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1. Introduction

In this paper, we study the existence of periodic, almost periodic, and asymptotic almost
periodic solutions of the following functional difference equations with infinite delay:

x(n+1)=F(n,x,), n>ng>0, (1.1)

assuming that this system possesses a bounded solution with some property of stability. In
(1.1) F: N(np) x B — C”, and B denotes an abstract phase space which we will define later.

The abstract space was introduced by Hale and Kato [1] to study qualitative theory
of functional differential equations with unbounded delay. There exists a lot of literature
devoted to this subject; we refer the reader to Corduneanu and Lakshmikantham [2], Hino
et al. [3]. The theory of abstract retarded functional difference equations in phase space has
attracted the attention of several authors in recent years. We only mention here Murakami
[4, 5], Elaydi et al. [6], Cuevas and Pinto [7, 8], Cuevas and Vidal [9], and Cuevas and Del
Campo [10].
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As usual, we denote by Z, Z*, and Z~ the set of all integers, the set of all nonnegative
integers, and the set of all nonpositive integers, respectively. Let C" be the r-dimensional
complex Euclidean space with norm | - |. N(ng) the set N(np) = {n € N: n > ng}.

If x : Z — C" is a function, we define for n € N(np), the function x,, : Z~ — C" by
xn(s) = x(n +s), s € Z~. Furthermore x, is the function given for x, : N(ng) — B, with
Xo (1) = xp.

The abstract phase space B, which is a subfamily of all functions from Z~ into C”
denoted by ¥(Z~,C"), is a normed space (with norm denoted by || - ||3) and satisfies the
following axioms.

(A) There is a positive constant | > 0 and nonnegative functions N (-) and M(-) on Z* with
the property that x : Z — C” is a function, such that xo € B, then for all n € Z*, the
following conditions hold:

(i) x, € B,

(i) Jlx(m)| < llxnlls,
(iii) [lxnllp < N (n)supgese,lx(s)] + M(n)[|xo]I5-

(B) The space(B, || - ||3)is a Banach space.
We need the following property on B.

(C) The inclusion mapi : (B(Z~,C"),||'ls) — B,-|z) is continuous, that is,
there is a constant K > 0, such that ||¢ll; < Klle|l, for all ¢ € B(Z7,C"),

where B(Z~,C") represents the bounded functions from Z~ into C".

Axiom (C) says that any element of the Banach space of the bounded functions
equipped with the supremum norm (B(Z~,C"), || - ||) is on B.

Remark 1.1. Using analogous ideas to the ones of [3], it is not difficult to prove that Axiom
(C) is equivalente to the following.

(C’) If a uniformly bounded sequence {¢,}, in B converges to a function ¢ compactly
on Z~ (i.e., converges on any compact discrete interval in Z~) in the compact-open
topology, then ¢ belong to B and ||¢, —¢||; — 0asn — +oo.

Remark 1.2. We will denote by x(n, T, ¢) (T > ny, and ¢ € B) or simply by x(n), the solution
of (1.1) passing through (7, ¢), that is, x(7,7,¢) = ¢, and the functional equation (1.1) is
satisfied.

During this paper we will assume that the sequences M(n) and N (n) are bounded.
The paper is organized as follows. In Section 2 we see some important implications of
the fading memory spaces. Section 3 is devoted to recall definitions and some important
basic results about almost periodic sequences, asymptotically almost periodic sequences, and
uniformly asymptotically almost periodic functions. In Section 4 we analyze separately the
cases where F is periodic and when it is almost periodic. Thus, in Section 4.1 assuming that
the system (1.1) is periodic and the existence of a bounded solution (particular solution)
which is uniformly stable and the phase space satisfies only the axioms (A)—(C), we prove
the existence of an almost periodic solution and an asymptotically almost periodic solution. If
additionally the particular solution is uniformly asymptotically stable, we prove the existence
of a periodic solution. Similarly, in Section 4.2 considering that system (1.1) is almost periodic
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and the existence of a bounded solution and whenever the phase space satisfies the axioms
(A)-(C), but here it is also necessary that B verifies the fading memory property. If the
particular solution is asymptotically almost periodic, then system (1.1) has an almost periodic
solution. While, if the particular solution is uniformly asymptotically stable, we prove the
existence of an asymptotically almost periodic solution.

In [11, 12] the problem of existence of almost periodic solutions for functional
difference equations is considered in the first case for the discrete Volterra equation and in
the second reference for the functional difference equations with finite delay; in both cases
the authors assume the existence of a bounded solution with a property of stability that
gives information about the existence of an almost periodic solution. In an analogous way
in [13] the problem of the existence of almost periodic solutions for functional difference
equations with infinite delay is considered. These results can be applied to several kinds
of discrete equations. However, our approach differs from Hamaya’s because, firstly, in our
work we consider both cases, namely, when F is periodic and when it is almost periodic in
the first variable. And secondly, we analyze very carefully the implications of the existence of
a bounded solution of (1.1) with each property: uniformly stable, uniformly asymptotically
stable, and globally uniformly stable.

Furthermore, we cite the articles [14-16] which are devoted to study almost periodic
solutions of difference equations, but a little is known about almost periodic solutions, and in
particular, for periodic solutions of nonlinear functional difference equations in phase space
via uniform stability, uniformly asymptotically stability, and globally uniformly stability
properties of a bounded solution.

