as follows. In Section 2, we intro-
duce some basic definitions and then we state the Guo-
Krasnoselskii fixed-point theorem. In Section 3, we write
a representation for a solution to problem (7) in terms of
the fixed point of an appropriate operator. Then we prove
that problem (7) has a positive solution with A belonging to
an open interval by employing the fixed-point theorem. In
Section 4, two numerical examples are presented to illustrate
the theoretical results.

2. Preliminaries

In this section, we introduce some basic definitions and recall
the Guo-Krasnoselskii fixed-point theorem which plays a
fundamental role in our subsequent analysis.

For convenience, we will let Z(a, b) denote {a,a + 1,...,
b}, wherea < b € Z.

A sequence (u(n))nN: +_1n is said to be a positive solution of
(7), if it satisfies (7) with u(n) > 0,n € Z(1, N + 1).

We collect some properties of the function ¢,,(-).
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Lemmal. ¢ (s) is increasing in s and ((/)P)_l = ¢ with 1/p+
1/g =1 ¢p(s1 - 55) = §,(51) - P (s2)-

Definition 2. Let E be areal Banach space. A nonempty closed
convex set K ¢ E is called a cone if

(i) x € Kand A > 0 imply Ax € K,

(ii) x € Kand —x € Pimply x = 0.

Theorem 3 (see [19]). Let E be a Banach space and K C E
a cone. Assume Q,, Q, are bounded open subsets of E with 0 €

Q,Q, cQyandletT : KN(Q,\Q,) — K bea completely
continuous operator such that one of the following holds:

@) [ Tull < ful, u € K 0 0Qy, |Tul =
K n 0Q,;

(i) ITull = lull,u € K 0 0Qy, [Tull < llul, u € K 0 0Q,.
Then T has a fixed point in K (\(Q, \ Q).

lluell, v €

3. Existence of Positive Solutions

In this section, we study the existence of positive solutions for
the following equation with delay:

A($, (Au(n—1))) +Aa(n) f (n,u(n—n,)) =0,
neZ(l,N),

(8)

subject to the boundary condition

u(N+1) =0, u(n)=0, neZ(-ny0). (9)
We assume that

(Al) f:Z(1,N +1)x R — R" is a continuous function
(R" denotes the set of nonnegative reals);

(A2) a(-) is a positive function defined on Z(1,N + 1),
YN a() < oo.

Remark 4. Recall thatamap f: Z(I,LN +1) x R — R is
continuous if it is continuous as a map of the topological space
Z(1,N + 1) x R into the topological space R*. Throughout
this paper, the topology on Z(1, N + 1) will be the discrete

topology.
Rewrite (8) as
A, (Au(i-1))) =-Aa() f (bu(i-n,)). (0)

Summing up (10) with respect to i from m to N leads to

m—1

¢, (At (m = 1)) = ¢, (Au(0)) = = Y Aa (i) f (i,u (i —ny)).
i=1

(1)

Noticing Lemma 1, we have

m—1

Au(m-1)=¢, <¢>p (Au(0)) = Y Aa (i) f (u(i- no))> :
i=1

(12)



Journal of Applied Mathematics

Summing up (12) with respect to m from 1 to n and
noticing the boundary condition (9) lead to

n m—1
um) =y ¢, <¢p (Bu(0) - ) Aa (i)f(i’”(i_”o))>’

(13)
where Au(0) satisfies
N+l m-1
F(x)= quq <¢P (x) - Z/\a(i)f(i,u(i —no))) =0.
m=1 i=1
(14)

Obviously, F(x) is continuous and strictly increasing. We
have

F(0)<0, F <¢q (NZHM (@) f (Gu(i- no))>> >0. (15)

Thus, there exists a unique solution to (14)

&, € <O,¢>q < iAa () f Gou(i- no))>). (16)

Let
gn) =¢, (ZM @) f (u(i- no))> ) 17)
i=1
Since g(n) is increasing and g(0) = 0, we have §, €

(g(0), g(N + 1)). There exists n, € Z(0, N) that satisfied

o (ZA ) f (iui —n0>>)

(18)

ny+1

Sfu<¢q<ZAa(i)f(i,u(i—no))>.

