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Abstract. In this paper, we study the existence of positive periodic solutions of the nonlinear neutral difference equation with
variable coefficients x(n+ 1) = a(n)x(n) + A(c(n)x(n — 7)) 4+ f(n,x(n — 7)). The main tool in this paper is the Krasnoselskii’s
hybrid fixed point theorem which deals with a sum of two mappings, one is a contraction and the other is completely continuous.
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1. INTRODUCTION

Due to their importance in numerous applications, for example, physics, population dynamics, in-
dustrial robotics, and other areas, many authors are studying the existence, uniqueness, stability and
positivity of solutions for delay differential and difference equations, see [1]-[12] and references there-
in. In this paper, we are interested in the analysis of qualitative theory of positive periodic solutions of
delay difference equations. Motivated by the papers [1]-[9], we concentrate on the existence of positive
periodic solutions for the nonlinear neutral difference equation with variable coefficients

x(n+1)=a(m)x(n)+A(c(n)x(n—1))+ f(n,x(n—1)), (1.1)

where 7 is positive integer and
f1ZxR—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 Ax(n) = x(n+ 1) —x(n) for any sequence {x(n), n € Z}. Also, we define
the operator E by Ex(n) = x(n+1). For more on the calculus of difference equations, we refer the
reader to [13].

The purpose of this paper is to use the Krasnoselskii’s fixed point theorem to show the existence of
positive periodic solutions for equation (1.1). To apply the Krasnoselaskii’s fixed point theorem, we
need to construct two mappings, one is a contraction and the other is completely continuous. In the
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case that ¢ (n) = ¢p, where 0 < ¢y < 1 and —1 < ¢¢ < 0, Raffoul and Yankson in [9] showed that (1.1)
has a positive periodic solutions by using the Krasnoselskii’s fixed point theorem. In this paper, we
have two main contributions comparing with the existing results. First, instead of constant ¢y, we take
variable coefficient ¢. Second, in addition to 0 < ¢ (n) < 1 and —1 < ¢(n) < 0, we consider the ranges
1 <c¢(n) <ooand —eo < ¢(n) < —1 for ¢, which are new in the literature.

The organization of this paper is as follows. In Section 2, we present the inversion of difference
equation (1.1) and the Krasnoselskii’s fixed point theorem. For details on Krasnoselskii’s theorem, we
refer the reader to [14]. In Section 3 and Section 4, we present our main results on existence of positive
periodic solutions of (1.1).

2. PRELIMINARIES

Let T be an integer such that 7 > 1. Define Pr = {¢p € C(Z,R) : ¢ (n+T) = ¢ (n)}, where C (Z,R)
is the space of all real valued functions. Then (Pr, ||.||) is a Banach space with the maximum norm

X[ = sup |x(n)].
nel0,7—-1]NZ

Since we are searching for the existence of periodic solutions for equation (1.1), it is natural to assume
that

an+T)=a(n),c(n+T)=c(n). (2.1)
Assume
0<a(n)<l1. (2.2)
We also assume that the function f (n,x) is continuous in x and periodic in n with period T, that is,

f(n+T,x)= f(nx). (2.3)

The following lemma is crucial to our main results.

Lemma 2.1. Suppose that (2.1)-(2.3) hold. If x € Pr, then x is a solution of equation (1.1) if and only if

n+T—1
x(n)=cn)x(n—1)+ ; G(nu)[f (ux(u—71))—(1—a(u)c(u)x(u—1)], 2.4)
where
n+T—1
M als)
G(n,u) = S*n”j;f . (2.5)
1— SI;[n a(s)

Proof. We consider two cases: n > 1 and n < 0. Let x € Pr be a solution of (1.1). For n > 1, equation
(1.1) is equivalent to

n

S -
A |x(n) H)a_l )| =[A(cm)x(n—1))+ f(n,x(n— T))]H)a_l (s). (2.6)

By summing (2.6) from n to n+ 7T — 1, we obtain

n+T—1 n+T—1 u

u—1 i
AN x(u)Ha‘l(s) = Z [A(c(u)x(u—‘c))+f(u,x(u—f))]Ha_1(s).

u=n s=0 u=n s=0
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It follows that
n+T—1 n—1
x(n+T) IJ) a_l(s)—x(n)H)a_l(s)
n+T—1 . B u
= Z [A(C(M)X(u—f))+f(u,X(u—f))]]:!)a_‘(S)-

Since x(n+T) = x(n), we obtain

n+T—1 n—1 n+T—1 u
IJ) a! —Ijocf1 (s)] = ; (A (c(u)x(u—’l?))—|—f(u,x(u—r))]ljoa*1 (s). @27
Rewrite
n+T—1 u ntT—1 [u=1
g A(c(u)x(u—r))l}) Z E Hcfl ] c(u)x(u—r1)).