2. Fading Memory Spaces and Implications

Following the terminology given in [3], we introduce the family of operators on B, S(-), as

(P(O)/ if —nSQSO/

[S(n)] (6) = {(P(" +0), if0<-n, -

with ¢ € B. They constitute a family of linear operators on B having the semigroup property
S(n +m) = S(n)S(m) for n,m > 0. Immediately, the following result holds from Axiom (A):

IS(n)|| < @ + M(n), for each n>0. (2.2)

Now, given any function x : Z — C" such that xo € B, we have the following
decomposition:

x(n)=y(n)+z(n), nez, (2.3)
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where

) x(n), ifn>0,
n)=
Y x(0), ifn>0,

(2.4)
0, if n>0,
z(n) =
x(n) —x(0), if n<DO.
Then, we have the following decomposition of x,, = v, + 2, Yn, 2z, € B for n > 0, where
z0 = S(n) (x0 - x(0)), (2.5)
and y(0) =1 for all 6 < 0. Note that
z,(0) =0, for each n > 0. (2.6)
Let
By = {¢p € B: ¢(0) =0} (2.7)

be a subset of B, and let So(n) = S(n)|5, be the restriction of S to By. Clearly, the family So(n),
n € N(ng), is also a strongly continuous semigroup of bounded linear operators on By. It is
given explicitly by

0, -n<0<0,

[So(n)¢] () = {q) (n+0), 0<-n, (2.8)

for ¢ € By.

Definition 2.1. A phase space B that satisfies axioms (A)-(B) and (C) or (C’) and such that the
semigroup So(n) is strongly stable is called a fading memory space.

Remark 2.2. Remember that a strongly continuous semigroup is strongly stable if for all ¢ €
By, So(n)yp — Oasn — +oo.

Thus, we have the following result.

Lemma 2.3. Let x : Z — C', with xo € B, where B is a fading memory space. If x(n) — 0 as
n — +oo, then x, — 0asn — +oo.

Proof. Firstly, we note that as before, x, = vy, + So(n)[xo — x(0) x], where y(6) =1, for 6 < 0
and

0 - x(0), 030, 29
7 x0), <o '
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Then, by definition Sy (n)[xo — x(0)y] — 0asn — +oo because xy — x(0) y € Bp. On the other
hand, by hypothesis, x(n) — 0 asn — +oo, so it follows from Axiom (C’) that y, — 0.
Therefore, we conclude that x,, — 0asn — +oo. O

3. Notations and Preliminary Results

In this section, we review the definitions of (uniformly) almost periodic, asymptotically
almost periodic sequence, which have been discussed by several authors and present some
related properties.

For our purpose, we introduce the following definitions and results about almost
periodic discrete processes which are given in [3, 17, 18] for the continuous case. For the
discrete case we mention [11, 12].

Definition 3.1. A sequence x : Z — (C’ is called an almost periodic sequence if the e-
translation set of x,

E{e,x} ={te€Z/|x(n+1)-x(n)|<e, VneZ}, (3.1)

is a relatively dense set in Z for all € > 0; that is, for any given e > 0, there exists an integer
I =1(e) > 0 such that each discrete interval of length I contains 7 = 7(¢) € E{e, x} such that

[x(n+71)-x(n)|<e, VYnez. (3.2)
7T is called the e-translation number of x(n). We will denote by 4/ (Z; C") the set of all such

sequences. We will write that x is a.p. if x € #PD(Z;C").
Definition 3.2. A sequence x : Z — C" is called an asymptotically almost periodic sequence if
x(n) = p(n) +4q(n), (3.3)
where p(n) is an almost periodic sequence, and g(n) — 0asn — +oo. We will denote by
AAP(Z; C") the set of all such sequences. We will write that x is a.a.p. if x € AALD(Z; C").
In general, we will consider (X, || - ||x) a Banach space.

Definition 3.3. A function or sequence x : Z — X is said to be almost periodic (abbreviated
a.p.) inn € Z if for every € > 0 there is N, = N(e) > 0 such that among N, consecutive
integers there is one; call it p, such that

lx(n+p) -x(n)||x <e, YneZ (3.4)

Denote by 4/ (Z);X) all such sequences, and x is said to be an almost periodic (a.p.) in X.

Definition 3.4. A sequence {x(n)},enm,), (OF {x(n)},ez), x(n) € X, equivalently, a function
x :N(ng) — X (or, x : Z — X) is called asymptotically almost periodic if x = x1 + xp, where
x1 € AP(Z; X) and x; : N(ng) — X (o1, xp : Z — X) satisfying ||x2(n)|[xy — Oasn — +oo
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(o1, |n| — +00). Denote by A4 (N(ng); X) (or HAAP(Z; X) all such sequences, and x is said
to be an asymptotically almost periodic on N(n) (or on Z) (a.a.p.) in X.

Remark 3.5. Almost periodic sequences can be also defined for any sequence {x(n)},¢; (J C Z)
or x: | — X by requiring that N, = N(¢) > 0 consecutive integers are in J.

Definition 3.6. Let f : Z x B — C’. f(n, $) is said to be almost periodic in n uniformly for
¢ € B, if for any € > 0 and every compact X C B, there exists a positive integer I = I(¢, X)
such that any interval of length I (i.e., among I consecutive integers) contains an integer (or
equivalently, there is one); call it 7, for which

|f(n+7,¢)-f(n,p)|<e, VneZ peX. (3.5)

T is called the e-translation number of f(n, $). We will denote by UA4D(Z x B;C") the set of
all such sequences. In brief we will write that f is u.a.p. if f € UAD(Z x B; C").

Definition 3.7. The hull of f, denoted by H (f), is defined by
H(f) = {g(n,(])) : klim f(n+1, $) = g(n,¢) uniformly on Z x Z}, (3.6)
— +00

for some sequence {7}, where X is any compact set in B.

For our purpose, we introduce the following definitions and results about almost
periodic discrete processes which are given in [3, 17, 18] for the continuous case. For the
discrete case we mention [11, 12]. With the objective to make this manuscript self contained
we decided to include the majority of the proofs.

