Chapter 4 )
Periodic Solutions Check o

This chapter is devoted to the study of periodic solutions of functional difference
systems with finite and infinite delay. We will obtain different results concerning
Volterra difference equations with finite and infinite delays, using fixed point the-
ory. Fixed point theory will enable us to obtain results concerning stability, classi-
fication of solutions, existence of positive solutions, and the existence of periodic
solutions and positive periodic solutions. In the analysis, we make use of Schaefer
fixed point theorem, [159], Krasnoselskii’s fixed point theorem, [97], and Schauder
fixed point theorem. We apply our results to infinite delay Volterra difference equa-
tions, by constructing suitable Lyapunov functionals to obtain the a priori bound on
all possible solutions. We transition to systems or coupled Volterra infinite delay dif-
ference equations and show the existence of a periodic solution and asymptotically
periodic solution. For some classes of nonlinear systems with delay, it is shown that
the presence of the time delay results in the existence of periodic solutions. We end
the chapter by considering functional difference equation that has the characteristic
that every constant is a solution. Then by means of fixed point theory we show that
the unique solution converges to a pre-determined constant or a periodic solution. In
addition we show the solution is stable and that its limit function serves as a global
attractor. Most of the results of this chapter can be found in [1, 52, 127, 131, 135],
and [137].

4.1 Periodic Solutions in Finite and Infinite Delays Equations

This chapter is entirely devoted to the study of existence of periodic solutions of
functional difference equations and in particular Volterra infinite delay difference
equations. We begin by discussing some results from the celebrated paper of Elaydi
[52], in which the existence of a periodic solution is directly tied up to (UAS). We
consider the following systems of difference equations of non-convolution type
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164 4 Periodic Solutions
x(n+1) =A(n)x(n)+ Y, B(n,r)x(r) (4.1.1)

and its corresponding perturbed system

n

x(n+1) =A(n)x(n)+ Y, B(n,r)x(r) +g(n) (4.1.2)

r=0

where a,B are k x k matrix functions on Z* and Z* x Z™T, respectively, and g is a
vector function on Z*. As before, we let R(n,m) be the resolvent matrix of (4.1.1).
Our objective is to find a periodic solution for the difference system with infinite
delay

z(n+1)=A(n)x(n) + i B(n,r)z(r)+g(n), (4.1.3)

F=—o0

where
A(n+N)=A(n), B((n+N,m+N) =B(n,m), g(n+N) = g(n). (4.1.4)
It can be easily shown, see [52], that
R(n+N,m+N)=R(n,m).

Hence we have the following theorem.

Theorem 4.1.1 ([52]). Suppose that the zero solution of Equation (4.1.1) is (UAS).
Then Equation (4.1.3) has the unique N-periodic solution

The next theorem provides criteria for the (UAS) of Equation (4.1.1).
Theorem 4.1.2 ([52]). Let

k o
x| = Y |xil, Bin(n) = Y, bji(s,n)| < ee.
i=1 s=n

Assume that
k
Z |a]l |+‘ﬁjl n)| <1—c¢, 1 <i<k, n>ng, for somece(0,1).

Then the zero solution of Equation (4.1.1) is (UAS).

As in the case of Chapter 2, we feel the need for the development of a more general
theory for the existence of periodic solutions that will accommodate a wider range
of equations. Thus, in this section we consider the functional nonlinear system of
difference equations with either finite or infinite delay,
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Ax(n)=F(n, x,),n €Z (4.1.5)

where F : Z x BC — R¥ is continuous in x and T-periodic in n. Here BC is the
space of bounded sequences ¢ : (—oo,0] — R¥ with the maximum norm || - ||. By
X, we mean that x,(s) = x(n+s) for s <0. Let (Pr,||-||) be the Banach space of
T-periodic sequences ¢ : Z — R¥ with the maximum norm

Il = max_Ix(n).

Also, we let
T—1
P°={¢ePT: 2¢(s)=0}.
s=0

Proving the existence of a periodic solution of (4.1.5) rest on the following Schaefer
fixed point theorem.

Theorem 4.1.3 ([159]). Ler (B,|-|) be a normed linear space, H a continuous
mapping of B into B which is compact on each bounded subset of B. Then either (i)
the equation x = AHx has a solution for A = 1, or (ii) the set of all solutions x, for
0 < A < 1, is unbounded.