Hence,

b =9y (Zl%a @) f (i (i =mp)) + w) . (19

where w € [0, Aa(n; + 1) f(n; + Lu(n, + 1 —mny))).
By (13) and (19), together with the definition of the posi-
tive solution, it is easy to get

u(n) = 21% <§:Aa(i)f(i,u(i—no)) +w>, n<n +1.
(20)

Similarly, summing up (12) with respect to m from n + 1
to N + 1 and noticing (9), we have

N+1

u(n) = - Z ¢, ((PP (Au (0))

m=n+1

Sha <i>f<i,u<i—no>>), 2

n>n, — 1.

Then by substituting (19) in (21), we obtain

N+1 m—1
um) =y ¢q< Y Aa(i)f(i,u(i—"o))‘w>’
(22)

m=n+1 i=n;+1
n>n — 1.

Since (19) is the solution of (14), we have
N+1 ny
F(x)= ) ¢, <¢p <¢q< /\a(i)f(ixu(i—”o))m))
m=1 i=1

—’ixa(i)f(i,u(i—no))> “o.

(23)
Namely,
N+1 "
Z(/Sq ((ZAa (@) fGou(i—ny)) + w>
m=1 i=1 (24)
=Y Aa (i) f (i,u(i - n)) ) = 0.
i=1
Thus,
34, <2Aa<i>f<i,u<f )+ w>
m=1 i=m (25)

= ZH ¢q( mf /\a(i)f(i,u(i—no))—w>.

m=n,+1 i=n;+1

Therefore, if u(n) is a positive solution of the boundary
value problems (8) and (9), then it can be expressed by
u(n)

n

) Z¢q(iAa(i)f(i,u(i—no))+a)>,

m=1

neZ(l,ny),

] I\il ¢q< mil Aa(i)f(i’”(i_”o))—“))’

m=n+1 i=n,+1

neZ(n +1,N),

0, neZ(-ny,0), n=N+1,
(26)

where w € [0, Aa(n, + 1) f(n, + Lu(n, + 1 —mny))).

Let C(Z(-ny, N + 1), R) denote the class of maps u con-
tinuous on Z(—#,, N + 1) (discrete topology). We introduce a
function space E, namely,

E={ueC(Z(-np, N+1),R), u(N+1)

=0; u(n)=0, neZ(-ny0)}



with norm || - | given by [lu| = maxnez(_no’NH)lu(n)l. Then
(E, |l - Il) is a Banach space. Define a cone K C E as follows:

K={ueE:umzpuml|ul, nec Z(O,N+1)}, (28)
where u(n) = min{(N + 1 —n)/(N + 1),n/N}.
From the definition of y(#), we have
(n) —min{N+ L-n ﬁ}
pm = N+1 'N
Sy nez(1,[5]), (29)
N

Moreover, for any u € K, we have u(n) > (1/(N + 1))|ul,
neZ(1,N).
For any u € K, define an operator T on K by

(Tu) (n)
Zgbq(i)ta(i)f(i,u(i—no))+a)>,
m=1 i=m
neZ(l,n),
N+1
= 1 Z ¢q< Z Aa () f (,u(i—ny)) - w)
m=n+1 i=n,+1
neZ(n +1,N),
0, neZ(-ny0), n=N+1,

(30)

where w € [0, Aa(n; + 1) f(n; + Lu(n, +1 -

n)))-

Lemma 5. Suppose that (H1) and (H2) hold. Then the opera-
torT : K — K is completely continuous.

Proof. For any u € K, it is easily to check

A(, (A(Tu) (n-1)))
= ¢, (Tu) (n+ 1) = (Tu) (n))
~ ¢, ((Tw) (n) -
= Aa(n) f (nu(n-ny)) <0.