Lemma 3.8. (a) If {x(n)} is an a.p. sequence, then there exists an almost periodic function £(t) such
that f(n) = x(n) for n € Z.
(b) If £(t) is an a.p. function, then {£(n)} is an a.p. sequence.

Lemma 3.9. (a) If {x(n)} is an a.p. sequence, then {x(n)} is bounded.

(b){x(n)} is an a.p. sequence if and only if for any sequence {k;} C 7Z there exists a subsequence
{ki} C {k;} such that x(n + k;) converges uniformly on Z as i — +oo. Furthermore, the limits
sequence is also an almost periodic sequence.

() {x(n)} n € Zis an a.p. sequence if and only if for any sequence of integers {k;}, {I.} there
exist subsequences k = {k;} C {ki}, I = {I;} C {L}} such that

TiTix(n) = Trux(n), fornelZ, (3.7)

where Tix(n) = lim;_, ;oo x(n + k;) for n € Z.

(A){x(n)}, n € Z* (or, n € Z) is an a.a.p. sequence if and only if for any sequence {k:} C Z*
(or, Z) such that ki > 0 and k; — +oo asi — +oo (or, |ki|] — +ooasi — +oo), there exists
a subsequence {k;} C {k;} such that x(n + k;) converges uniformly on Z* (or Z) as i — +oo.
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Lemma 3.10. Let x(n) be an a.a.p. periodic sequence. Then its decomposition,

f(n) = p(n) +4q(n), (3.8)

where p(n) is an a.p. sequence while g(n) — 0asn — +oo, is unique.

Lemma 3.11. Let f : Z x B — C" be almost periodic in n uniformly for ¢ € B and continuous in ¢.
Then f(n, ¢) is bounded and uniformly continuous on Z x X for any compact set % in B3.

Lemma 3.12. Let f(n, ¢) be the same as in the previous lemma. Then, for any sequence {h;_}, there
exist a subsequence {hy} of {h} } and a function g(n,$) continuous in ¢ such that f(n + hy,¢) —
g(n, @) uniformly on Z x X as k — +oo, where X is any compact set in B. Moreover, g(n, ¢) is also
almost periodic in n uniformly for ¢ € B.

Lemma 3.13. Let f(n, ) be the same as in the previous lemma. Then, there exists a sequence {ay},
ar — +ooask — +oo such that f(n+ ax, §) — f(n,P) uniformly on Z x X as k — +oo, where
is any compact set in B.

Lemma 3.14. Let f : Z x B — C” be almost periodic in n uniformly for ¢ € B and continuous in
¢ € B, and let p(n) be an almost periodic sequence in B such that p(n) € X for all n € Z, where X is
a compact set in B. Then £(n, p(n)) is almost periodic in n.

Lemma 3.15. Let f : Z x B — C” be almost periodic in n uniformly for ¢ € B and continuous in
¢ € B, and let p(n) be an almost periodic sequence in C" such that p,, € X for all n € Z, where X is a
compact set in B and p,(s) = p(n + s) for s € Z~. Then £(n, p,) is almost periodic in n.

Remark 3.16. 1f x : N(ng) — X is a.a.p., then the decomposition x = x; + x, in the definition
of an a.a.p. function, is unique (see [18]).

4, Existence of Almost Periodic Solutions

From now on we will assume that the system (1.1) has a unique solution for a given initial
condition on B and without loss of generality ng = 0, thus N,,, = No = Z*.
We will make the following assumptions on (1.1).

(H1) F : Z* x B — C" is continuous in the second variable for any fixed n € Z*.

(H2) System (1.1) has a bounded solution y = {y(n)},q, passing through (0,¢), ¢ € B,
that is, sup,,oly(n)| < co.

For this bounded solution {y(n)},o, there is an a > 0 such that |y(n)| < « for all n. So,
we will have to assume that ||y,||z < a for all n, and y, € 2, = {$ € B/||¢p||z < a}. Next, we
will point out the definitions of stability for functional difference equations adapting it from
the continuouscase according to Hino et al. in [3].
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Definition 4.1. A bounded solution x = {x(n)},5, of (1.1) is said to be:

(i) stable, if for any € > 0 and any integer 7 > 0, there is 6 := 6(¢,7) > 0 such that
lxr — yzllz < 6 implies that ||x, — y,llz < € for all n > 7, where {y(n)},., is any
solution of (1.1);

(ii) uniformly stable, abbreviated as “x € US”, if for any € > 0 and any integer 7 > 0,
there is & := 6(¢) > 0 (6 does not depend on 7) such that ||x; — y;||zp < 6 implies that

lxn — yullz < € for all n > 7, where {y(n)},, is any solution of (1.1);

(iii) uniformly asymptotically stable, abbreviated as “x € UAS”, if it is uniformly stable
and there is 6y > 0 such that for any € > 0, there is a positive integer N = N(e) > 0
such that if 7 > 0 and ||x; — y-||3 < 6o, then ||x, — y,|l3 < € for all n > T + N, where
{y(n)},5, is any solution of (1.1);

(iv) globally uniformly asymptotically stable, abbreviated as “x € GUHA#S”, if it is uniformly
stable and ||x, — yullz3 — 0asn — +oo, whenever {y(n)},, is any solution of (1.1).

Remark 4.2. 1t is easy to see that an equivalent definition for x = {x(n)},50, being UAS, is the
following:

(iii)* x = {x(n)},50 is UAS, if it is uniformly stable, and there exists 5y > 0 such that if
7 > 0 and [|x; — y-|lp < 6o, then ||x, — yullz — Oasn — +oo, where {y,},, is any
solution of (1.1).