We make the following assumptions.
(a) For every ¢ € P2, there exists a constant dy € R such that ZST;OI F(s,y) =0
where

{w(n)=d¢+z;%;é¢(s)7forn>1, 4.L6)
yl(n):d¢+2§;é¢(s), for n<0,n=j modT, 1< ;<T. o
(b) Let E(¢)(n) = w(n) be continuous in ¢ with E : P2 — Pr such that for each
o > 0, there exists a constant Ly > 0 such that |dy| < Ly, whenever ||¢|| < o.

The following proposition assures that y is well defined. Its proof is straightforward
and therefore omitted.

Proposition 4.1. Let n and T > 1 be any given integers. Then there exist unique
integers K and j, 1 < j <T, such thatn = KT + j.

Theorem 4.1.4 ([135]). Suppose conditions (i) and (ii) hold. For 0 < A < 1, define
Gy, : P — P by

G(9)(n) = AF (n, yn).
If there is a constant D > 0 such that ||¢|| < D whenever ¢ is a fixed point of Gy,
then Equation (4.1.5) has a T-periodic solution .

Proof. First we note that Pr is equivalent to R”¥. Let n € Z. By the continuity of F
and condition (i), we can easily see that

-1 T—1
Z(,) G(9)(s) =2 ;}F(&%) =0.
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Hence, we have that G (¢) € PY. For each o > 0, the set S = {E(¢) : ¢ € P2, ||9]| <
o} is closed and bounded by (ii). Let Q = {G,(¢)(n) : ¢ € S}. Then S is a subset
of RT* which is closed and bounded and thus compact. As G, is continuous in
¢, it maps compact sets into compact sets. Therefore, Q = G, (S) is compact. The
hypothesis ||¢|| < D rules out Condition (i) of Theorem 4.1.3 and thus applying
Schaefer’s theorem to ¢ = G, (¢) we conclude that G, has a fixed point for A = 1.
That is ¢ = G1¢ = F(n,y,). On the other hand, ¢ (n) = Ay(n) = F(n, y,). Thus,
v is a T-periodic solution of (4.1.5). This completes the proof.

Corollary 4.1. Suppose conditions (a) and (b) hold. Assume the functional F maps
bounded sets into compact sets. If there exists a positive constant J such that any
T-periodic solution x(n) of

Ax(n) =AF(n, x,), A €(0,1) 4.1.7)
satisfies ||x|| < J, then (4.1.5) has a T-periodic solution .

Proof. Since Gy (¢)(n) = AF(n,y,), then any fixed solution ¢ of G, implies the
existence of a T-periodic solution of (4.1.5). As the functional F maps bounded
sets into compact subsets, we have, whenever ||y|| < J, that |F(n, y,)| < R, where
R depends on the a priori bound J. Let ¢ be a fixed solution of G,. Then ¢ (n) =
Ay (n) = AF(n,y,). Since all T-periodic solutions of (4.1.7) have a priori bound
J, by Theorem 4.1.4, Equation (4.1.5) has a T-periodic solution. This completes the
proof.

Corollary 4.2. Suppose conditions (i) and (ii) hold. If there exist constants M,r, 0 <
r < 1 such that
|F (n,y)| < rl|9]| +M, for all ¢ € P7

where  is given by (4.1.6), then Equation (4.1.5) has a T -periodic solution.

Proof. The proof is straightforward. To see this, let ¢ be a fixed solution of Gj.
Then for ¢ € P})
[0(n)| = A|F (n, y)| < rllo]] +M,

from which we arrive at
ol < —
~1—r

Hence, Equation (4.1.5) has a T-periodic solution by Theorem 4.1.4.
For the next theorem we consider the functional delay equation

Ax(n)=L(n, x,) +pn),neZz (4.1.8)
where L : Z x BC — R* is continuous and linear in x, T-periodic in 7 and p € Pr.

Theorem 4.1.5 ([135]). Suppose that for every d in R¥, the k x k matrix L(n, -) sat-
isfies the relation
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T-1
L(n,-)d = L(n,d) and Y L(n,) is invertible.
n=0

If there is a priori bound on all possible T-periodic solutions of
Ax(n) = A [L(m )+ p(n)} A €(0,1) (4.1.9)

then Equation (4.1.8) has a T-periodic solution .

