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1. Introduction

For ordinary and functional differential equations, the existence of almost periodic solutions of almost
periodic systems has been studied by many authors. One of the most popular methods is to assume
certain stability properties [1-8]. Song and Tian [9] showed the existence of periodic and almost

periodic solutions for nonlinear Volterra difference equations by means of the (K, p)-stability condition.
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Their results were extended to discrete Volterra equations by Hamaya [3]. For the existence theorem of
almost periodic solutions in ordinary differential equations, Sell [10] introduced a new stability concept
referred to as the weakly uniformly-asymptotic stability. This stability property is weaker than the
uniformly-asymptotic stability (cf. [8]). The existence of almost periodic solutions of ordinary difference
equation by using globally quasi-uniformly asymptotic stability has been recently studied [11].

In this paper, we discuss the relationship between weakly uniformly-asymptotic stability and
uniformly-asymptotic stability of periodic and almost periodic Volterra difference equations. We also
show that for periodic Volterra difference equations, (K, p)-weakly uniformly-asymptotic stability
and (K, p)-uniformly-asymptotic stability are equivalent. Moreover, we obtain the conditions for the
existence of almost periodic solutions of Volterra difference equations by using this (K, p)-weakly
uniformly-asymptotically-stable in the hull. The relationship between our weakly uniformly-asymptotic
stability and globally quasi-uniformly-asymptotic stability described in [11] is very complicated;
however, the definition of our stability is clearer and simpler than that in [11]. In the next section, as
an application, we show the existence of almost periodic solutions for a Ricker-type Volterra difference
equation with infinite delay by using the technique of an invariant set and luxury Lyapunov functionals.
For the finite delay case, Xu [12] showed sufficient conditions for determining the invariant and attracting
sets and the globally uniformly-asymptotic stability of Volterra difference equations, as well as providing
useful examples to illustrate the results obtained above. Finally, we consider the relationship between
the p-separation condition and (K, p)-uniformly-asymptotic stability property. It can be seen that the
results of our theorem hold for the integrodifferential equations described in [3-5].

Let R™ denote Euclidean m-space; Z is the set of integers; Z™ is the set of nonnegative integers; and
| - | will denote the Euclidean norm in R™. For any interval I C Z, we denote by B.S(I) the set of all
bounded functions mapping [ into R™ and set |¢|; = sup{|¢(s)| : s € I}.

Now, for any function z : (—oo,a) — R™ and n < a, define a function z,, : Z= = {s|s € Z,
—00 < § <0} — R™by x,(s) = x(n+ s) for s € Z~. Let BS be a real linear space of functions
mapping Z~ into R™ with sup-norm:

BS ={¢| ¢:Z~ — R™ with |¢| = sup |¢(s)| < oo}

SEZ~

We introduce an almost periodic function f(n,x) : Z x D — R™, where D is an open set in R™.

Definition 1. f(n,z) is said to be almost periodic in n uniformly for x € D, if for any € > 0 and any
compact set K in D, there exists a positive integer L* (e, K), such that any interval of length L* (e, K)

contains an integer T for which:
|f(n+7—7$) —f(n,a:)| Se€

foralln € Z and all x € K. Such a number T in the above inequality is called an e-translation number

of f(n,x).

In order to formulate a property of almost periodic functions (this is equivalent to Definition 1), we
discuss the concept of the normality of almost periodic functions. Namely, let f(n, x) be almost periodic
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in n uniformly for 2 € D. Then, for any sequence {h,} C Z, there exist a subsequence {h;} of {h,}
and a function g(n, x), such that:

f(n+ hg,x) — g(n,x) (1)

uniformly on Z x K as k — oo, where K is a compact set in D. There are many properties of the discrete
almost periodic functions [13], which are corresponding properties of the continuous almost periodic
functions f(t,z) € C(R x D, R™) [2,8]. We shall denote by 7'(f) the function space consisting of all
translates of f, thatis f, € T'(f), where:

fr(n,z) = f(n+ 1,2), TeL )

Let H(f) denote the uniform closure of 7'(f) in the sense of (2). H(f) is called the hull of f. In
particular, we denote by (f) the set of all limit functions g € H(f), such that for some sequence {ny},
ng — 0o as k — oo and f(n + ng, ) — g(n,z) uniformly on Z x.S for any compact subset S in R™.
By (1), if f : Z xD — R™ is almost periodic in n uniformly for x € D, so is a function in 2(f). The
following concept of asymptotic almost periodicity was introduced by Frechet in the case of continuous
functions (cf. [2,8]).

Definition 2. wu(n) is said to be asymptotically almost periodic if it is a sum of an almost periodic
function p(n) and a function q(n) defined on I* = [a,00) C Z1T ={l € Z| 0 < | < +oo}, which tends

to zero as n — oo, that is,

u(n) = p(n) +q(n)

u(n) is asymptotically almost periodic if and only if for any sequence {ny}, such that n, — oo as

k — oo, there exists a subsequence {ny, } for which u(n + ny,) converges uniformly on a < n < oo.

2. Preliminaries

We consider a system of Volterra difference equations:

0

z(n+1)= f(n,z(n)) + Z F(n,s,x(n+s),z(n)) (3)
where f : Z x R™ — R™ is continuous in the second variable v € R™ and F' : Z X Z~— xR™ X R™ is
continuous forx € R™ andy € R™.

We impose the following assumptions on Equation (3):

(H1) f(n,z) and F(n,s,z,y) are w-periodic functions, such that there is an w > 0, such that f(n +
w,z) = f(n,x) foralln € Z,z € R™ and F(n +w,s,z,y) = F(n,s,z,y) foralln € Z, s € Z~,
re€ Rmandy € R™.

(H2) f(n,x) is almost periodic in n uniformly for z € R™, and F(n,s,x,y) is almost periodic in
n uniformly for (s,z,y) € K*, that is for any ¢ > 0 and any compact set K*, there exists an integer
L* = L*(e¢, K) > 0, such that any interval of length L* contains a 7 for which:
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|F(n+r,s,x,y) —F(n,s,x,y)| <e€

foralln € Z and all (s, z,y) € K*.
(H3) For any € > 0 and any r > 0, there exists an S = S(e,7) > 0, such that:

-S
> |F(n,s,z(n+s),x(n)| < e

for all n € Z, whenever |z(c)| < r forall o < n.