4.1. The Periodic Case
Here, we will assume what follows.

(H3) The function F(n,-) in (1.1) is periodic in n € Z%, that is, there exists a positive
integer T such that F(n+T,-) = F(n,-) foralln € Z*.

Moreover, we will assume what follows.

(A) The sequences M(n) and N(n) in Axiom (A)(iii) are bounded by M and N,
respectively and M < 1.

Lemma 4.3. Suppose that condition (A) holds. If {y(n)} is a bounded solution of (1.1) such that
Yo € B, then y, is also bounded in Z.*.

Proof. Let us say that |y(n)| < R for all n € Z. Then by Axiom (A) (iii) and hypothesis (A) we
have

lynlls < N'sup [y(s)| + Mllyolls < NR+ M|lyollz, VneZ" (4.1)
0<s<n
O

Lemma 4.4. Suppose that condition (A) holds. Let {y* (n) Vi1 be a sequence in CT such that y§ € B
for all k > 1. Assume that y*(s) — 7(s) as k — +oo for every s € Z and 19 € B, then y* — 1, in
Bas k — +oo for each n € Z*. In particular, if y*(s) — n(s) as k — +oo uniformly in s € Z, then

y& — n,inBask — +oo uniformly inn € Z*.
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Proof. By Axiom (A)(iii) and hypotheses we have that

vk = 1alls < N'sup [y*(s) = n(s)| + M|lyk = nolls, for any n > 0. (4.2)
0:

<s<n

In the particular case n = 0 we obtain
N
k_ <« N k) -
Ivo = molls < 37— |v" () —n(0)], (4.3)

and so ||]/(I)c —1ollz = 0as k — +oo. On the other hand, since # is fixed, it follows that

sup yk(s) -71(s)| — 0 as k — +oo, (4.4)
0<s<n
for each n € Z*. Therefore, we have concluded the proof. O

Theorem 4.5. Suppose that condition (A) and (H1)~(H3) hold. If the bounded solution {y(n) }us0 Of
(1.1) is US, then {y(n)} is an a.a.p. sequence in C", equivalently, (1.1) has an a.a.p. solution.

Proof. By Lemma 4.3 there exists a € R* such that ||y,||z < a forall n € Z*, and a bounded (or
compact) set X, C B such that y,, € X, for all n > 0. Let {ny},.; be any integer sequence such
that n, > 0 and nx — +oo as k — +oo. For each ny, there exists a nonnegative integer 1y
such that mT < ny < (my +1)T. Set ng = myT + 7. Then 0 < 7 < T for all k > 1. Since {7 } ;>
is a bounded set, we can assume that, taking a subsequence if necessary, 7 = j, forall k > 1,
where 0 < j, < T. Now, set y*(n) = y(n + nx). Thus,

yk(n +1)=y(n+m+1) = F(n+ng, Ynin, ) = F<n + nk,ys> = F(n +j*,y£>, (4.5)

which implies that {y*(n)} is a solution of the system,

x(n+1)=F(n+j.,xn), (4.6)

through (0, y,,). It is clear that if {y(n)},s, is %S, then {y*(n)}, is also US with the same
pair (e, 6(¢e)) as the one for {y(n)},50.

Since {y(n + ny)} is bounded for all n and nj, we can use the diagonal method to get a
subsequence {ny, } of {nx = mT+j.} such that y(n+mny,) converges foreachn € Zasj — +oo.
Thus, we can assume that the sequence y(n + n,) converges for each n € Z as k — +oo. Since
Y¥ = yn, € B, by Lemma 4.4 it follows that y¥ is also convergent for each n € Z. In particular,
for any e > 0 there exists a positive integer N1 (e) such that if k,m > Ni(Je) (J is the constant
given in Axiom A(ii)), then

lyE - yills < 6(e), 4.7)
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where 6(¢) is the number given by the uniform stability of {y(n)},,. Since yk(n) € US, it
follows from Definition 4.1 and (4.7) that

lyk - yills < Je, Yn>0, (4.8)
and by Axiom A(ii) it follows that

yk(n) -y™(n)| <e, Yn>0, k,m> Nj(e). (4.9)

This implies that for any positive integer sequence 7y, ny — +oo as k — +oo, there is a
subsequence {ny;} of {ny} for which {y(n + ny,)} converges uniformly on Z* as j — +oo.
Thus, the conclusion of the theorem follows from Lemma 3.9(d). O

Before proving our following result we remark that if y is a.a.p. then there are unique
sequences p,q : Z — C” such that y(n) = p(n) + q(n), withp ap.and g(n) — 0asn — 0
as n — +oo. By Lemma 3.9(a) it follows that p is bounded and thus p € B(Z~,C"). Hence, by
Axiom (C) we must have that p, € B for all n > 0. In particular, g, = y, — p, € Bforalln > 0.

Theorem 4.6. Suppose that (A) and (H1)—-(H3) hold and the bounded solution {y(n)},o of (1.1) is
US, then system (1.1) has an a.p. solution, which is also US.

Proof. It follows from Theorem 4.5 that v is an a.a.p. Set y(n) = p(n) + g(n) (n > 0), where
{p(n)},50is a.p. sequence and q(n) — Oasn — +oo. For the positive integer sequence {n;T},
by Lemma 3.9(b)—(d) and arguments of the previous theorem, we can choice a subsequence
{n, T} of {nkT} such that y(n + ny,T) converges uniformly inn € Z and p(n + ny, T) — 1(n)
uniformly on Z as j — +oo and {7(n)} is also a.p. Then, y(n + nx,T) — 7(n) uniformly in
n € Z, and thus by Lemma 4.4 Ynin T = 1n uniformlyinn € Z* onBasj — +ooand 7, € B.
Since

nn+1) — y(n +my, T + 1) = F(n +my, T, ynmij) = F(n, ynmk]_T) —s F(n,1,) (4.10)

as j — +oo, we have n(n + 1) = F(n,1,) for n > 0, that is, the system (1.1) has an almost
periodic solution, and so we have proved the first statement of the theorem.