Proof. First we note that

T-1 -1
z L(n,-) is invertible if and only if the matrix ( z L(n )
n=0

exists. In view of Corollary 4.1, we only need to verify (i) and (ii). Set F(n,y,) =
L(n, y,)+ p(n) and

T-1 .71 n—1 T-1

(T Lem) [ ZL(n (T o))+ X pin)]. (4.1.10)
n=0 n=0 s=0 n=0

For ¢ € PY, dy € R* is uniquely determined by (4.1.10). Since L(n,-)d = L(n,d) we

have
n—1

ZL( (dg +(X 905 )+i2;p(n)=

Thus, ¥/ F(s, ) = 0. Let E be defined as in (ii), then it is readily verified that
E: P — PT and continuous in ¢. Now, since L is linear and continuous in the second

L(n, y)| < Bl[wll. This

yields

n—1
£((Z 06) | < BTlloll

Thus, from (4.1.10) one obtains for ||¢|| < o that

o < ‘(TZ;L(n,-))]‘(BTaJrIpII)T L,

Thus, by Corollary 4.1 Equation (4.1.8) has a T-periodic solution and the proof is
complete.

4.2 Application to Functional Difference Equations

It is obvious that Theorem 4.1.4 is of general nature and hence we will apply it to
different types of functional difference equations. Namely, we will obtain existence
of periodic solutions of scalar Volterra difference equations with finite or infinite
delay.
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4.2.1 Finite Delay Difference Equations

We will use Theorem 4.1.4 to prove the existence of a periodic solution for a scalar
difference equation with finite delay.

Theorem 4.2.1 ([135]). Consider the scalar delay difference equation
Ax(n) = a(n)x(n) +b(n)x(n—h)+ p(n), n € Z, (4.2.1)

where the sequences a(n),b(n), and p(n) are T-periodic sequences, and h € Z with
h>0.
Suppose that either a(n) > 0 or a(n) < 0 for all n € Z. Suppose there exists a con-
stant N > 1 such that
la(n)| — N|b(n+h)| > 0.
If
(i) p—IIbl|=pT(|lal|+]b]| > 0O
where p = min,c(o 1) |a(n)|, then Equation (4.2.1) has a T-periodic solution.

Proof. First we note that since either a(n) > 0 or a(n) < 0 for all n € Z, we have
> I~y a(n) # 0. Define L by L(n,x,) = a(n)x(n) +b(n)x(n— h). Then L is linear and
L(n,-) = a(n) +b(n). In view of Theorem 4.1.5, we need to show that ¥/~ ! L(n, ) #
0 and all T-periodic solutions of

Ax(n) = A [a(n)x(n) Fb(n)x(n—h) + p(n)} A e(0,1) 42.2)

have a priori bound. By noting that b(n+ k) is also T-periodic, we have

T—h—1

r-1 T—1
Zolb(nﬂ: > Ib(S+h)\=§olb(S+h)\-

S§S=—

Thus for a(n) > 0,

T—1 T-1 T—1
Zo(a(n)er(n)) > ;}(Ia(n)l —[b(n)]) = Zb(la(n)I = |b(n+h)]).

By making use of |a(n)| — N|b(n+ h)| > 0 in the above inequality, we get

-1
Z()( )= Z la(n)| — [b(n+h)|)
—1'& T-1
= T Z Ia(n)l+% Zz)(\a(nﬂ —N|b(n+h)|)

>7Za
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Next, suppose a(n) < 0 for all n € Z. Then

T-1 T-1

3. (atn) () < §0<—|a<n>\+|b<n+h>|>
T—-1
- LA 2 ()]~ 3. (a(n)| ~Nlo(o )
< I_—NTZI la(n)| < 0.

Hence, we have shown that X7~ ! L(n,-) # 0 for all n € Z. Now we turn our atten-
tion to finding the a priori bound. Let x(n) be a T-periodic solution of (4.2.2). By
summing equation (4.2.2) fromnton+7T — 1 we get

n+T—1

0=x(n+T)—x(n)=A Z [ +b(s)x(s—h) + p(s)].
Thus,
n+T—1 n+T-1
Y alrle) =~ X (bls)x(s—h)+p(s)).