(H4) Equation (3) has a bounded unique solution u(n) defined on Z™, which passes through (0, u),
that is sup,,»( [u(n)| < oo and uy € BS.

Now, we introduce p-stability properties with respect to the compact set /.

Let K be the compact set in R™, such that u(n) € K for all n € Z, where u(n) = ¢°(n) for n < 0.
For any 6,1 € B.S, we set:

p(0.v) = ij<0,w>/[2f(1+pj<9,w>>J

where:

pi(0,0) = sup [0(s) —1(s)]

—j<s<0

Clearly, p(6,,,0) — 0 as n — oo if and only if 6,,(s) — 6(s) uniformly on any compact subset of Z~
as n — 0o.

We denote by (BS, p) the space of bounded functions ¢ : Z~ — R™ with p.

In what follows, we need the following 10 definitions of stability.

Definition 3. The bounded solution u(n) of Equation (3) is said to be:

(i) (K, p)-uniformly stable (in short, (K, p)-US) if for any € > 0, there exists a d(¢) > 0, such that if
ng > 0, p(xn,, Un,) < 6(€), then p(z,,u,) < € for all n > ny, where x(n) is a solution of (3) through
(no, @), such that z,,(s) = ¢(s) € K forall s < 0. In the case above where d(¢) depends on the initial
time ng > 0, this only gives the definition of the (K, p)-stable of u(n) (in short, (K, p)-S).

(1) (K, p)-equi-asymptotically stable (in short, (K, p)-EAS) if it is (K, p)-S and for any € > 0, there
exists a dp(ng) > 0 and a T'(ng, €) > 0, such that if ng > 0, p(x,,, Un,) < do(n0), then p(z,, u,) < € for
all n > ng + T'(ng, €), where z(n) is a solution of (3) through (ng, ¢), such that z,,,(s) = ¢(s) € K for
all s < 0.

(ii1) (K, p)-weakly uniformly-asymptotically stable (in short, (K, p)-WUAS) if it is (K, p)-US and
there exists a 9y > 0, such that if ng > 0, p(Zn,, Un,) < o, then p(z,, u,) — 0 as n — oo, where z(n)
is a solution of (3) through (ng, ¢), such that z,,,(s) = ¢(s) € K forall s < 0.

(iv) (K, p)-uniformly-asymptotically stable (in short, (K, p)-UAS) if it is (K, p)-US and is (K,
p)-quasi-uniformly-asymptotically stable, that is, if the o and the 7" in the above (iii) are independent
of ng: for any € > 0 there exists a 6o > 0 and a T'(¢) > 0, such that if ng > 0, p(2,, Un,) < do,
then p(z,,u,) < € for all n > ng + T'(¢), where z(n) is a solution of (3) through (ng, ¢), such that
Tno(8) = ¢(s) € K forall s <0.
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(v) (K, p)-globally equi-asymptotically-stable (in short, (K, p)-GEAS) if it is (K, p)-S and for any
¢ > 0 and any o > 0, there exists a T'(ng,€,«) > 0, such that if ng > 0, p(x,,, un,) < «, then
p(xn,u,) < €forall m > ng + T(no, €, ), where z(n) is a solution of (3) through (ng, ¢), such that
Tno(8) = ¢(s) € K forall s <0.

(vi) (K, p)-globally weakly uniformly-asymptotically stable (in short, (K, p)-GWUAS) if it is (K,
p)-US and p(x,,, u,) — 0 as n — oo, where x(n) is a solution of (3) through (ny, ¢), such that z,,,(s) =
o(s) € K forall s < 0.

(vil) (K, p)-globally uniformly-asymptotically stable (in short, (K, p)-GUAS) if it is (K, p)-US and is
(K, p)-globally quasi-uniformly-asymptotically stable, that is, if the 7" in the above (vi) are independent
of ng: for any € > 0 and o > 0, there exists a T'(¢, ) > 0, such that if ng > 0, p(Tn,, Un,) < @,
then p(x,,, u,) < € forall n > ng + T'(¢, o), where z(n) is a solution of (3) through (ng, ¢), such that
Tno(8) = ¢(s) € K forall s < 0.

(viii) (K, p)-totally stable (in short, (K, p)-TS) if for any € > 0, there exists a 6(¢) > 0 and such that
if ng > 0, p(2,y, Un,) < d(€) and h € BS([ng, 00)), which satisfies |h|[,,,00) < 0(€), then p(z,,, u,) < €
for all n > ng, where x(n) is a solution of:

0
z(n+1)= f(n,z(n)) + Z F(n,s,z(n+s),z(n)) + h(n)
through (ng, ¢), such that z,,,(s) = ¢(s) € K for all s < 0. In the case where h(n) = 0, this gives the
definition of the (K, p)-US of u(n).
(ix) (K, p)-attracting in Q( f, F') (c¢f. [12], in short, (K, p)-A in Q(f, F")), if there exists a §y > 0, such
that if np > 0 and any (v, g,G) € Qu, f, F), p(ny, Vny) < o, then p(z,,v,) — 0as n — oo, where
x(n) is a solution of:

0
x(n+1)=g(n,xz(n)) + Z G(n,s,z(n+s),z(n)) 4)
through (ng, 1), such that z,,,(s) = ¢ (s) € K forall s < 0.

(x) (K, p)-weakly uniformly-asymptotically stable in Q( f, F') (in short, (K, p)-WUAS in Q(f, F)), if
it is (K, p)-US in Q(f, F'), that is if for any ¢ > 0, there exists a d(¢) > 0, such that if ny > 0 and any
(v,9,G) € Qu, f, F), p(Tng, Ung) < 0(€), then p(x,,, v,,) < € for all n > ng, where x(n) is a solution of
(4) through (ny, ©), such that z,,(s) = 1(s) € K forall s < 0 and (K, p)-A in Q(f, F).