In order to prove the second affirmation, notice that y (n+ny,T) € US since y € U.S. For
any ng € Z*, let {x(n)},5, be a solution of (1.1) such that xo € B and [|17,, — Xy, |5 := p < 6(€).

Again, by Lemma 4.4 y,lzj — flpas j — +oo for each n > 0, so there is a positive integer J; > 0
such that if j > J;, then

k.
1Yy = 1ol < 6(€) = . (4.11)



Advances in Difference Equations 11

Thus, for j > J;, we have
||yno+nkiT - anHB S ||yno+nk}.T - ﬂnol|B + ”7'[110 - xno”B < 6(6) (412)
Then,

||yn+nk]-T —Xullz <€ Vn2ny. (4.13)

Therefore, there is J, > 0 such thatif j > J», then
110 = Yoy, Tlln < 6(¥), (4.14)

and hence, |77, — yn+nk]_T||;3 < v forall n > nyg, where (v,6(v)) is a pair for the uniform stability
of y(n+ nk].T). This shows that if j > max{Ji, >}, then

”7’[11 - Xl < ”ﬂn - yn+nk].T||B + ||yn+nij - Xullp <€+, (4.15)

for all n > ny, which implies that ||7, — x,||3 < € for all n > ng if ||, — X, ||z < 6(€) because v
is arbitrary. This proves that #(n) is US. O

In the case when we have an asymptotically stable solution of (1.1) we obtain the
following result.

Theorem 4.7. Suppose that (A) and (H1)-(H3) hold and the bounded solution {y(n)},, of (1.1) is
UAS, then the system (1.1) has a periodic solution of period mT for some positive integer m, which
is also UAS.

Proof. Set y*(n) = y(n +kT), k =1,2,.... By the proof of Theorem 4.5, there is a subsequence

{yy% (n)} which converges to a solution {1(n)} of (4.6) for each n € Z and hence by Lemma 4.4,
y(])(f — 1o as j — +oo. Thus, there is a positive integer p such that ||y§’“ - yg”+1||73 < O

(0 £ kp < kp +1), where 6y is obtained from the uniformly asymptotic stability of {y(n)},,.
Let m = kp.1 — kp, and notice that y™(n) = y(n + mT) is a solution of (1.1). Since y,’::T (j) =
y"(kpT +j) = y(kpirT +j) = yx,,7(j) for j € Z~, that is, yZ;T = Yk,..+1, we have

Kyt k
1Yir = yirlls = 1Yk, = yi,7lls = [1yo" "=y lIs < 60, (4.16)
and hence,
lyy = yulls — 0 as n— +oo, (4.17)

because {y (1)}, is UAS (see also Remark 4.2). On the other hand, {y(n)}, is a.a.p. by
Theorem 4.5, then

y(n) =p(n)+q(n), nx0, (4.18)
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where {p(n)},z is a.p. and g(n) — 0asn — +oo. It follows from (4.17) and (4.18) that

|p(n) —p(n+mT)| — 0, asn— +oo, (4.19)

which implies that p(n) = p(n + mT) for all n € Z because {p(n)} is a.p.

For the integer sequence {kmT}, k =1,2,...,wehave y(n+kmT) = p(n) +qg(n+ kmT).
Then y(n + kmT) — p(n) uniformly for all n € Z as k — +oo, and again by Lemma 4.4,
Yn+kmT — Pn uniformly inn € Z* as k — +oo. Since y(n + kmT + 1) = F(n, Yyskmt), We have
p(n+1) = F(n,p,) for n > 0, which implies that (1.1) has a periodic solution {p(n)},, of
period mT.

Now, we will proceed to prove that p € UH#S by the use of definition (ii)* in
Remark 4.2. Notice that since y € A4S then ykf (n) is a UA.S solution of (1.1) with the same
6 as the one for {y(n)}. Let {x(n)} be any solution of (1.1) such that ||p,, — xu,|lz < 0. Set
lpny — Xu,ll3 := p < 6o. Again, for sufficient large j, we have the similar relations (4.12) and
(4.14) with ||yng+nij — Xp,lI3 < 69 and ”yno+nk/.T - 7’lng||73 < 6¢. Thus,

110 = Xulln < 117 — ynmij”B + ||yn+nk,T — Xl — 0, (4.20)

asn — +o0 if ||[Yn, — Xnllz < S0, because y¥i, x, and 7(n) satisfy (1.1). This completes the
proof. O

Finally, if the particular solution is GUH#S, we will prove that system (1.1) has a
periodic solution.

Theorem 4.8. Suppose that (A) and (H1)=(H3) hold and that the bounded solution {y(n)},s of
(1.1) is GUAS, then the system (1.1) has a periodic solution of period T.

Proof. By Theorem 4.5, y is a.a.p. Then y(n) = p(n) + g(n) (n > 0), where {p(n)} (n € Z) is
an a.p. sequence and g(n) — 0asn — +oo. Notice that y(n + T) is also a solution of (1.1)
satisfying yr € Z,. Since {y(n)} is GUAS, we have that ||y, — Yus7|l3 — 0asn — +oo, which
implies that p(n) = p(n+T) for all n € Z. Using same technique as in the proof of Theorem 4.7,
we can show that {p(n)} is a T-periodic solution of (1.1). O

4.2, The Almost Periodic Case
Here, we will assume that

(H4) the function F(n,-) in (1.1) is almost periodic in n € Z* uniformly in the second
variable.

