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Periodic Solutions for Neutral Nonlinear
Difference Equations with Functional Delay

IMENE SOUALHIA, ABDELOUAHEB ARDJOUNI,
AND AHCENE DJOUDI

ABSTRACT. We use a variant of Krasnoselskii’s fixed point theorem to
show that the nonlinear difference equation with functional delay

Az (t) = —a(t) g (z (1)) +c(t) Ax(t — 7 (t)) + q (¢, (1), z(t — (1)),
has periodic solutions. For that end, we invert this equation to construct
a fixed point mapping written as a sum of a completely continuous

map and a large contraction which is suitable for the application of
Krasnoselskii-Burton’s theorem.

1. INTRODUCTION

In this paper, we are interested in the analysis of qualitative theory of pe-
riodic solutions of difference equation. Motivated by the papers [1]-[13] and
the references therein, we consider the following totally nonlinear difference
equation with functional delay

1) Az (t) =—a(t)g(z(t))+c(t) Az (t —7(t))
+q(t,z(t),z(t —7(t))), t e,
where

a, c:Z—R, ¢:ZxRxR R,

with Z is the set of integers and R is the set of real numbers. Throughout
this paper A denotes the forward difference operator

Az (t)=z(t+1)—z(t),

for any sequence {z (t),¢ € Z}. For more details on the calculus of difference
equation, we refer the reader to [10].

Clearly, the considered equation (1) has no nontrivial linear term. So,
the inversion of such an equation needs some prepartions. More precisely,
we have to transform the equation by adding a linear term to both sides in
(1). Although the added term destroys a contraction already present but,
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18 PERIODIC SOLUTIONS FOR NEUTRAL DIFFERENCE EQUATIONS

as we shall see, will replace it with the so called large contraction which is
suitable in the fixed point theory. The integration gives rise to a fixed point
mapping from which we define a compact operator and a large contraction.
We prove that such a definition of maps fits very well to a nice modification
of Krasnoselskii’s fixed point theorem due T. A. Burton so that the existence
of periodic solutions for equation (1) are readily obtained. For details on
Krasnoselskii’s theorem we refer the reader to [14] while full informations on
the modification of Krasnoselskii theorem can be found in [5], [6] or [8]).

In section 2, we present the inversion of difference equations (1) and the
modification of Krasnoselskii’s fixed point theorem. We present our main
results on periodicity in section 3 and at the end we provide an example to
illustrate this work.

2. INVERSION OF THE EQUATION

Let T' > 0 be an integer such that T" > 1. Define
Cr:={peC(LR):¢(t+T)=¢(t)},

where C (Z,R) is the space of all real valued functions. Then (Cr, ||.]|) is a
Banach space with the supremum norm

lell == sup [p(t)].
tel0,7—1]

We will assume that the following periodicity conditions hold.

(2) at+T)=a(t), ct+T)=c(t), Tt+T)=7(t), 7(t) >7" >0,
for some constant 7*. Also, we assume that

(3) 0<al(t) <l.

Further, we require that ¢ (¢, z,y) is periodic in ¢t and Lipschitz continuous
in x and y. That is,

(4) qt+T,z,y)=q(t.2,y),
and there are positive constants k1, ko such that
(5) |q(t,;n,y)—q(t,z,w)|§k‘1\$—2|—|—k2|y—w|,

for any x,y, z,w € R.
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t—1
Lemma 2.1. Suppose that 1 — [] (1 —a(s))# 0, conditions (2) and (3)
s=t—T
hold. Then x € Cr is a solution of equation (1) if and only if

t—1 -1
x(t):c(t—l)x(t—T(t))—i—(l— 11 (1—a(s))>

s=t—T
t-1 t—1
[Z a(r)(@(r)—g@ () J[ @-a(s)
(6) r=t—T . s=r+1
+ Y Jana @), —rm)
r=t—T

t—1
—nye(r—rm)] I <1—a<s>>]7

s=r+1
where p(r) =c(r)—c(r—1)(1 —a(r)).
Proof. Let x € Cr be a solution of (1). First, write this equation as
Az (t) +a(t)z () =a(t)z(t) —a(t)g(z(?)
+c(t) Az (t—7(t)) +q(t,x(t), z(t —7(t))).