When we restrict the solutions x to the ones in K, i.e.,, x(n) € K for all n > ng, then we can say
that u(n) is (K, p)-relatively weakly uniformly-asymptotically stable in Q(f, F) (i.e., (K, p)-RWUAS
in Q(f, F), and so on). For (iii) and (iv) in Definition 3, (K, p)-WUAS is weaker than (K, p)-UAS, as
shown in Example 3.1 in [8].

3. Stability of Bounded Solutions in Periodic and Almost Periodic Systems

Theorem 1. Under the Assumptions (H3) and (H4), if the bounded solution u(n) of Equation (3) is
(K, p)-WUAS, then it is (K, p)-EAS.
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Proof. Since solution u(n) of Equation (3) is (K, p)-US, u(n) is (K, p)-S. Suppose that there is no
such T in (ii) of Definition 3. Then, there exist some ¢ > 0,y > 0 and sequences {z*}, {n}, such that
P(Ung, % ) < 0o,y — 00 as k — oo and:

p(tn, , a:‘f%) > € (5)

where 2*(n) is a solution of Equation (3) through (ng,zf ). On any interval [ng,ny + 1], | € Z¥,
k

no

the sequence {z*(n)} is uniformly bounded, since 2% (s) — z,,(s) uniformly on any compact set in
{s € Z7| — 00 < s < ng} as k — oo if necessary taking a subsequence of {z*}, and hence, we can
find a solution z(n) through (ng, x,,) of (3) defined for all n > ny by Assumptions (H3) and (H4),
where p(z,,,, Un,) < Jg. Moreover, there exists a subsequence of {x*(n)}, such that {2 (n)} tends to
x(n) as j — oo through (ng, x,,) uniformly on any compact interval. Since, for every solution {x(n)},

p(ty, x,) — 0as n — oo, we have at some n; > ng:

1
P(Upy s Ty ) < 55(6) (6)

where d(¢) is the one for (K, p)-US in (i) of Definition 3. Denoting by {"(n)} through (ng, 2% ) the
subsequence again, if k is sufficiently large, we have:

1
ek, ) < 5006 ™

From (7) and (6), it follows that p(u,,,z* ) < (). Therefore, by the (K, p)-US of u(n), we have:

ni

plak, ) < e
for all n > ny, which contradicts (5). This proves the theorem.
For the periodic system, we have the following theorem.

Theorem 2. Under Assumptions (H1), (H3) and (H4), if the bounded solution u(n) of Equation (3) is
(K, p)-WUAS, then it is (K, p)-UAS.

Proof. Since u(n) is (K, p)-US, there exists a 65 > 0, such that n, is a positive integer and
P( Ty Uny) < 0 implies p(un, z,) < %0 for all n > ng, where 0, is the one in (iii) of Definition 3.
Suppose that for this 45, solution u(n) is not (K, p)-UAS. Then, for some € > 0, there exist sequences
{k;},{«"} and {7, }, such that k; — oo, 73, — 00 as j — oo, where k; is a positive integer, and:

. 1)
plunge, 11,) < 5 ®)
and:
k.
p(uk:jw—f—rkj ) xk;w+7k]—) Z € (9)

where z¥i(n) is a solution of (3) through (k;,, ij ). Clearly, by (H4), u(n) is a bounded solution of (3)
passing through (k;w, u,., ), and hence, there is a subsequence {m;} of {k;} and u,,, such that m; — oo
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monotonically as j — 0o and t,;.c — Uy, as j — oo. Then, there exists an integer p > 0, such that if

J > p, we have p(tm uw, Un,) < %0. Thus, for any j > p, we have:

do

p(umjwyumpw) < E (10)

From (8) with k; = m; and (10), it follows that:
P($z§w7 umpw) < 50

By Theorem 1, there exists a T'(m,w, {) > 0, such that:

€

n7n<_
pn, un) < 7

for all n > m,w + T'(myw, §) and where x(n) is a solution of (3) through (m,w, U, .,) and:

B~

P( T, Un) <

forall n > myw+T (myw, £) and where Z(n) is a solution of (3) through (m,w, Zm:.). This implies that:

€

(T, ) < 3 (11)

for all n > myw + T'(myw, ). Since w is the period and m;, m,, are integers, it follows from (11) that

for any j > p:

(T, wn) < p(Tn, x0) + p(Tp, un) < €

£

for all n > mjw + T(myw, §

). This contradicts (9), because T'(m,w, {) depends only on e. This
completes the proof.

The following lemma is needed for the proofs of Theorems 3, 5 and 8.

Lemma 1. When (v, g,G) € Q(u, f, F), v(n) is a solution defined on Z of:

z(n+1)=g(n,z(n)) + Z G(n,s,z(n+s),z(n))

S§=—0Q

and v(n) € K foralln € Z.
Proof. Since (v, g, G) € Q(u, f, F'), there exists a sequence {ny}, np — oo as k — oo, such that:
f(n+ng,x) — g(n,z)
uniformly on Z x K for any compact set K C R™:
F(n+ng,s,z,y) = G(n, s, z,y)
uniformly on Z x Z* x K x K for any compact subset Z* in Z~ and:

u(n +ng) — v(n)
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uniformly on any compact subset in Z as k — oo. Set u*(n) = u(n + n;). Then, u*(n) is a solution
defined for n > —n,, of:

z(n+1) = f(n+ng,x(n)) + Z F(n+ng,s,z(n+s),z(n)) (12)

S§=—00

through (0,u; ), uy (s) € K, s < 0. There exists an r > 0, such that [u"(n)| < r and |v(n)] < r

foralln € Z, k > 1. Then, by Assumption (H3), for this  and any € > 0, there exists an integer
S = S(e,r) > 0, such that:

_S -5
Z |F(n,s,u"(n + s),u"(n))| <e and Z |G(n,s,v(n+s),v(n))| <e

S=—00 S§=—00
Then, we have:

0 0

| ) Fln,s,uf(n+s),uf(n) = > G(n,s,0(n+ s),v(n))|

S§=—00 S=—00

IN

_Z |F'(n,s,u"(n + 5),u"(n))| + _Z |G(n,s,v(n+s),v(n))|

S§=—00 S§=—00

+ > |F(n,s,uf(n+ s),u¥(n) = G(n,s,0(n + s),v(n))|

< 24 Y |F(n,s,uf(n+s),u¥(n) — G(n,s,0(n+ s),v(n))|
s=—8

Since F(n,s,z,y) and G(n, s, x,y) are continuous for x,y and u”*(s) converges to v(s) on discrete
interval {s € Z|, —5 < s <0} as k — oo, there exists an integer ko(¢) > 0, such that:

Z |F(n, s,u"(n + s),u"(n)) — G(n,s,v(n+s),v(n))| <e
s=—S

when k > ko(¢). Thus, we have:

0 0

Z F(n, s, u"(n + s),u"(n)) — Z G(n,s,v(n+s),v(n))

S§=—00 S§=—00

as k — oo, because u*(n) — v(n) uniformly on any compact set in Z. Therefore, by letting k& — oo in
(12), v(n) is a solution of (4) on Z and G € Q(F).
For the almost periodic System (3), we have the following theorem.

Theorem 3. Under the above Assumptions (H2), (H3) and (H4), if the zero solution u(n) = 0 of
Equation (3) is (K, p)-WUAS, then it is (K, p)-UAS.

Proof. Since the zero solution is (K, p)-US, there exists a 6(dp) > 0, such that p(z,,,0) < 6(dp)
implies p(z,,0) < dy for all n > ny > 0, where x(n) is a solution of (3) through (ng, z,,,) and ¢y is the
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number given in (ii1) of Definition 3. Let € > 0 be given. We shall now show that there exists a number
T(e) > 0, such that z,,,(s) € K, s < 0, p(zp,,0) < 0(dp), and for any ny > 0, there exists an n;,
no < ny < ng + T'(€), such that p(z,,,0) < d(¢), where (¢) is the one for the (K, p)-US of u(n) = 0.
Then, clearly it will follow that p(x,,0) < € for n > ng + T'(€), which shows that the zero solution is
(K, p)-UAS.

Suppose that there is no 7'(¢). Then, for each integer k > 1, there exist a function xflk (s)e K,s<0
and an ny, > 0, such that p(z% ,0) < 0(do) and p(x£,0) > 6(e) for all ny < n < ny, + k, where 2*(n) is
a solution of (3) through (ny, 2% ). Letting y*(n) = 2*(n + ny), y*(n) is a solution of:

0

z(n+1)= f(n+ngxn))+ Z F(n+ng,s,z(n+s),z(n))

S§=—00

through (0, 2% ), 2% (s) € K, s < 0 and p(y%,0) < d(¢) on 0 < n < k. Since p(zf ,0) < §(p),

? g ng

p(y%,0) < &g, f(n,z) is almost periodic in n uniformly for x € R™ and F(n, s, z,y) is almost periodic
in n uniformly for (s,z,y) € K* for any compact set K* C Z~ x R™ x R™, there exist an initial
function z,,,, functions g(n, z), G(n, s, z,y), z(n) and a subsequence {k;} of {k}, such that:

Tyt (8) = o (5)

J
uniformly on any compact interval in Z~,
f(n+ng;,x) = g(n, z)
uniformly on Z x K for any compact set:

K ={z € R"||z| < do}

F(n+ng,,s z,y) = Gn,s,z,y)
uniformly on any compact set on:
Z- xKx K
and:
Y (n) = z(n)

uniformly on any compact interval in Z" as j — co. By Lemma 1, z(n) is a solution of:

z(n+1)=g(n,z(n)) + Z G(n,s,z(n+s),z(n))

S§=—0Q

which is defined on n € Z*, 2(s) € K for s < 0 and passes through (0, x¢). For fixed n > 0, there is a
J sufficiently large, so that:

p(y¥i,0) — p(y¥, 2,) < p(z,,0)
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Since p(ys’,0) > 6(e) and p(yn’, z) < @ for large j, we have:
)
p(2n,0) > % forall n>0 (13)
Moreover, clearly:

p(2n,0) < & forall n>0 (14)

Since (g, G) is in Q(f, F), (f, F) is in (g, G) and, hence, there exists a sequence {7}, such that
T, — oo as k — oo and g(n+7x, ) — f(n,z) uniformly forn € Zand z € K and G(n+7, s, z,y) —
F(n,s,z,y) uniformly for n € Z and (s, z,y) € K* as k — oo. If we set v*(n) = z(n + 73.), v¥(n) is a
solution through (0, z,, ) of:

z(n+1)=g(n+m,2(n)) + Z G(n + Tk, s, x(n + s),z(n))

S§=—00

Since p(z,,0) < & for all n > 0, {v*(n)} is uniformly bounded. Hence, there exists a subsequence
{7k} of {7}, such that:

g+ 1, ) — f(n, )
uniformly forn € Zand x € K,
G(n+,s,2,y) = F(n,s,2,y) :
uniformly forn € Z, s € Z~,
r € Kandy € K
and:
oM (n) = w(n)

on any compact interval in Z as j — oo. Here, we can see that w(n) is a solution of (3), by Lemma 1.
For fixed n > 0, there exists a j so large that:

p(me) 2 p(vfzj70) - p(”ﬁjawn) 2

() o(e) _ 4(e)
_ = 1

2 4 4 (15
because 7;,; > 0 for j sufficiently large and p(v,]fﬁ ,0) = P(Zn+7kj ,0) > @ by (13). Moreover, by (14),
we have p(wp, 0) < §;. However, this implies that p(w,,0) — 0 as n — o0; this contradicts (15). This
proves the theorem.

The following corollary can be proven by the same argument as in the proof of Theorem 1.

Corollary 1. Under Assumptions (H3) and (H4), if the bounded solution u(n) of Equation (3) is
(K, p)-GWUAS, then it is (K, p)-GEAS.