By C(F) we denote the uniform closure of F, that is, C(F) = {G/3 ai such
thatay — +ooand F(n + ax,©) — G(n,) uniformlyon Z* x X as k — +oo
where X is any compact set in B}. Note that C(F) C 4pP(Z* x B,C") by Lemma 3.12 and
F € C(F) by Lemma 3.13.

Lemma 4.9. Suppose that Axiom (C) is true, and that {x(n},; is an a.p. sequence with xo € B, then
Xy iS a.p.
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Proof. We know that, given e > 0, there exists an integer | = I(e) > 0 such that each discrete
interval of length I contains a 7 = 7(¢) € E{e, x} such that

|x(n+71) —x(n)| < %, VneZ. (4.21)

By Axiom (C) we have

”xn+T - xn”B < K||xn+T - xn”oo

= Ksup|xp+r(0) — x,(0)]

0<0
(4.22)
= Ksup|x(n+7+0) —x(n+0)|
<0
<e.
O

Lemma 4.10. Suppose that B is a fading memory space and {x(n)} ., is a.a.p. with xy € B, then x,
is a.a.p.

Proof. Since x(n) is a.a.p. there are unique sequences y(n) and v(n) such that y is a.p. and
v(n) — 0asn — +oo. Then by Lemma 4.9 it follows that y, is a.p., and by Lemma 2.3 it
follows that v, — 0asn — +oo. Therefore, x,, = y,, + v, is a.a.p. O

Theorem 4.11. Suppose that conditions (A), (H1)-(H2), and (H4) hold and that B is a fading memory
space. If the bounded solution {y(n)},sq of (1.1) is an a.a.p. sequence, then the system (1.1) has an
a.p. solution.

Proof. Since the solution {y ()}, is a.a.p., it follows from Lemma 3.10 that y(n) has a unique
decomposition y(n) = p(n) + g(n), where {p(n)},c, is a.p. and q(n) — 0asn — +oo. Notice
that {y(n)} is bounded. By Lemma 4.3 there is a compact set %, in B such that y,, p, € X, for
all n > 0. By Lemma 3.13, there is an integer sequence {ny}, nx > 0, such that ny — +oo as
k — +ooand F(n +nk, ¢) — F(n,¢) uniformly on Z x X, as k — +oo. Taking a subsequence
if necessary, we can also assume that p(n+ni) — p(n) uniformly on Z, and by Lemma 3.9(b)
we have that {p(n)} is also an a.p. sequence. For any s € Z~, there is a positive integer ky such
that if k > ko, then s + n > 0. In this case, we see that y(n + nx) — p(n) uniformly for all n as
k — +oo,and hence by Lemma44y,,, — p,inBinn€Z"ask — +oo. Since

y(m+ng+1) = F(n+nk, Ynin, )
= [F(n+ 1k, Ynin,) — F(n + 1, Pn) | (4.23)
+ [F(n+m,Pn) = E(n,Pn)] + E(1, ),
and from the previous considerations the first term of the right-hand side of (4.23) tends
to zero as k — +oo and since F(n + ng,pn) — F(n,p,) — 0as k — +oo, we have that

p(n+1) = F(n,p,) for all n € Z*, which implies that (1.1) has an a.p. solution {p(n)},,
passing through (0, po), where po(j) = p(j) for j € Z~. O
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We are now in a position to prove the following result.

Theorem 4.12. Suppose that the assumptions (A), (H1), (H2), and (H4) hold, and that B is a
fading memory space. If the bounded solution {y(n)},so of (1.1) is UHAS, then {y(n)},5 is a.a.p.
Consequently, (1.1) has an a.p. solution which is UHAS.

Proof. Let the bounded solution y of (1.1) be A4S with the triple (6(¢), 60, N (€)). Let {1k } 5
be any positive integer such that 7 — +00 as k — +oo0. Set y*(n) = y(n+ nx). As previously
y*(n) is a solution of

x(n+1)=F(n+ng, x,), (4.24)

and {y*(n)} is UAS with the same triple (6(€), 5o, N(€)). By Lemma A.2, for the set 3, and
any 0 < e < 1 there exists 61(¢) > 0 such that |h(n)| < 61(¢) and ||x’n‘0 — Xp,||B < 61(€) for some
no > 0 implies that ||xX — x,||5 < €/2 for all n > ny, where {x(n) } s, 18 @ bounded solution of

x(n+1) = F(n+ng,x,)+h(n), (4.25)

passing through (ng, x,,) and x, € =, for n > ny. Since y*(j) is uniformly bounded for all
k >1and j € Z, taking a subsequence if necessary, we can assume that {y*(j)} is convergent
for each j € Z and F(n + ng, $) — G(n, ) uniformly on Z* x %, for some a.p. function G. In
this case, by Lemma 4.4 there is a positive integer ki (¢) such that if m, k > ki (e), then

lys - vi'lls < 61(e). (4.26)
On the other hand, y/' € X, for n € Z* is a solution of (4.25) with h(n) = hy,,(n), that is,

x(n+1) = F(n+nk, x,) + higm(n), (4.27)

where hy ,,(n) is defined by the relation
him(n) = F(n+nm,y)') - F(n+ng,y)), nel'. (4.28)

To apply Lemma A.2 to (4.24) and its associated equation (4.27), we will point out some
properties of the sequence {hxn(1)},50. Since F(n + ny, ¢) — G(n, $) uniformly on Z* x %,
for the above 61(¢e) > 0, there is a positive integer k»(e) > ki (e) such that if k, m > k;(¢), then

|E(n+nm, ) —F(n+ni, )| <bi(e), VneZ', p €3, (4.29)

which implies that |hx,(n)| = [F(n + ny,,y)) — F(n + ng, yl)| < 61(e) for all n € Z.
Applying Lemma A.2 to (4.24) and its associated equation (4.27) with the above arguments
and condition (4.26), we conclude that for any positive integer sequence {7y}, nx — +o0
as k — +oo, and € > 0, there is a positive integer ky(e) > 0 such that