t
Multiplying both sides of the above equation by [] (1 —a(s))” " and then

summing from ¢ — T to t — 1, we obtain =0
r—1
Z AT =-a(s) ™)
s=0
t—1
=2 o @)} el D (r— 7 ()
r=t—T

r

+q(ra(r), e —TE)[Q-als) ™

s=0
As a consequence, we arrive at

t—1 t—T-1
[[Ta-aG) @) - [ G—als)a@-T)
s=0 s=0

t—1

> (@ ()} +c(r) Az (r—7(r))

r=t—T
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t—1
Now, by dividing both sides of the above equation by [] (1 —a(s))™"
s=0

and using the fact z (t) =z (t — T) we get

t—1 -1
x(t) = (1 - JJ @ —a(s)))
s=t—T

t—1
x Y fa(r){x(r) =gz ()} +e(r) Az (r —7(r))
r=t—T
t—1
+q(rz(r),z(r—rE)] J] @ -a(s).
s=r+1
But,
t—1 t—1
demAz(r—r) [[ Q-a(s) =clt-Dat—7(t)
r=t—T s=r+1
t—1
t-T-Dat-T-7t-T) J[ @-a(s)
s=t—T
t—1
- Zxr—T [(r—l)H(l—a(s))
r=t—T s=r

t—1 -1 t—1
<1— H(l—a(s))) x[Za(){x )} H 1—al(s
s=t—T r=t

T s=r+1
t—1 t—1
+ q(r z(r—7(r) [I Q-a(s)
r=t—T s=r+1
t 1
+(1- (1-al(s ) (t—1)z(t—7(t))
s= t T
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t—1
+q(ra(r),z(r—r)] ] 1 -a(s)),

where p(r) =c(r) —c(r—1)(1 —a(r)). O

As mentioned above, we employ, in our analysis, a fixed point theorem in
which the notion of a large contraction is required as sufficient conditions.
For that, we give the following definition which can be found in [8] or [6].

Definition 2.1 (Large contraction). Let (M, d) be a metric space and B :
M — M. B is said to be a large contraction if ¢, b € M, with ¢ # 1 then
d (Bp, BY) < d(p,) and if for all € > 0 there exists § < 1 such that

[, € M, d(p,) > €] = d(Byp, BY) < dd (p, ).

Theorem 2.1. Let (M,d) be a complete metric space and B be a large
contraction. Suppose there is anx € M and L > 0, such that d (z, B"z) < L
for all n > 1. Then B has a unique fixed point in M.

The next theorem, which constitutes a basis for our main results, is a
reformulated version of Krasnoselskii’s fixed point theorem. This version is

due to T. A. Burton (see [5], [6]).

Theorem 2.2 (Krasnoselskii-Burton). Let M be a closed bounded convex
non-empty subset of a Banach space (S, ||.||). Suppose that A, B map M
mto M and that

(i) for all z,y € M — Az + By € M,
(ii) A is continuous and AM is contained in a compact subset of M,
(iii) B is a large contraction.

Then there is a z € M with z = Az + Bz.

We will use this theorem to prove the existence of periodic solutions for
(1). We begin with the following result.

Theorem 2.3. Let ||.|| be the supremum norm,

M :={p e C(Z,R), |p| <L},
and define
(7) (Fe) () =@ (1) =g (¢ (1))

Suppose that g is satisfying the following conditions

H1. g : R — R is continuous on [—L, L] and differentiable on (—L, L),
H2. The function g is strictly increasing on [—L, L],

H3. supye_p,n) g (t) < 1.

Then the mapping F' is a large contraction on the set M.

The proof of this theorem can be found in [1, Theorem 3.4 p 9|.
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3. EXISTENCE OF PERIODIC SOLUTIONS

To apply Theorem 2.2, we need to define a Banach space B, a bounded
convex subset M of P and construct two mappings, one is a large con-
traction and the other is compact. So, we let (B,].]) = (Cr,|.]]) and
M = {p € B ||¢l <L}, where L is a positive constant. We express equa-
tion (6) as

@ (t) = (Be)(t) + (Ap)(t) := (Hp)(?),
where A, B : M — 3 are defined by

t—1 -1
(Ap)(t) =c(t—=1)@(t =7 (1) + <1 - ] - a(S)))
1

(8) - s=t—=T .
x Y lalrp(r),o(r—7() —p@)e(r—7(r)) (1 —a(s)),
r=t—T s=r+1
and
t—1 -1
(Be)(t) = (1 - I a —a(S))>
©) .
x Y ar) () —gle) [I A-als).
r=t—T s=r+1

Suppose further that the following hypotheses hold true

(10) ()| < da(t),

(11) ((k1+ ko) L +q(t,0,0)]) < BLa(?),
(12) o= max le(t—1)I,

(13) Ja+d+p) <1,

where «, 8, J are constants with J > 3.
Now we have sufficient elements to prove that the mapping H has a fixed
point which solves (1).