Since there exists an n* € [n,n+ T — 1] such that

n+T—1
Tla(n)lx(n*)[ < Y, la(s)||x(s)],
S=n
we arrive from the above relation that
n+T—1

Tla(n*)lx(n)] < 3, (1b(s)llx(s — )|+ |p(s)])

sS=n

< T[b|| [|x[| +T|[pl|-
As a consequence, we get

il
p

[Pl

x(n*)| < 4+ =
jx(n)| ||| )

Using Equation (4.2.2) we have
| Ax| < Ja(n)|x(n)| + [b(n)[[x(n — )|+ [p(n)]
< lal[ [+ 111 1l + |
= (llall+ B lx[ + [Pl
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For all n € Z, we write x(n) € Pr as
n+T-1
x(n) =x(n*)+ Y, Ax(s). (4.2.3)

s=n*

Using (4.2.3) and then the norms of x(n*), Ax and x we get

n+T-1
] < () [+ X 1Ax(s)]
< x|+ T Ax]]
<

el Ll
e+ EEE 7 (el + el el + 1)

The above inequality yields

7pllpl) |
p 16l = p7 (el +]el]

This defines a priori bound on all possible T-periodic solutions of Equation (4.2.2).
Hence, Equation (4.2.1) has a T-periodic solution by Theorem 4.1.4.

[l <

In the next corollary, we relax condition (i) of Theorem 4.2.1.

Corollary 4.3 ([135]). Suppose the hypothesis of Theorem 4.2.1 holds with (i) being
replaced by

la(n)+b(m)| (14 T2(al | +]161]) +T) =6 < 1,

where

=[x (a(n)+b(n))]_1.

n=0
Then Equation (4.2.1) has a T-periodic solution.

Proof. Take ¢, y, and L(n,-) to be as in Theorem 4.2.1. In view of Corollary 4.2 we
only need to show that |F(n,y,)| < r||¢|| +M, M > 01is aconstant and 0 < r < 1.
By a similar argument as in Theorem 4.1.5, one may easily find that

T—1 —1 7] ol =
do = ;)<a<n>+b(n))} l{ Zo(a(n)+b(n)) §]¢(s>+ ZOP@)}-

Now,

ldg| < |d~!T (la| +b)T || +T|P]
< |d T2 (la| + )T (91| +T1|P]].
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This yields to

[F (o, y2)| < la(n) +b(w)][do| + la(m) + b(n)|T9]] +||p]
< la(n) +b(m)| (14~ |T2(lal |+ |1} +T) =g < 1.

Thus, by Corollary 4.2, Equation (4.2.1) has a T-periodic solution. This completes
the proof.

4.2.2 Infinite Delay Volterra Difference Systems

In this section, we apply Corollary 4.2 and Theorem 4.1.5 to show that the Volterra
difference system with infinite delay given by

Ax(n) = +Zan +g(n), —o <5<t <oo (4.2.4)

§=—o0

where A, B are k x k T-periodic matrices and g is a given k x 1 T-periodic sequence,
has a T-periodic solution. We begin with the following theorem.

Theorem 4.2.2 ([135]). Suppose that

T—1
D=3 ( )+ Z B(n,s ) is invertible, (4.2.5)
5s=0

§=—o0

ne%%xl HA —&-S;mB n,s) ‘MT—i— (|A(n)|+ Z |B(n,s)|)T ] =:¢<1, (4.2.6)

S§=—00
where

T-1 u
M=Ip7 3 (MWl + X [Bws))

§=—o00

Then Equation (4.2.4) has a T-periodic solution.

Proof. Set F(n,x,) =A(n)x(n)+X4__..B(n,s)x(s)+ p(n).
Then (4.2.5) and Theorem 4.1.4 imply that for each ¢ € PTO, there exists a unique
dy € R such that X'~ F(n,y,) = 0, where y(n) is defined by (4.1.6). In fact for

25 OlF(n, v,) =0 gives

T-1 T—1 T—1
Y (4 d+z¢ z[ansd+z¢ )|+ X pn) =
n=0 n=0 ~s=—o0 n=0

This yields

T-1 s—1

dy==D"'| Y, (A(n 2¢ +23(ns)z¢(u)+p(n))]

n=0 §=—0c0 u=0



172 4 Periodic Solutions

Thus,
|do| < MT||9||+ D~ "|||pl|T.