€

7 n>0if k,m > ky(e), (4.30)

k
lyn —yn'lls <



Advances in Difference Equations 15

and hence by Axiom A(ii) |y*(n) — y™(n)| < € for all n > 0 if k,m > ky(e). This implies that
the bounded solution {y(n)},s, of (1.1) is a.a.p. by Lemma 3.9(d). Furthermore, (1.1) has an
a.p. solution, which is #<#.8 by Theorem 4.11. This ends the proof. O

Appendix

The proof of the following lemmas used ideas developed by Hino et al. in [3] for the
functional differential equations with infinite delay and by Song [12] for functional difference
equations with finite delay.

Lemma A.1. Suppose that (A), (H1), (H2), and (H4) hold and that B is a fading memory space. Let
Yy be the bounded solution of (1.1). Let {ny} - be a positive integer sequence such that ny — +oo,
Yn, — ¢, and F(n + ni, @) — G(n, $) uniformly on Z x Zas k — +oo, where X is any compact
subset in B and G € C(F). If the bounded solution {y(n)},sq is US, then the solution {1(n)},-q of

x(n+1)=G(n,xy,), (A1)

through (0, ¢), is US. In addition, if {y(n)},so is UHAS, then {1(n)},sq is also UAS.

Proof. Set y*(n) = y(n + ny). It is easy to see that y*(n) is a solution of

x(n+1)=F(n+ngx,), n>0, (A.2)

passing though (0,,,) and y% € 3, for all k. Since {y(n)},5 is U3, then {y*(n)} is also US
with the same pair (e, 6(¢)) as the one for {y(n)},,. Taking a subsequence if necessary, we
can assume that {y*(n)} x>1 converges to a vector 7(n) for eachn > 0 as k — +co. From (4.23)
with p, = 7,, we can see that {7(n)},, is the unique solution of (A.1), satisfying 7o = ¢
because y,, — ¢.

To show that the solution {7(n)},50 of (A.1) is US, we need to prove that for any e > 0
and any integer ny > 0, there exists 6*(¢) > 0 such that ||7,, — Yn,llz < 6*(€) implies that
112 — Yulls < € for all n > ng, where {y(n)},,, is a solution of (A.1) with y,, = y € B.

We know from Lemma 4.4 that y§ — 7, as k — +oo for each n; thus, for any given
ng € Z*, if k is sufficiently large; say k > ko > 0, we have

1_se
k —_ —_ —_
1Yy = 1ol < 26(2), (A.3)

where 6(e) comes from the uniform stability of {y(n)},,. Let x € B be such that

It~ ol < 55(5), (A4)
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and let {x(n)},,, be the solution of (1.1) such that x4, = ¢. Then (xK(n) = x(n+mny)}isa
solution of (A.2) with xﬁo = ¢. Since {y*(n)} is US and ||xﬁ0 - y§0||73 < 6(e/2) for k > kg, we
have

€
lys = xills <5 Yn2mno, k> ko. (A5)
It follows from (A.5) that
€ €
lxxlis < lyklls + 5 <aty mxmng k2ko. (A.6)

Then there exists a number a* > 0 such that x’,ﬁ € Sy forall n > 0 and k > ko, which implies
that there is a subsequence of {x*(n)},, for each n > ny — 7, denoted by {x*(n)} again, such
that x*(n) — y(n) for each n > ny — 7, and hence by Lemma 4.4 x,’j — Yy foralln > ny as
k — +oo. Clearly, y,, = x, and the set S, is compact set BB. Since F(n, ¢) is almost periodic in
n uniformly for ¢ € B, we can assume that, taking a subsequence if necessary, F(n + ng, $) —
G(n, ¢) uniformly on Z x S, as k — +co. Taking k — +oo in x*(n + 1) = F(n + Moger X0),
we have y(n + 1) = G(n,y,), namely, {y(n)} is the unique solution of (A.1), passing through
(no, x) with y,, = xy € B. On the other hand, for any integer N > 0, there exists kn > ko such
that if k > ky;, then

€ €
||xﬁ - Yullz < g ||y,’j — 1l < 1 for ng <n<ny+ N. (A7)
From (A.5) and (A.7), we obtain
111n — yullz <€ for mg <m<my+ N. (A.8)

Since N is arbitrary, we have ||#, — ||z < € for all n > ng if ||y — 7, 1|3 < 6(¢/2)/2 and ¢ € B,
which implies that the solution {#(n)},5, of (A.1) is US.

Now, we consider the case where {y(n)},,5o is U4.S. Then the solution {y*(n)} of (A.2)
is also U4 .S with the same pair (69, €, N (€)) as the one for {y(n)},. Let (6*(€), €) be the pair
for uniform stability of {7(n)}.