Performing a summation by parts on the on the above equation, we get

n+T—1

Y, Ac(u)x(u— T))ﬁail (s)=c(n)x(n—1) nﬁlafl (s) —’ﬁcfl (s)
- =0 =0 =0

n+T-1 u—1
- Z c(uyx(u—1)A [H}a‘l (s)]

: n+T—1 n—1
=c [ H a ) _ I;!)afl (S)]
n+T—1 u
— Z cu)x(u—1)[1 —a(u)] U)a_l (s). (2.8)

s=0 s=0
n+T—1
- Y cwxu—1)[1—a(u Hail
u=n

n+T—1

+ Z fux(u—r) l—Icfl
n+T—1 n—1
Dividing both sides of the above equation by [] a~!(s)— [] a~'(s), we obtain (2.4).
s=0 s=0
Now for n <0, equation (1.1) is equivalent to
Lo 2 1
Alxm]Ta (s)| =[A(cm)x(n—7))+ f(nx(n—1)] [T a ' (s).
s=n s=n+1

Summing the above expression from nton+7 — 1, we obtain (2.4) by a similar argument. This completes

the proof. U
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Corollary 2.2. Suppose that ¢ (n) # 0 for alln € 7 and (2.1)-(2.3) hold. If x € Pr, then x is a solution of
equation (1.1) if and only if

x(n n+1+T—1
_x(n+7) ! Y Grt+ru)(l—a(m)c@)x(—1)—f(uxw—-1))], 2.9

S c(n+1) cln+r) A,

x(n)
where G is given by (2.5).

It is easy to see that for all n,u € Z, we have

Gn+T,u+T)=G(nu), G(n+1+T,u+T)=G(n+7,u), (2.10)
and
n+T—1 n+1+7T—1
Y Gnu)y(l—a(m)=1, Y Gu+ru)(l-a(u)=1 (2.11)
u=n u=n+7T

Finally, we state the Krasnoselskii’s fixed point theorem which enables us to prove the existence of
positive periodic solutions to (1.1). For its proof we refer the reader to [14].

Theorem 2.3 (Krasnoselskii). Let D be a closed convex nonempty subset of a Banach space (B, ||.]]).
Suppose that &/ and % map D into B such that

(i) x,y € D, implies o/ x+ By € D,

(ii) of is completely continuous,

(iii) A is a contraction mapping.
Then there exists z € D with z = o/ 7+ %z

3. EXISTENCE OF POSITIVE PERIODIC SOLUTIONS IN THE CASE |c(n)| > 1

To apply Theorem 2.3, we need to define a Banach space B, a closed convex subset D of B and
construct two mappings: one is a contraction and the other is compact. So, we let (B, ||.||) = (Pr,||.||)
and D ={p € B: L < ¢ <K}, where L is non-negative constant and K is positive constant. We express
equation (2.9) as

¢ (n) = (£19) (n) +(10)(n) == (Hi9) (n),
where o), %, : D — B are defined by

1 n+14+7T—1

(JZM)('@):C(”H) :Z+ Gn+tu)[(1—au)c@)eu—1)—f(u,@—1)), 3.1
and
(%19) (n) = m. (3.2)

In this section, we obtain the existence of a positive periodic solution of (1.1) by considering the two
cases: 1 < c(n) <eoand —eo < ¢(n) < —1forallneZ.
Denote

()
l—a(n)

In the case, 1 < ¢ (n) < oo, we assume that there exist positive constants ¢ and c; such that

F(n,x)=c(n)x

c1 <c(n)<cy, forallne [0, T —1]NZ, (3.3)

o >, (3.4)
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and foralln e [0,T —1]NZ,xeD
(c—=1)L<F(n,x) <(c;—1)K. (3.5)
Lemma 3.1. Suppose that (2.1)-(2.3) and (3.3)-(3.5) hold. Then <7, : D — B is completely continuous.

Proof. We first show that (<71 @) (n+T) = (<1 ¢) (n).
Let ¢ € D. Using (3.1) we arrive at

1 n+t4+27T—1

(19)(n+T) = Gntt+Tu)[(1—au))c(u)eu—1)—f(u¢u-1))].