(D)
(Tu) (n-1))

According to Lemma 3.2 in [1], we have (Tu)(n) =
p(M)||Tull. Thus, T(K) ¢ K. Moreover, b, and f are both con-
tinuous, and E is a finite space. This implies that the operator
T is a completely continuous. This completes the proof. [
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For convenience, we introduce some notations:

foo = liminf min ALY

U—00 pez(1,N+1) ub-l ’

f (n,u)
=1 ,
f*=lim P nez N+ P!
(32)
f (n,u)

fo =liminf min >
u—0" neZ(L,N+1) uP~

£ =limsup max f . u)'

u— 0o nEZ(1,N+1) upl

If u is a positive solution of problems (8) and (9), then it
is a fixed point of T. So the existence of positive solution is
transformed into the existence of fixed point. The following
theorem is the main result of this paper.

Theorem 6. Suppose that (A1) and (A2) hold. Assume that
the delay time is appropriately small, say n, is a positive integer
not bigger than [N/2]. If f,, > 0, f° < co, then there exists at
least one positive solution to the boundary value problems (8)
and (9) for A € (max{a,,a,},b), where

1

a =
b Foo (S92 g (57214 (i 4 ) (u () 1)) -1
(33)
a
_ 1
foo (ZZIZE"WZ] ¢q(zz 1+[N/2] “(’ + ”o) ((.“ (’))P 1))
(34)
1
b= -y (35)

1O ( N+1)¢, (ZN“ a(i)))P
while if f, > 0, <

where

< 00, then for any A € (max{c, ¢}, d),

1
o (X 6 (XN a (i mp) (e ()P 1))

G =

1

fo- (ZZ:;&/M ¢q (Zz 1+[N/2] @ (’ + ”0) (P’ (’)) ))P_l ’
1
fo (N +1) ¢, (TN a )

d:

(36)

problems (8) and (9) admit at least one positive solutionu € K.

Proof. From Lemma 5, we see that T : K — K is a com-
pletely continuous operator. Since A € (max{a;,a,},b), there
exists an € > 0 such that

max {a,.,a,.} <A <h, (37)
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where
ale
1

(faom ) (XN (SN i) () ))

€

@
_ 1
(oo =€)+ (SN0 80 (S0 b @ (4 1) ()™)Y
1
(fo+e)- (N + D¢, (3N a))

b. =

(38)

Let € be fixed. By f° < co, there exists an M, > 0 such
that for 0 < u < M,

fGw<(fP+e)u’™, ieZ(,N+1). (39

Let Q, = {u € E : |lull < M,}. Then for any u € K N 0Q;,
we have

f (G u(i-ny))< (f°+e) (u (i—no))P_l,

ieZ(I,N+1).
(40)

In view of Lemma 1 and the definition of operator T, we
further have

[Tu| = max {(Tu) (n,), (Tu) (n, +1)}. (41)
Thus,

ITull

= max {(Tu) (n,), (Tu) (n, + 1)}

= max{i%(i)&a(i)f(i,u(i—nd) +w>,

m=1

Zﬂ (pq( Wf )»a(i)f(i,u(i—nd)—w)}

m=n;+2 i=n;+1

<max<|z¢q<n§/\a(1)f(1“(l no))>

o)

<max<‘z¢q(ni/\a(z)(f +e) (u(i —no))P_l)’

N+1 m=1
> ¢q< S Aa(i) f (ivu(i-
m=n;+2 i=n;+1

f b, ( mz Aa () (f*+e€) (u (i—no))”)}

m=n;+2 i=n;+1

5
Smax{(/\(f N u ||Z¢q<nfa<i)>,
(A +€)" ™ :g;% ("fla (i))}
<A (" +)" " v+ g, (Iila (i)) < lul.
h (42)

Next, by f,, > 0, it is easy to see that there exists an M, >
0 such that for all u > M,,

fGu) =(fo — €uf™", i€ ZO,N+1). (43)

Take M, = max{2M,, (N+1)JP\7I;}.Let Q, ={uckElul <
M,}. For any u € K N 0Q,, we have

(foo =€) (u(i=m))"",
VieZ(ng+2,N+1).