On the other hand,

FGn )| < [A) v+ 3, Blns)vs -+ o)

§=—o0

< | @y + 2 6(5))

T—1
+2an d¢+z¢ —l—Zp(n)‘
n=0

§=—o0

< ’A(n)—i— 2 B(n,s)

§=—00

AW+ X 1B Tl + ]l

§=—00

Replacing |dy| by its value, we get
[F(n,y)| < ¢lloll+K

where K = max,co7—1|A(n) + i B(n.5)|ID~!] [|p|IT +|p|- Thus, Equa-
tion (4.2.4) has a T-periodic solution by Corollary 4.2. This completes the proof.

Remark 4.1. Condition (4.2.6) is severe and therefore in the next theorem we avoid
it by appealing to Lyapunov functional.

But first, if A = (g; j) is a k X k real matrix, then we define the norm of A by

|A| = max z |aij].

1<i <k

Theorem 4.2.3 ([135]). Consider the 2-dimensional system

Ax(n) = )L[Ax + z Cln—j)x(j)+gm)|, 2 € (0,1) 42.7)

Jj=—c0

10 oo .
a=(p ) Stz et ) <= e
S o|Cu)| = a < & and CT (u) = C(u)(transpose). Assume that Q = > (A(n) +
?:7°0B(n7s)> is invertible. Then (4.2.7) has a solution in Pr for A = 1.
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Proof. Set F(n,x,) =A(n)x(n) +X5__..C(n—s)x(s) + p(n). If we let

T-1

n—1 n s—1
dy==07' [ T (Am) T o(s)+ ¥ Clu—s) ¥ 9(w)+p(n))].
n=0 5s=0 §=—00 u=0
then by a similar argument as in Theorem 4.2.2, it is readily verified that
T—1
z F(n,y,) =0,
n=0

where y(n) is defined by (4.1.6). Also, by a similar argument as in the Theo-
rem 4.2.2, it can be easily shown that there exists a constant L, > 0 such that |d¢ | <
Ly. Next we show that F' maps bounded sets into bounded sets. Let J be a given
positive constant. Then if v is given by (4.1.6), we set S = {y : ¢ € P, ||y|| < J}
which is closed and bounded. Now

FOw)l < [+ 3 Clo )y +plo)

§=—o0

< AU+ Y IC)IT +|p|
u=0
2
< |A|J+JT5 +|Ip|| <M,M > 0.
This shows that F' maps bounded sets into bounded sets. According to Corollary 4.1,

it is left to show that all T-periodic solutions of (4.2.7) have a priori bound. Note
that (4.2.7) has an a priori bound on all its T-periodic solutions if and only if

x(n+1)=Dx(n)+ A z": C(n—j)x(j)+Arg(n) (4.2.8)

Jj=—oo

A+1 0

does,whereD:( 0 1-2

). Find E = ET such that
DTED—E = —2AI, as follows.

LetE = (Z Z) Then DTED — E = —2A1 implies that

(e e = ()

2
~2 9
2—-2

from which it follows
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Thus
|E| <2for A €(0,1).

A+1 0 =2 0 24+l
Ty A+2 _ A+2
e (*ot ) (8 2 ) - ()

Thus |[DTE| <2 for A € (0, 1) Find ¥ > 2+ 2a such that (2+ y)a < 2. This is
possible because for a € (0, 25] it is elementary to verify that 2+ 20 < & — 2.
Hence we may choose y such that 2+ 20 < ¥ < E —2.