Theorem 4. Assume Conditions (HI), (H3) and (H4). If the solution u(n) of Equation (3) is
(K, p)-GWUAS, then the solution u(n) of Equation (3) is (K, p)-GUAS.
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Proof. Since we have a bounded solution u(n) of Equation (3) by (H4), let B > 0 be such that
|u(n)| < Bforalln > 0and |uy(s)| < B forall s < 0. Then, we can take p(u,,0) < B/(1+ B) =: B*
for all n > 0 and p(us,0) < B* for all s < 0 from the definition of p. Since |u(n)| < B and u(n) is
(K, p)-GEAS by Corollary 1, we can show that the solution of (3) is (K, p)-equi-bounded. Therefore,
for any @ > 0 and ny > 0, we can find a f(a) > 0, such that if ng > 0 and p(zp,, Un,) < «, then
p(zp,u,) < B(a) for all n > ny.

By the assumption of (K, p)-GWUAS, u(n) is (K, p)-US, and hence, it is sufficient to show that for
any € > 0 and « > 0, there exists a T'(¢, o) > 0, such that if p(x,, un,) < «, then:

p(xn,u,) <e forall n>mng+T(ea)
To do this, given o > 0, if 0 < ng < w and p(z,,, Un,) < 2B* + a, then:
p(Ty,u,) < B(2B™ + a)

By (K, p)-GEAS, there exists a Ti(w, 5,) > 0, such that if p(z,,u,) < B(2B* + «), then
p(Tp, u,) < §foralln > w+Ti(w, 5, a).

Now, consider a solution z(n) of (3), such that p(z,,, u,,) < « and kw < ny < (k + 1)w, where
k=0,1,2,---. Since System (3) is periodic in n of period w by (H1), we have:

z(n) =z(n —kw), n>ng (16)

and x,,(s) = Tp,—rw(s) € K for all s < 0. Moreover, u(n + kw) also is a solution of (3), such that
uk(s) = up,(s) € K for all s < 0, which we shall denote by v(n) = u(n + kw) := u*(n) through

(0, uf). Then, we have:
p(Vy, uy) < 2B*(< B(2B" + «))
and hence, we have:

forall n > w—i—Tl(w,%,a) 17)

N ™

P(Vn; Up) <
Since (2, Un,) < a and u(ng) = v(ng — kw) through (0, u¥ ), it follows from (16) that:
P(Zng—kuws Ung—kw) <

which implies that p(Z,,—kw, Ung—kw) < 2B* + «, because p(vVng—kw, Ung—kw) < 2B*. Therefore, we

have:
€
p(xn—kwaun—kw) < 5 (18)
foralln > (k + 1)w + T1(w, §, a) since 0 < ng — kw < w. From (17), it follows that:
€
p(vn—kwaun—kw) < § (19)

for all n > (k + 1)w + T1(w, §, ). Thus, by (18) and (19):

P(l‘n—kw; Un—kw) <€
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forall n > (k + 1)w + T3 (w, §, @), which implies that:

(T, up) < €

for all n > ng + T'(¢, ), where T'(¢, ) = w + T (w, §, @), because ng > kw. Thus, we see that the
solution u(n) is (K, p)-UAS.

For the ordinary differential equation, it is well known that an example in ([8], pp. 81) is of a scalar
almost periodic equation, such that the zero solution is GWUAS, but is not GUAS.

We say that Equation (3) is regular, if the solutions of every limiting Equation (4) of (3) are unique
for the initial value problem.

Theorem 5. Under Assumptions (H2), (H3) and (H4), if Equation (3) is regular and the unique solution
u(n) of Equation (3) is (K, p)-RWUAS in Q(f, F), then the solution u(n) of Equation (3) is (K, p)-RTS.

Proof. Suppose that u(n) is not (K, p)-RTS. Then, there exists a small € > 0,0 < 1/k < € < &y,
where d is the number for (K, p)-A in Q(f, F') of (ix) in Definition 3, and sequences {s;} C ZT¥,
{ri},r > 0, {hy} and {¢*}, such that ¢* : (—oo, s;] — R™ and hy, : [y, +00) — R™ are bounded
functions satisfying |hy(n)| < 1/k for n > s, and:

1
P(Usmmlsck) < %a p(unaxi) <€, n e [Skask+rk_1)
and  p(Usy4r,, Th ) =€, (20)

for sufficient large k, where 2 (n) is a solution of:

x(n+1)= f(n,z(n)) + Z F(n,s,xz(n+s),z(n)) + hi(n), n> s

passing through (sg,¢*), such that 2 € K for all n > s, and k > 1, where
K is the compact set, such that K = W for some ¢ > 0; here, m
denotes the closure of the ¢ -neighborhood N(ey, K) of K, and we let this K
denote K again. Since K is a compact set of R™, it follows that for k£ > 1,
{2* (s + rx +n)} and {2*(s + n)} are uniformly bounded for all s, and n > —oo. We first consider
the case where {ry}r>1, 7 — 00 as k — oo. Taking a subsequence if necessary, we may assume from
(H2) and the properties of almost periodic functions in () that there exists a (v, g, G) € Q(u, f, F),
such that f(n + s, + 7%, ) — g(n,x) uniformly on Z* x K, F(n + sx + 1, 8, 2,y) = G(n,s,x,y)
uniformly on Z* x K*, 2*(n+ s, +ri) — 2(n) uniformly on Z* and u(n + s + ;) — v(n) uniformly
onZ",as k — oo, where z,v : ZT — R™ are some bounded functions. Since:

¥ (n+sp+rp+1) = f(n+ s+, 2" (n + s, + 1))
0
+ Z F(n+4 s+ 15, 8,2%(n + s, 4+ 1+ 8), 2%(n 4 s +73))

S=—00

+ hk(n + Si + ’/‘k)
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such that 7§ (s) € K for all s < 0, passing to the limit as ¥ — oo, by Lemma 1, we conclude that z(n),
for n > 0, is the solution of the following equation of:

z(n+1) =g(n,z(n)) + Z G(n,s,z(n+s),z(n)), neZt (21)