fliu(i-n)) =

(44)

Thus, if n; < ny + [N/2], we have

ITull

= max {(Tu) (n,), (Tu) (n, + 1)} = (Tu) (n; + 1)

- ¢q< ¥ /\a(i)f(i,u(i—no))—w>

m=n;+2 i=n;+1

N+1 m—1
DAY
m=ny+[N/2]+2 i=ny+[N/2]+1

Aa (i) f (iu(i- no))>

N+1

= )4,

m=ny+[N/2]+2

x ( mi/ Aa (i) (foo —€) (u(i- ”0))P_1>
i=ny+[N/2]+1

> Zovﬁ,,( y )»a(i+no)(foo—e)(u(i))"‘l>

m=[N/2]+2 i=[N/2]+1

2 [lul inﬂ ¢q< mf /\a(i+n0)(foo_e)(!”(i))p_l>

m=[N/2]+2 i=[N/2]+1

> (A(foo =€) Jul

X Zo‘pq( mi a(i+”0)(#(i))P_l)2||u||;
i=[

m=[N/2]+2 i=[N/2]+1
(45)



while if n, > ny + [N/2], then we have

ITull = max {(Tu) (n,), (Tu) (n, + 1)}

> (Tu) (ny)

_ i%(ix\a(i)f(i,u(i—n@)+w>

"o*[N/Z] ny+[N/2]
( no»)
(46)

Z Aa (i
€)(u (i))‘“)

m= n0+2

[N/2] [N/2]
2 Z ¢q< Z Aa(i'f_no)(foo_

m=2

Ao =€) ul

[N/2] [N/2] -
x ) ¢q< Y a(i+ny) (u(@)” ) > |lull.
m=2 i=m

Combining the two estimates above, we deduce ||Tu|| >
lull, when u € KNoQ,. Therefore, by Theorem 3, T has a fixed
point u € KN (Q, \ Q,). Namely, u(t) is a positive solution of
problems (8) and (9).

The proof of the second half is parallel to above. There
exists an € > 0 such that

max {¢,., 6.} <A <d,, (47)

1
(fo—€)- (X020 g, (30 a (i 4 mg) (u () ))"

1
(fo—¢€)- (ZZ:;;F]?I/Z ¢, (Z, 1+[N/2) @ (i +ny) (u (’))P 1))
1
(fo+e) - (N+1) ¢, (ZN a®))”

d, =

(48)

Let € be fixed. By f,, > 0, then it is not difficult to choose
an M; > Osuch that0 <u < M,

fGu=(fy-e)ul™", ieZ(,N+1). (49
Let Q; = {u € E, |lu] < M;}. Then for u € KN9Q,, it can
be obtained that

Fliu(i=ng)) 2 (fo =€) (u(i=n))" ",

ieZ(IL,N+1).
(50)
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If n, <ny+[N/2], we have

ITul
= max {(Tu) (n,), (Tu) (n, + 1)}

> (Tu) (n; +1)

- ¢q( 5 /\a(i)f(i,u(i—no))—w>

m=n;+2 i=n;+1
N+1 m—1
> Z ¢, Z Aa (i) f (i,u(i—ny))
m=ny+[N/2]+2 i=ny+[N/2]+1

N+1 m—1
- %(, 5

m=ny+[N/2]+2 =ny+[N/2]+1

Aa (i) (fo —€) (u(i _”0))P1>

’"Z_: Aa (i +ng) (fo -

i=[N/2]+1

N+1-n,
>ul ) ¢q<

m=[N/2]+2

&) (u()"" )

> (A(fo— €)™ Jul
N+1—no m—1

x ) ¢q( > “(i+”o)(ﬂ(i))P_l>2||u||-
m=[N/2]+2 i=[N/2]+1

(51)
Conversely, if n; > ny + [N/2], then we have

[ITul
= max{(Tu) (nl) , (Tu) (”11 + 1)}

> (Tu) (n,)