Define a Lyapunov type functional

Also,

n—1 oo
V(nx() =" (mEx(n) + 4y ¥, 3, [C(s—))I¥*())

j:—oo S=n

It is of interest to note that V' is not positive definite. Then along solutions of (4.2.8)
we have

AV =x"(n+ 1)Ex(n+1)+ Ay i |C (s — n)|x*(n)

s=n+1
n—1
—Ay 3 |C(n — PP (j) —x" (n)Ex(n)
j=—oo
xl(n)DT + A 2 L (HCT(n—j)+ gl (n )]
j=—co

E | Dx(n

4y c<n—j>x<j>+xg<n>]

Jj=—c0

T (mEx(n)+Ay Y, [Cls—m) P (n)

s=n+1

n—1
Ay Y, |C(n— )X (j)

Jj=—0c0

= xT (n)D" EDx(n) 4+ Ax" (n)DTE i C(n—j)x(j)

Jj=—00

+AxT (n)DT Eg(n) + A z xT (/YCT (n— j)EDx(n)
jffoo

+22 zx ())ICT (n—j)E ZCn—)(j)

j=—o JE—ee

+22 2 1 (H)CT(n— j)Eg(n) +Ag" (n)EDx(n)
e
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+2%g" (n Z +2%g" (n)Eg(n) —x" (n)Ex(n)
[ —
o n—1
+Ay ZIIC(S—H)IXZ(H)—MZ Cln—j)l()-
s=n+ J=—o°
Hence
AV = xT (n)(DTED — E)x(n) + 21 Z xT (n)DT EC(n — j)x(j)
[ —
+22x" (n)DT Eg(n) +22°g" (n)E i C(n—j)x(j)
[ —
—M,ZZx (HCT (n— ]EZCn Hx(j)
e e
Hy 3 [Cls-mle)
s=n+1
n—1
27 Y, [Ci— IR()) + A% (mEg(n).
f—
Note that
2 Y S WD EC(— (i) <2 3 I ()] [D7E[[Cln— )] ()
J=—eo Jj=—eo

= [DE| Y, (C(n— )| 2bx(n)"] ()

<DTE] Y] [Cln— )| () +22(7)

<2 Y [Cln— )| (2n) +2())

j:—oo
— 202 +2 Y [C(n— )2).
2.

In the next two terms we make use of the following fact: for any real numbers a, b,
and L with L # 0, 2ab < Z—i + L*b?, which can be easily proven by using the fact
that (£ — Lb)2 > 0. As a consequence, for some L > 0 we have
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xz n
2 ()" Eg(m) < 20" (n) 107 Eg(m)] < 2 + 121D Eg(n)

and

2g WE Y, Cln—j)x(j) < 248" ME| S [Cln— | ()

J=—ce J=—c°

< 3 Il p2le n)E ()|

< Y [Clnj) L(2>+ Y [Cln (& (L)

J=—ce J=—c0

) o(ae” L

Jj=—oo

Foru=s—n,

}/2|Cs n|x —)/2|C

s=n+1
= youx*(n) = 7IC(0) ¢ (n).

Also,
n—1
Y Y ICn= () =7 Z |C(n— )l (j) = 7IC(0) |* ().
j=—ce J=—e
Thus
oo n—1
Y Y, [Cls—n)| F(n) =y Y, |C(n—j)l())
s=n+1 Jj=—00
= yox’( 7’2|C’1 NEG).
jm—oo
Finally,

QLZX ) CT(n— JEZCn Nx()

j=—eo J=—oo
< 22:,|x NCT (n— ]|§:,|C” DI
2 n 2
< (DT (n— + [Cln= NI
(= ) +( 2 en-pive)
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(3 |c(n_,-)||x(j>|)2

Jj=—00

n 1 1 2
(3 - plcn- D))

Jj=—0c0

IN

23 -l S, 1Cn— HIRG)

J=—o0 Jj=—o0

n
= 2« Z |C(n—j)|x*(j), by Schwartz inequality for series.

j==e

Putting everything together we obtain

AV < A|=2x%(n) + 2003 (n) +2 i |C(n— j)|Ix*(j)

j=—oo

x2 n . x2 .
+%+LZ(DTEg(n))2+ 2 [Cn—J)l L(ZJ)

j=—oo

+o(Ag" (nEL)* + oy (n) —y 2 Cln— )l ())

J—_°°

L2 3 Cti- DG+ MgT(n)Eg(n)@

Jj=—00

=2 {(—2+2a+o¢y+ 12) x*(n)

(2 Y4200+ — >2|cn HR0)

[l
+g" (mEg(n)| + ((D"Eg(n))* + (gT(n)E)Qa)Lz} :