Similarly, v(n) for n > 0 is also a solution of (21). By (v,9,G) € Q(u, f, F), a¥ . — z and
Usy+r, — Vo 10 BS as k — oo. It follows from (20) that we have:

p(vo, 20) = kh_}rgO P(Usy 41 J],;k+,,k> =€e<dy (22)

Notice that v(n), for n > 0, is a solution of (21) passing through (0, v,), and v(n) is RWUAS of
limiting Equation (21) by (v,9,G) € Q(u, f, F') and the similar result of Lemma 3 in [4]. Then, we
obtain p(vn,2,) — 0 asn — oco. This is a contradiction to (22). Thus, the sequence {r,} must be
bounded. We can assume that, taking a subsequence if necessary, 0 < r, — 79 < 00 as k — o0.
Moreover, we may assume that z*(s, + n) — Z(n) and u(sy + n) — o(n) for each n € Z, and
f(n + sp, @*) = G(n,¢) uniformly on Z+* x K, F(n + s;,s,¢*, ¢*) — G(n, s, $, ¢) uniformly on
Z" x K*, for (v,9,G) € Q(u, f, F). Since u,, — v and z¥, — 25 = ¢(s) in BS as k — oo, we have:

p(vo, ) = lim p(ug,, z% ) =0

by (20), and hence, we have vy = 2, that is 0(s) = Z(s) for all s € (—o0, 0]. Moreover, o(n) and Z(n)
satisfy the same equation of:

x(n+1)=g(n,xz(n)) + Z G(n,s,x(n+ s),z(n))

The uniqueness of the solutions for the initial value problems implies that v(n) = Z(n) forn € Z7,

and hence, we have p(¥,,, Z,,) = 0. On the other hand, and again from (20), we have:

p(ﬁTov 57‘0) = klggo p(u8k+rk> xlngrrk) =€

This is a contradiction. This shows that u(n) is (K, p)-RTS.

We have the following existence theorem of an almost periodic solution for Equation (3).

Theorem 6. Under Assumptions (H2), (H3) and (H4), if Equation (3) is regular and the unique solution
u(n) of Equation (3) is (K, p)-RWUAS in Q(f, F'), then Equation (3) has an almost periodic solution.

Proof. From Theorem 5, the unique solution w(n) of Equation (3) is (K, p)-RTS. Thus, by

Theorem 1 and 2 in [14], we have an almost periodic solution.

4. Applications in a Prey-Predator Model

We consider the existence of an almost periodic solution of a system with a strictly positive component

of Volterra difference equation:
z1(n+1) = 21(n) exp{bi(n) — ar(n)z1(n) — ca(n) 325 Ka(n — s)xa(s)}
(E)
z2(n + 1) = z2(n) exp{—ba(n) — az(n)z2(n) + c1(n) 320__ Ki(n — s)z1(s)}



Axioms 2015, 4 358

which describes a model for the dynamics of a prey-predator discrete system in mathematical ecology.
We can regard Equation (3) as the following functional difference equation with axiomatic phase space
B and (K, p) topology (cf. [14]):

r(n+1)=h(n,z,), neZ" (23)

where h : ZT™ xB — R™. Then, we also hold Theorems 1, 3, 5 and 6 for (23), and we can
treat System (E) as an application of Equation (3). In (E), setting a;(n) and b;(n) are R-valued
bounded almost periodic function in Z, a; = inf,cza;(n), A; = sup,cgza;(n),b; = inf,czb;(n),
B; = sup,¢z bi(n),c; = inf,ez ¢;(n) and C; = sup,cz ci(n) (i =1,2),and K; : Z+ — R*(i = 1,2)
denote delay kernels, such that:

K;(s) >0, iKi(s) =1 and isKi(s) <oo(i=1,2)

We set:

a; = exp{B; — 1}/a;, as =exp{—by + Cia; — 1}/as,
51 == min{exp{b1 — AlOél - OQO!Q}(bl — CQCYQ)/Al, {bl - CQO(Q}/Al}
and :

B2 = min{exp{—By — Ay + c1 51} (= B2 + c181) Az, {—By +c1B1}/Asx}

(cf. [4], and 4 Applications in population dynamic systems in [11]). We now make the following

assumptions:

(i)ai>0,bi>0(i:1,2)andcl>0,0220,
(ll) b1 > CQO(Q and B2 < 6161,
(iii) there exists a positive constant m, such that:

a; > Cy+m (Z:1,2)

Then, we have 0 < f3; < a; foreach i = 1,2. If u(n) = (u1(n), us(n)) is a solution of (E) through
(0, ), such that 8; < ¢(s) < a;(1 = 1,2) for all s < 0, then we have §; < u;(n) < a;(i = 1, 2) for all
n > 0. Let K be the closed bounded set in R?, such that:

K = {(z1,25) € R*; 3 < x; < ; foreach i = 1,2}

Then, K is invariant for System (E), that is we can see that for any ny € Z and any ¢, such that
o(s) € K, s < 0, every solution of (E) through (ng, ¢) remains in K for all n > n,. Hence, K is
invariant for its limiting equations. Now, we shall see that the existence of a strictly positive almost
periodic solution of (E) can be obtained under Conditions (i), (ii) and (iii). For System (E), we first
introduce the change of variables:

ui(n) = exp{vi(n)}, x;(n) =exp{y:(n)}, i=1,2
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Then, System (E) can be written as:

yi(n+1) —yi(n) = bi(n) — a1 (n) exp{y1(n)} —ca(n) >0 Ko(n — s) exp{y2(s)}
(Eo)
ya(n + 1) — ya(n) = —ba(n) — az(n) exp{yz(n)} + c1(n) Z::—oo Ky(n = s) exp{yi(s)}

We now consider the Lyapunov functional:

n—1

V(v(n),y(n)) = Z{Iw(n) — ()| + ) Ki(s) Y als+ D] exp{v(1)} — exp{m(D}}

=n—Ss

where y(n) and v(n) are solutions of (Ej), which remains in K. Calculating the differences, we have:

AV(v(n),y(n)) < —mD Z [vi(n) — wi(n)]

where set D = max{exp{f}, exp{52}}, and let z;(n) be solutions of (E), such that x;(n) > f; for
n>no (i =1,2). Thus, .7, [vs(n) — yi(n)| — 0asn — oo, and hence, p(v,,, y,) — 0 as n — oco.
Thus, we have that v(n) is (K, p)-A in Q of (Ey). Moreover, by using this Lyapunov functional, we can
show that v(n) is (K, p)-RUS in Q of (Ey), that is (K, p)-RWUAS in € of (Ey). Thus, from Theorem 5,
v(n) is (K, p)-RTS, because K is invariant. By the equivalence between (E) and (Fj), the solution u(n)
of (E) is (K, p)-RWUAS in €2, and hence, it is (K, p)-RTS. Therefore, it follows from Theorem 6 that
System (E) has an almost periodic solution p(n), such that 8; < p;(n) < «;, (1 = 1,2), forall n € Z.

5. Stability Property and Separation Condition

In order to discuss the conditions for the existence of an almost periodic solution in a Volterra
integrodifferential equation with infinite delay, we discussed the relationship between the total stability
with respect to a certain metric p and the separation condition with respect to p (cf. [5]). In this final
section, we discuss a new approach of a relationship between the p-separation condition and (K,
p)-uniformly-asymptotic stability property in a metric p sense for a nonlinear Volterra difference equation
with infinite delay.

Let K be a compact set in R™, such that u(n) € K for all n € Z, where u(n) = ¢°(n) forn < 0. If

x(n) is a solution, such that z(n) € K for all n € Z, we say that z is in K.

Definition 4. We say that Equation (3) satisfies the p-separation condition in K, if for each (g,G) €
Q(f, F), there exists a X\(g, G) > 0, such that if x and y are distinct solution of (4) in K, then we have:

p(En; yn) = Mg, G)  forall, neZ

If Equation (3) satisfies the p-separation condition in K, then we can choose a positive constant )\
independent of (g, G) for which p(x,,y,) > Xo for all n € Z, where x and y are a distinct solution of
(4) in K. We call )\ the p-separation constant in K (e.g., [8], pp. 189—-190).

Definition 5. A solution x(n) of (3) in K is said to be (K, p)-relatively totally stable (in short,
(K, p)-RTS), if for any € > 0, there exists a 6(€) > 0, such that p(x,,y,) < € for all n > ng whenever
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P(Tngs Yno) < 6(€) at some ng € Z and h € BS([ng, 00)), which satisfies |h|f,.00) < 0(€), for n > n.
Here, y(n) is a solution through (ng, Yn,) of:

0
z(n+1) = f(n,z(n)) + Y F(n,s,z(n+s),2(n)) + hin)

such that y,,(s) € K forall s < 0and y(n) € K forn > ng. In the case where h(n) = 0, this gives the

definition of the (K, p)-relatively uniform stability of z(n) (in short, (K, p)-RUS).

The following Proposition 1 can be proven by the same argument as in the proof for integrodifferential

equations by Hamaya and Yoshizawa [5].

Proposition 1. Under Assumptions (H2), (H3) and (H4), if Equation (3) satisfies the p-separation
condition in K, then for any (g,G) € Q(f, F), any solution x of (4) in K is (K, p)-RTS. Moreover,
we can choose the number §(-) in Definition 5, so that §(€) depends only on € and is independent of

(9, G) and solutions.

Theorem 7. Under Assumptions (H2), (H3) and (H4), suppose that Equation (3) satisfies the
p-separation condition in K. If w(n) is a solution of (3), such that w(n) € K for all n € Z, then

w(n) is almost periodic.

Proof. By Proposition 1, solution w(n) of (3) is (K, p)-RTS, because (f, F)) € Q(f,F). Then,
w(n) is asymptotically almost periodic on [0, c0) by Theorem 1 in [14]. Thus, it has the decomposition
w(n) = p(n) + q(n), where p(n) is almost periodic in n, ¢(n) is bounded function and ¢(n) — 0 as
n — oo. Since w(n) € K forall n € Z, p(n) is a solution of (3) in K. If w(ny) # p(n,) at some n;, we
have two distinct solutions of (3) in K. Thus, we have p(w,,, p,) > Ao > 0 for all n € Z, where )\, is the
p-separation constant. However, w(n) — p(n) — 0 as n — oo, and hence, p(w,,p,) — 0 asn — oo.
This contradiction shows w(n) = p(n) for all n € Z.

Definition 6. A solution x(n) of (3) in K is said to be (K, p)-relatively uniformly-asymptotically stable
(in short, (K, p)-RUAS), if it is (K, p)-RUS and if there exists a oy > 0 and for any ¢ > 0 there exists a
T(€) > 0, such that if p(Zpny, Yn,) < do at some ng € Z, then p(z,,y,) < € for all n > ng + T'(¢), where
y(n) is a solution of (3) through (ng, Y, ), such that y,,(s) € K forall s < 0 and y(n) € K for all
n > ny.

We show that the p-separation condition will be characterized in terms of (K, p) uniformly-asymptotic
stability of solutions in K of limiting equations. For ordinary differential equations, this kind of problem
has been discussed by Nakajima [15].

Theorem 8. Under Assumptions (H2), (H3) and (H4), Equation (3) satisfies the p-separation condition
in K if and only if for any (g,G) € Q(f, F), any solution = of (4) in K is (K, p)-RUAS with common

triple (60, 0(+),T(-)).

Proof. We suppose that Equation (3) satisfies the p-separation condition in /. Then, it follows from
Proposition 1 that for any ¢ > 0, there exists a d(¢) > 0, such that for any (g, G) € Q(f, F) and any
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solution z(n) of (4) in K, if p(zp,, Yn,) < d(€) at some ny € Z, then p(z,, y,) < € for all n > ny, where
y(n) is a solution of (4), such that y,,,(s) € K forall s < 0 and y(n) € K for n > ngy. Now, let &y be
a positive constant, such that 6y < d(\g/2), where )\ is the p-separation constant. For this dy, we shall
show that for any ¢ > 0, there exists a 7'(¢) > 0, such that for any (¢, G) € Q(f, F') and any solution
x(n) of (4)in K, p(x,,y,) < €forall n > ny+T'(€), whenever p(x,,,, Yn,) < do at some ny € Z, where
y(n) is a solution of (4), such that y,,,(s) € K forall s < 0and y(n) € K for all n > n.