Zl:lgbq (Z}m () f Gou(i—ny)) + w)

n+[N/2] n+[N/2]
> ¢q< > Aa«)f(i,u(i—no)))

m=ny+2

[\

[N/2] ([N/ZJ

Z Aa(i+ng) (fo—¢) (u (i))p1>

m=2

Vip-1) [N/2] [N/2]
> (A (fo—¢)) lua] quq > a(

i=m

i+ny) (u ()" )

2 [lul.
(52)

Next, by [
M,

< 00, there exists M, > 0 such that for u >

flu<(fC+e)u?™, ieZ(,N+1). (53
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If f is bounded, then there exists an N; > 0 such that
fG,u) < Ny fori € Z(I,N +1),0 < u < co. Take M, =
max{2M,, (,\Nl)l/(P’l)(N +1) gbq(zgfl a(i)}tand Q, = {u €
E, |ull < M,}. Then for any u € K N 0€),, we have

ITull

= max {(Tu) (n,), (Tu) (n, + 1)}

=max{i(/)q(i/\a(i)f(i,u(i—no))+w>,
i ¢q< Wi Aa(i)f(i,u(i—nd)—w)}

m=n;+2 i=n;+1

< max { Yo, (Z Aa(i)f(i,u(i—no))>,
5 ¢q< 5 M(i)f(w(i—no)))}

m=n,+2 i=n;+1

ny np+l1
< max { Z(pq < Z)m(i)N1>,
m=1 i=m
N+1 m—1
> ¢q< > ?m(i)N1>}

m=n;+2 i=n,+1

N+1

< (N + 1) (AN)) /P Vg, ( Ya (i)) < M, = ul.

i=1

(54)

While if f is unbounded, it is not difficult to see that there
exists an M, > max{2M,, M,},i, € Z(1, N) such that 0 < u <
M,, f(i,u) < f(iy, M,). Take Q, = {u € E : |ull < M,}, then
for u € K N 0Q,, we get
ITull

= max {(Tu) (n,), (Tu) (n, + 1)}

:max<|iqﬁq<§:Aa(i)f(i,u(i—no))+w>,

m=1

I\il (/)q( '"21 Aa (i) f (i,u(i—ny)) —w)]»

m=n;+2 i=n;+1

< max{nz_l(pq (fi)ta(i)f(i,u(i—no))>,
5 o (5 nsni)|

m=n;+2 i=n;+1

< max { Zl:l(pq (Z)&a (i)f(i(pMz)) ,
Z (/)q( i )La(i)f(io’Mz)>]’

m=n;+2 i=n;+1

< max{(/\(foo +€))1/(P71)M2 Zl:(pq(lz:a(l)),

m=1 i=m

A=) m, S %( ¥ am)}

m=n, +2 i=n,+1

N+1
SN +DA(+e) "My, ( Ya (i)) < M, = lul.

i=1
(55)

Therefore, by Theorem 3, T has a fixed point u € KN (€,
Q,). Namely, u is a positive solution of problema (8) and (9).
This completes the proof. O

4. Numerical Illustration

In this section, we present two numerical experiments to
illustrate our results.

Example 7. Consider the following boundary value problem:
um+1)-2um)+um-1)+an) f (n,u(n->5)) =0,
neZ(1,99),

1 (100) = 0, u(n)=0, neZ(-50)),

(56)

where a(n) = n/100, f(n,u(n - 5)) = (1/100)*(u(n - 5))*.
It is easy to see that f., = +co, f° = 0. By Theorem 6,
problem (56) has a positive solution. In Figure 1, we show the
numerical solution to problem (56).

Example 8. Consider the following boundary value problem

Apy (Au(n—1))+am) f(n,u(n-3))=0, neZ(1,99)),

1 (100) = 0, un)=0, neZ(-3,0),

(57)

where a(n) = 1, f(nu(n - 3)) = (1/100)*(u(n - 3))*. We
check that f* = 0, f, = +00. Then applying Theorem 6,
problem (57) has a positive solution. Numerically, we obtain
the solution of problem (57) which is shown in Figure 1.
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