¢ (l’l +T+ T) u:n;t+T

Let j=u—T. Using (2.1), (2.3) and (2.10), we have

(1) (n+T)
1 n+t+T—1
Y Gn+t+T,j+T)
j=n+7
x[(1=a(j+T)c(j+T)o(j+T—7)—f(+T,0(j+T—-1))]
1 n+t+7T—1

Y G+ )(l—a()ec(Ne(i—1)—fU,e(—1))

Jj=n+7

= (19)(n).

- c(n+7)

- c(n+7)

To see that <7 (D) is uniformly bounded, we let n € [0,7 — 1]NZ and for ¢ € D, we have by (3.5) that

[(¢) (n)]
1 ntt+T—1 ‘

Y, Gntruw[(—a@)e@)e—71)—f(u¢u—1))

< |
o C(”""T) u=n+7T

n+1+T—1 ! -
Scll :er G(n+7u)(1—a(u)) C(”)Q’(”_T)_W}
cla-DK

C1

From the estimation of | (.27 @) (n)|, it follows that

|o < DK

This shows that <7 (D) is uniformly bounded.

Next, we show that .</j maps bounded subsets into compact sets. As .o7j (D) is uniformly bounded in
R”, we see that 7] (D) is contained in a compact subset of B. Therefore .27 is completely continuous.
This completes the proof. O

Lemma 3.2. Suppose that (2.1), (3.3) and (3.4) hold. Then %, : D — B is a contraction.
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Proof. Let %) be defined by (3.2). Obviously, (#1¢) (n+T) = (%#1¢)(n). So, for any ¢,y € D, we
have

p(n+1) Y(n+7)
[(#19) (n) = (%1y) (n)] < cntt) et

1
< avp(nﬂ)fw(nﬂ)\
1
< —llo—vl.
C1
Then | B¢ — %1y < 1 llo — y||. Thus %, : D — B is a contraction by (3.4). O
1

Theorem 3.3. Suppose (2.1)-(2.3) and (3.3)-(3.5) hold and there exists a ny such that (c;—1)L <
F (ng,x) for any x € D. Then equation (1.1) has a positive T-periodic solution x in the subset D) =
{peB:L<p<K}.

Proof. By Lemma 3.1, the operator 7] : D — B is completely continuous. Also, from Lemma 3.2, the
operator %, : D — B is a contraction. Moreover, if ¢,y € D, we see that

(B1y) (n) + (1) (n)

n n+1+T—1
:Z‘/((n:*:)) c(nl—}—f) :Z G(n+tu)[(1—a(u))c()eu—1)—f(u,¢u—1)

n+14+7T—1 u u—
<Lier 2TY Glrnn o) [cwp— g - Le2UT)

€1 €1 u=n+7

1 -1)K
<7K_|_(c17)

C1 (&]
On the other hand, one has

(B1y) (n) + (1 @) (n)

B l;/(n—i—f) 1 n+14+7T—1
c(ntt) cln+71) Se

n+14+T-1 u u—
> L LY Gt na (1 —alw) e - - L4201
2 €2 u=nit I a(u)

S iL—l— (c2—1)L

) )
This shows that 2|y + ) ¢ € D. Clearly, all the hypotheses of the Krasnoselskii theorem are satisfied.

=K.

Gntru)[(1—a(u))c(w)o(—1)=f(u,¢u-1)

=L.

Thus there exists a fixed point x € D such that x = o7jx + %;x. Using Lemma 2.1, this fixed point is a
solution of (1.1).

Next, we prove that x € ;. We just need to prove that for all n € [0,T7 — 1]NZ, x(n) > L. Otherwise,
there exists n* € [0,T — 1] N Z satisfying x (n*) = L. From (2.9), we have

x(n* n*+14+T—1
S Y G (- () e ) fx =)

1 1 n*+14+T—1

>—L+— Y Gn'+tu)(l—a(u) {c(u)x(u—‘c)—

2 2 yZwr

fux(u—-71))
I —a(u) }
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From Y" TG (n* + 7,u) (1 —a(u)) = 1, it follows that

u=n*+7t
n*+14+T—1
Y G +rtu)(1—a(u)[F (ux)—(c2—1)L] <0.
u=n*+1
Noting that F (u,x) > (¢, — 1)L and F (ng,x) > (c2— 1)L, ng € [0,T — 1]NZ, we obtain
n*+1+T—1
Z G(n*+rt,u)(l—a(u))[F (u,x)—(ca—1)L] > 0.
u=n*+1
This is a contraction. So, x € Dy. The proof is complete. g

In the case that —oo < ¢(n) < —1, we substitute conditions (3.3)-(3.5) with the following conditions
respectively. We assume that there exist negative constants c3 and ¢4 such that

c3<c(n)<cy, forallne[0,T—1]NZ, (3.6)

ca < —1, (3.7)
and foralln € [0,T —1]NZ,xeD

K—c3L < —F (n,x) <L—c4K. (3.8)

Theorem 3.4. Suppose (2.1)-(2.3) and (3.6)-(3.8) hold and there exists a no such that K — c3L < —F (ng,x)
for any x € D. Then equation (1.1) has a positive T-periodic solution x in the subset D).