Lemma 3.1. For A defined in (8), suppose that (2)-(5) and (10)-(13) hold
then A : M — M is continuous in the maximum norm and maps M into a
compact subset of M.

Proof. We first show that A: M — M. Let ¢ € M. Evaluate (8) at t + T,

t+T—1 -1
(Ap)t+T)=c(t+T -1t +T -7t +T)) + (1— 11 (1—a(s))>

s=t
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t+T—1 t+T-1
x Y la(re@),etr—1@) —ure—7) [T 1 -als).
r=t s=r+1

Let j =7 — T, then

t+T—1 -1
(A@@+Iv:c@+T—n¢@+T_T@+T»+(1—]1(1_Mg0

t—1 -
X Y g+ TeG+T),e(G+T—7(G+T))
j=t—T
’ t+T—1
(G +De((+T-rG+T)] [ Q-als).
s=j+T+1

Now, by (2) and letting k = s — T, we see that

t—1 -1
(Aw)(t+T)—c(t—l)w(t—T(t))Jr(1— 11 (1—a(s))>
k=t—T
t—1 t—1
X 4G @) e G=T) —nWeG -7 ] A—alk)
j=t=T k=j+1
= (Ap) (1)

That is, A : Cp — Cr.
In view of (5) we derive the following inequality

< ki lzll + k2 [yl + [q (¢,0,0)] .

t—1
Note that from (3), we have 1 — [] (1 —a(s)) > 0. Consequently,
k=t—T
having in mind conditions (10)—(13), we obtain for any ¢ € M,

t—1 -1
II —a (S)))
t—T

t—1

<3 M) e =)+ la g ()= ))  (1-as

r=t—T s=r+1

s=

[(Ap) )] < e =1) et =7 ()] + (1 -

§a|<p(t—7(t))]+<1— 1:[ (1—a(8))>
s=t—T
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t—1 t—1
x Y [Ba(r) e (r—7 () + (ki +k2) L+1q (t,0,0)] T (1—a(s)
r=t—T . B s=r+l
<alp(t—r7 ()] + (1— IT a —a(S))>
s=t—T
t—1 t—1
X ZL5+B (1—al(s))
r=t—T s=r+1
t—1 “1 g t—1
<ol + (1— IT @ —a(s))) > Lis+plalr) [ 1-als)
s=t—T r=t—T s=r+1
<(a+d+B)L< g
< L.
Thus Ap € M.

Hence, A maps M into itself. That is A: M — M.
Next we show that A is continuous in the supremum norm. Let p,¢ € M,

and let
t—1 -1
n = (1— 11 (1—@(5))) :

T
t—1
+q (o), o(r=7() —q(rd (), =7 ] (1-als))
s=r+1
t—1 -1 4 t—1
Sa\|¢—¢!\+5<1— 1T (1—a(5))> > a(r) (I—a(s))

s=t—T r=t—T s=r+1

1 t—1

t—1 T t—1
+ (k1 + k2) [0 = ¢ (1— I1 (1—a(8))> (1—a(s))

s=t—T =t—T s=r+1
<(a+6+ (ki +ka)Tn)lle— .

Let € > 0 be arbitrary. Define v = ¢/K with K = a+ 0 + (k1 + k2) Tn,
where kq, ko are given by (5). Then, for ||¢ — 9| < v we obtain

[Ap — Ap|| < Kflp — 9| <e.

This proves that A is continuous.
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Left to show that A maps bounded subsets into compact sets. As M
is bounded and we have proved that A is continuous and AM is subset of
R” which is bounded. Thus AM is contained in a compact subset of M.
Therefore, A is continuous in M and AM is contained in a compact subset
of M. O

In the next result we assume that for all £ € R and ¢ € M,
J—1
(14) max (|F'(L)], |F(=L)]) < { —— | L,

where (Fp)(t) = ¢ (t) — g (¢ (t)) is the one seen in (7).

Lemma 3.2. Let B be defined by (9) and suppose that (2)-(3), (14) and all
conditions of Proposition (2.3) hold. Then B : M — M is a large contrac-
tion.