Suppose not. Then, there exist an ¢,0 < € < /2 and sequences {(gx, Gx)}, {z*}, {v*}, {51} and
{ny}, such that (g, G1.) € Q(f, F), 2"(n) is a solution in K of:

z(n+1) = gr(n,xz(n)) + Z Gr(n,s,z(n + s),z(n)) (24)

S§=—0Q

and that n;, > s, + k,

p(xh yk ) < 8y < 6(No/2) (25)

and:

pzh yk ) > e

where y*(n) is a solution of (24), such that y¥ (s) € K forall s < 0 and y*(n) € K for all n > s.
Since (25) implies p(z%, y*) < \¢/2 for all n > s, we have:

e < play,ys,) < Ao/2 (26)

If we set w*(n) = 2*(n + ny) and 2*(n) = y*(n + ny), then w*(n) is a solution in K of:

z(n+1) = gr(n+ng,z(n)) + Z Gr(n +ng, s,z(n+s),z(n)) (27)

S=—0Q

and 2*(n) is defined for n > —k and is a solution of (27), such that 2*,(s) € K forall s < 0
and zf(n) € K for all n > —k. Since (gr(n + ny, ), Gr(n + ni, s,2,y)) € Qf, F), taking a
subsequence if necessary, we can assume that w*(n) — w(n) uniformly on any compact interval in
Z, 2*(n) — z(n) uniformly on any compact interval in Z, g.(n + ng,x) — h(n,z) uniformly on
Z x K and G(n+ng, s,z,y) — H(n, s, z,y) uniformly on Z x S* x K x K for any compact set S* in
(—o0,0] as k — oo, where (h, H) € Q(f, F'). Then, by the similar argument as in the proof of Lemma 1
(¢f. Lemma 5 in [5]), w(n) and z(n) are solutions in K of:
0
x(n+1) = h(n,z(n)) + Z H(n,s,x(n+s),z(n)) (28)

On the other hand, we have:

p(w07 ZO) - klggo p(w§725) - ’}LIEOp<fok7nyk)

Thus, it follows from (26) that:

€ < p(wo, 20) < Ao/2 (29)
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Since w(n) and z(n) are distinct solutions of (28) in K, (29) contradicts the p-separation condition.
This shows that for any (g, G) € Q(f, F'), any solution = of (4) in K is (K, p)-RUAS with a common
triple (6o, (-), T(+)).

Now, we assume that for any (g, G) € Q(f, F), any solution of (4) in K is (K, p)-RUAS with a
common triple (&g, d(+),7T'(+)). First of all, we shall see that any two distinct solutions z(n) and y(n) in
K of a limiting equation of (3) satisfy:

liminf p(z,, yn) > 0o (30)

n——oo
Suppose not. Then, for some (g, G) € Q(f, F'), there exist two distinct solutions z(n) and y(n) of (4)
in K that satisfy:
liminf p(z,, yn) < do (31)

n——oo

Since x(n) # y(n), we have |z(ng) — y(ng)| = € > 0 at some ny € Z. Thus, we have p(z,,, Yn,) >
€/2(1 + €). By (31), there exists an n; € Z, such that p(x,,,y,,) < dp and ny < ng — T'(e/4(1 + ¢)),
where 7'(+) is the number for (K, p)-RUAS. Since z(n) is (K, p)-RUAS, we have p(x,,,, Yn,) < €/4(1+€),
which contradicts p(zn,, Yn,) = €/2(1 + €). Thus, we have (30).

For any solution xz(n) in K, there exists a positive constant ¢, such that |z(n)| < ¢ for all n € Z.
Denote by O (z) the set of the closure of positive orbit of z, that is,

0% (z) :={z,|n € Z%}

such that |¢(s)] < ¢ for s € (—o0,0]. Then, Ot (z) is compact in (BS, p). Thus, there is a finite
number of coverings, which consist of m balls with a diameter of d,/4. We shall see that the number of
distinct solutions of (4) in K is at most m. Suppose that there are m + 1 distinct solutions z\) (n) (=
1,2,-+- ;mg+ 1). By (30), there exists an ny € Z, such that:

(), 29)) > §0/2 for i # j (32)
Since x,@, j=1,2,--+ my+ Larein O"(z), some two of these, say ngg), x,@, (1 # j), are in one

ball, and hence, p(xsfg , :L’fo)) < 0p/4, which contradicts (32). Therefore the number of solutions of (4) in

K is m < myg. Thus, we have the set of solutions of (4) in K:

{x(l)(n), 22 (n),--- ’x(m) (n)}
and

@) x(j)) > 4y for i # j. (33)

n ren

lim inf p(z
n——oo

Consider a sequence {n}, such that n, — —oo, g(n + ng,z) — ¢g(n,z) uniformly on Z x K
and G(n + ng, s,z,y) — G(n,s,z,y) uniformly on Z x S* x K x K for any compact set S* in
(—o0,0] as k — oo. Since the sequences {z\/)(n + ng)}, 1 < j < m, are uniformly bounded, there
exists a subsequence of {n;}, which will be denoted by {n;} again, and functions y/)(n), such that
20 (n + ng) — y“9(n), uniformly on any compact interval in Z as k — oo. Clearly, ) (n) is the

solution of (4) in K. Since we have:

pu,y) = khm P(-l“(i) zY) ) for n € Z
— 00

n+ng’ Ynt+ng
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it follows from (33) that:
p(yD YD) >, forall n € Z and i # j (34)

Since we have (34), distinct solutions of (4) in K are y"(n),y®(n),--- ,y™(n). This shows that

Equation (3) satisfies the p-separation condition in K with the p-separation constant dy.
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