The proof follows along the lines of Theorem 3.3, and hence we omit it here.

4. EXISTENCE OF POSITIVE PERIODIC SOLUTIONS IN THE CASE |c(n)| < 1

We express equation (2.4) as

¢ (n) = (%29) (n) + (#29) (n) := (H29) (n),
where %, %, : D — B are defined by

n+T—1

(0)(n) = ¥, Gl [/ (19 (u=7) (1 ~a(u)) ()@ (u= )], @1

and
(%20) (n) =c(n) @ (n—1). (4.2)
In this section, we obtain the existence of a positive periodic solution of (1.1) by considering the two

cases: 0<c(n)<land —1 <c(n) <Oforalln € Z.
Denote

f(n,x)
—c(n)x.
l1—a(n) (n)
In the case that 0 < ¢ (n) < 1, we assume that there exists positive constant ¢ such that

H (n,x) =

0<c(n)<cy, forallne[0,T —1]NZ, 4.3)

c <1, “4.4)
and foralln € [0,7 —1]NZ,xeD

L<H((nx)<(l—c)K. 4.5)
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In the case that —1 < ¢ (n) < 0, we assume that there exists negative constant ¢, such that
c2<c(n) <0, forallne[0,T —1]NZ, (4.6)

> 1, 4.7)
and foralln e [0,T —1]NZ,xeD

L—cK <H(n,x)<K. 4.8)
Lemma 4.1. Suppose that (2.1)-(2.3) and (4.3)-(4.5) hold. Then <# : D — B is completely continuous.

Proof. We first show that (/@) (n+T) = (24 @) (n).
Let ¢ € D. Using (4.1), we arrive at

n+27T—-1
(@20)(n+T) = ZTG(n+T,u)[f(u,<P(u—T))—(1—a(u))C(u)fp(u—T)]-
u=n+
Let j=u—T. Using (2.1), (2.3) and (2.10), one has
n+T—1
(49) (1T =" Y Glnt T j+ D) (+T9(+T 1) (1 ~al+T)e(+T) 9 +7 1)
n+T-1
= L GuplfUeli-1)-1-a(i)e()o(i-7)]
= (229)(n).

To see that <% (D) is uniformly bounded, we let n € [0,7 — 1] NZ and for ¢ € D, we have by (4.5) that

n+T—1

|(29) (n)] < ; G (n,u) [f (0 (u—=17)) = (1 —a(u))c(u) p(u—7)]

n+T—1 u u—
<Y G (1-atw) | LU= -]

u=n
<(1—-¢)K.
From the estimation of | (2% @) (n)|, it follows that
20| < (1—c1)K.

This shows that <% (D) is uniformly bounded.

Next, we show that ./, maps bounded subsets into compact sets. As % (D) is uniformly bounded in
R7, we obtain that <% (D) is contained in a compact subset of B. Therefore .2% is completely continuous.
This completes the proof. O

Lemma 4.2. Suppose that (2.1), (4.3) and (4.4) hold. Then %, : D — B is a contraction.

Proof. Let %, be defined by (4.2). Obviously, (%,¢) (n+T) = (%) (n). So, for any ¢,y € D, we
have
|(#20) (n) = (B2y) (n)| < |c(n) @ (n—7) —c(n) y(n—7)]
<clen—1)-y(n-1)
<cillo—yl.
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Then || Z2¢ — By <ci|@ — y||. Thus %, : D — B is a contraction by (4.4). O
Similar to the results in Section 3, we have the following results.

Theorem 4.3. Suppose (2.1)-(2.3) and (4.3)-(4.5) hold and there exists a ngy such that L < H (ngy,x) for
any x € D. Then equation (1.1) has a positive T -periodic solution x in the subset D).

Theorem 4.4. Suppose (2.1)-(2.3) and (4.6)-(4.8) hold and there exists a nqy such that L— c; K < H (ng,x)
for any x € D. Then equation (1.1) has a positive T-periodic solution x in the subset D).
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