Proof. We first show that B: M — M.
Let ¢ € M. Evaluate (9) at ¢t + 7.

t+T—1 -1
(Bp) (t+T) = <1 - II @ —a(é’))>

t+T—1SZt t+7T—1
x Y am)(er+)—gler+1) [ t-als).
r=t s=r+1

Let j =7 — T, then

t+T—1 -1
(Bp) (t+T) = (1 - I a- a(S)))

s=t

-1 t+T—1
x > a@+T)(e+T)—g@@+1) [ (1-a(s).
j=t—T s=j+T+1

Now let Kk = s — T, then

t—1 -1
(Be) (t+T) = (1 - IJ a- G(S)))

k=t—T
t—1 t—1
X a(§) () =gl [[ 0—ak)
j=t-T k=j+1
= (By) (1)

That is, B : C7 — Cr.
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Note that from (3), we have 1 — tl:[l (1 —-a(s)) >0. So, for any ¢ € M,
we have —
t—1 -1
[(Be) (1)] < (1 - (1-a (S)))
s=t=T
t—1 t—1
x a(r)leo(r) =g ) [T 1—-a(s)
r=t—T s=r+1
t—1 -1
< (1— II (1—a(5))>
s=t—T
t—1 t—1
X a(r)max (|F (L), |F (L)) JT @ —a(s)
r=t—T s=r+1

§<H>L 1 T (—als) Z a(r) T (1 -a(s)
J s=t=T r=t—T s=r+1
< L.

Thus By € M. Consequently, we have B : M — M. It remains to show
that B is a large contraction with a unique fixed point in M. From Theorem
2.3 we know that ¢ (t) — g (¢ (t)) is a large contraction in the maximum
norm. For any ¢, let ¢ < 1 be the constant found for ¢ (t) — g (¢ (¢)). Then,

t—1 -1
IIBw—B?PI!S( I a-als )

s=t—T
t—1
X Z a(r)<lle—vll T (1 —a(s)
r=t—T s=r+1
<s<lle—2l-
Thus, ||By —BY| < ¢|l¢ —1|. Consequently, B is a large contraction.

g

Theorem 3.1. Let (Cr, ||.||) be the Banach space of continuous T-periodic
real valued functions and M = {p € Cr,||p|| < L}, where L, is positive
constant. Suppose (2)-(3), (10)-(14) and all conditions of Theorem 2.3
hold. Then, equation (1) prossesses a T-periodic solution lying in the subset

M.

Proof. By Lemma 3.1, A : M — M is continuous and AM is contained in
a compact set. Also, from Lemma 3.2, the mapping B : M — M is a large
contraction. Moreover, making use of (14), we see that if ¢,1¢ € M, then

[Ap + Byl < [|Ae]l + By |
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L J—1
<= — | L < L.
<Z+(15)es

Thus Ap + By € M.

Clearly, all hypotheses of Krasnoselskii-Burton’s theorem are satisfied.
Thus, there exists a fixed point ¢ € M such that ¢ = Ay + Bp. Hence (1)
has a T- periodic solution in M. O

4. EXAMPLE

We consider the totally nonlinear difference equation with functional delay
15) Az (t) = —0.053623 (t) + 2.1072 cos (t) Az (t — 7 (t))

+ 107 (sin (z (t)) + cos (z (t — 7 (1)), t€Z,

where
Tt+T)=1(1).
So, we have
a(t)=0.536, c(t)=210"2cos(t), g(x)=2° L=+/3/3,
q(t,z,y) =107 (sin (x) + cos (y)).

Clearly, ¢ (t,x,y) is periodic in ¢ and Lipschitz continuous in  and y. That
is

q(t+T,2,y) = q(t,2,y),

and

lg (t,z,y) —q(t,z,w)| = }10_4 (sin (z) — sin (2) + cos (y) — cos (w))|
< }10_4 (sin (z) — sin (2))] + ‘10_4 (cos (y) — cos (w))]
<1074z — 2| + 1074y — w|.

We have
a=210"?
i (t)] = [2.107% cos (t) — 2.1072 (1 — 0.536) cos (¢t — 1)
<0.122<0.02x0.536 < da(t), Ve,

and

((k + k) L+ (£,0,0)]) = 210~ (V3/3) + 101

<0.16 <0.536 X (\/3/3))
< BLa(t), vVt € Z.

By substituting «, 3, § in (13), we obtain J € [3,5]. Define M = {y €
Cr | |l¢|l € L}, where L = +/3/3. Then, the difference equation (15)
possesses, by Theorem 3.1, a T-periodic solution in M.
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