For any given ng € Z*, if k is sufficiently large; say k > ko > 0, we have

1
193, = 1ins 13 < 560, (A9)

where 6y is the one for uniformly asymptotic stability of {y(n)},.,. Let ¢ € B such that || -
Mnollz < (60/2), and let {x(n)},,,, for each fixed k > ko, be the solution of (1.1) such that
Xnpsnme = - Then x* is a solution of (A.2) with xﬁo = x.Since {y*(n)} is U4 and ||xﬁo—y’,§0 Iz <
(60/2) for each fixed k > ky, we have

€ €
lyk-xkla <5 ¥n2mo+N(3) k2k. (A.10)
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By the same argument as above, there is a subsequence of n, which we will continue calling
nk, such that {x*(n)} converges to the solution {y(n)} of (A.1) through (no, ) and F(n +
ni,$) — G(n,¢) uniformly on Z x S, as k — +oo, where S,- is a compact set in B with
|x¥(n)| < a* for all k > kg and n € Z. Then {y(n)} is the unique solution of (A.1), passing
through (ng, y) with y,, = y € B. On the other hand, by Lemma 4.4 for any integer N > 0
there exists kn > ko such that if k > ky, then

€ € € €
||x’n< - Yullz < T ||y,’§ — 1l < 1 for ng + N(§> <n<mny+ N<§> + N, (A11)

and hence ||y, — 74|l3 < € for no + N(e/2) < n < ng+ N(e/2) + N. Since N is arbitrary, we
have

€
Iy = 1alln <€, Vnzmo+N(3), (A.12)

if ||¢ — 1u,ll3 < (60/2) and ¢ € B; thus, 17, € UH4S and the proof is complete. O
Now, we need to prove the following important lemma.

Lemma A.2. Suppose that the assumptions (A), (H1), (H2), and (H4) hold, that B is a fading memory
space, that the bounded solution y of (1.1) is UHAS, and that for each G € C(F), the solution of (A.1)
is unique for any given initial data. Let S D X, be a given compact set in B. Then for any e > 0, there
exists & = 6(e) > 0 such that if ng > 0, ||Yn, — Xn, |3 < 6, and {h(n)} is a sequence with |h(n)| < 6
forn > ny, one has ||y, — x,||3 < € for all n > ny, where {x(n)} is any bounded solution of the system

x(n+1)=F(n,x,) +h(n), n>ny, (A.13)

passing through (ng, x,,) and such that x,, € S for all n > ny.

Proof. Suppose that the bounded solution {y(n)},5, of (1.1) is UAS with the triple
(6(e), 60, N (e)). The proof will be by contradiction, we assume that Lemma A.2 is not true.
Then for some compact set S, 2 X,, there exist ¢, 0 < € < 8§, sequences {nx} C Z*, {rc} C Z*,
mapping sequences hy : [ng, +oo0) — C7, q)k i (oo, n] — C",and

1 1
[, — 2k |l < he(m| < ¢ for n > m,

k' (A14)
lyn—xklls <e for me <n<mge+ri—1, |Ymer, — Xnar lln <€
for sufficiently large k, where {x*(n)} is a solution of
x(n+1)=F(n,x,)+hc(n), n>ng, (A.15)

passing through (1, ¢*) such that xk € S, for all n > ny and k > 1. Since S, is a bounded
subset of B, it follows that {x* (ng+rc+n)} r>1and { x*(ng+n)) x>1 are uniformly bounded for all
ny and n > —oco. We first consider the case where {7y };,, contains an unbounded subsequence.
Set N = N(e) > 1. Taking a subsequence if necessary, we may assume from Lemmas 3.12
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and 3.9(b) that there is G € C(F) such that F(n + nx + r« — N,¢) — G(n,$) uniformly on
Z* xSy, xF(n+ng+1c—N) — z(n),and y(n+nx +re — N) — w(n) forn € Z* ask — oo,
where z,w : Z* — C" are some bounded functions. Since

xk(n+nk+rk—N+1):F<n+nk+rk—N,xk >+hk(n+nk+rk—N), (A.16)

n+ng+rg—N

passing to the limit as k — +oo, by the similar arguments in the proof of Theorem 4.11, we
conclude that {z(n)},,5 is the solution of the following equation:

x(n+1)=Gn,x,), neZ. (A.17)

Similarly, {w(n)},5 is also a solution of (A.17). By Lemma 4.4 x’n‘k+rk_ N — zoand Ypir-N —

wpin Bask — +oo; it follows from (A.14) that ||wo — zo||p < limk— +oo | Wnitr-N — Znesr—N I3 <
€ < 0p. Notice that {w(n)},., is a solution of (A.17), passing through (0,wy), and is A4S by
Lemma A.1. We have ||wn — zn||5 < €. On the other hand, since

Ynerr () =y(N +j+ nx + 1 = N) — w(N +j) = wn(j),

(A.18)
Xeor, (7) = X (N +j 4+ me+ 1= ) — 2(N + ) = 2n(f)
as k — +oo for each j € (-0, 0], it follows from (A.14) that
lon = znlls = Hm [y, - Xneonlln > €. (A.19)

This is a contradiction. Thus, the sequence {rx} must be bounded. Taking a subsequence if
necessary, we can assume that 0 < 7, = 1y < oo. Moreover, we may assume that xk(ng +n) —
z(n) and y(ni + n) — w(n) foreachn € Z, and F(n + ny, ) — G(n, ¢) uniformly on Z x S,,
for some functions z(n), @(n) on Z*, and Ge C(F). Since y,, — wo and x’n‘kZ(j) =Zyin B as
k — +o0, we have @0~ Zolls = limi— oy, — %%, 15 = limi— oy, — 91l = 0 by (A14),
and hence Wy = Zy, that is, ©w(j) = Z(j) for all j € (oo, 0]. Moreover, Z(n) and w(n) satisfy the
same relation:

x(n+1) =G(n,x,), nez. (A.20)

The uniqueness of the solutions for the initial value problems implies that Z(n) = w(n) for
n € Z*, and hence ||@;, — Z,,||3 = 0. On the other hand, and again from Lemma 4.4, y,+r, —

Wy, and xk ., — Z, inBask — +oo, then from (A.14) we have

~ ~ . k
||wr0 - ZT()”B = kl_l)r?m”ynkﬂk - xnk+rk||5 2 €. (A-21)

This is a contradiction, that proves Lemma A.2. O
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