Since —2+420+ oy < 0 and 2 —y+ 20 < 0 we may choose L large enough so that
—2+2(x+ay+L% < 0and 2—7+2a+,}z < 0. Then we have

<A(— 2+2a+ay+ ) ()+M]
< A [-ux’(n)+M]

for some positive constants i and M. Using the fact that V € Pr, we have

n+T-1 n+T-1
0=V(n+T)— 2 AV (i —u 2 (i) +TM

from which it follows
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n+T—1
™
Y, )< —
I=n ’Ll
and ,
™
z |x(j+n— 1)|2 < —.
Jj=1 H

Thus |x(n)|? is bounded over one period, and hence
|lx(n)|| <K, for some K > 0.

Thus, every possible T-periodic solution x(n) of (4.2.8) for A € (0,1] is bounded.
Therefore, by Corollary 4.1, Equation (4.2.8) has a T-periodic solution for A = 1.
It is obvious that condition (4.2.6) of the Theorem 4.2.2 cannot be satisfied for
Equation (4.2.7) with A = 1.

4.3 Periodicity in Scalar Nonlinear Neutral Systems

Next we use Krasnoselskii’s fixed point theorem (Theorem 3.5.1) to show that the
nonlinear neutral difference equation with functional delay

x(t41) = a(t)x(r) + c(t) Ax(r — g()) + q(r,x(t) . x(t — g(1)) 4.3.1)

has a periodic solution. As usual, in order to apply Krasnoselskii’s fixed point theo-
rem, one would need to construct two mappings; one is contraction and the other
is compact. Also, by making use of the variation of parameters techniques we
are able, using the contraction mapping principle, to show that the periodic solu-
tion is unique. Let T be an integer such that 7 > 1. We assume the periodicity
conditions

at+T)=a(t), ct+T)=c(t), gt+T)=g(), g(t)>g" >0 (4.3.2)

for some constant g*. Let BC is the space of bounded sequences ¢ : (—g*,0] — R¥
with the maximum norm || - ||. Materials of this section can be found in [111]. Define
Pr={¢ € BC,¢(t+T) = ¢(¢)}. Then Pr is a Banach space when it is endowed
with the maximum norm

x||= max |x(r)|.

ol = _max1+()

Also, we assume that

IT a(s) #1. (4.3.3)

Throughout this section we assume that a(¢) # 0 forallz € [0, T — 1]. It is interesting
to note that equation (4.3.1) becomes of advanced type when g(¢) < 0. Since we are



4.3 Periodicity in Scalar Nonlinear Neutral Systems 179

searching for periodic solutions, it is natural to ask that ¢(,x,y) is periodic in # and
Lipschitz continuous in x and y. That is

q(t+T,x,y) = q(t,x,y) (4.3.4)

and
lq(t,x,y) —q(t,z,w)| < Lljx—z|| + Klly —wl| (4.3.5)

for some positive constants L and E. Note that
l9(t,x,y)| = q(2,0,0)| < |g(z,x,y) —q(¢,0,0)| < L|jx— 0] + K|y O]
= Lljxl[+K]ly]-

As a result,
lq(2,x,y)| < Lixl| + K|yl +14(2,0,0)]. (4.3.6)
We have the following lemma.

Lemma 4.1. Suppose (4.3.2)—(4.3.4) hold. If x(t) € Pr, then x(t) is a solution of
equation (4.3.1) if and only if
x(1) = c(t —1)x(r —g(1))

1 t—1

R
1— Hg:tI—T a(s) 2=t

[x(r = g() (alr)e(r—1) = (1))

t—1

Jrq(r,)c(r),x(rfg(r)))} H a(s). 4.3.7)

s=r+1

Proof. The proof is the same as for (3.5.2) by summing from r — 7 to t — 1 and
noting that for x € Pr, x(t) =x(t —T).

We use the following notion of compact mapping.

Let . be a subset of a Banach space & and [ : . — 2. If f is continuous and
f(#) is contained in a compact subset of %, then f is a compact mapping.

We express equation (4.3.7) as

(Ho)(t) = (Bo)(t) + (Ap)(r) (43.8)

where A, B : Pr — Pr are given by

(Bo)(1) = c(t = 1)o(t —g(1)) (4.3.9)
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T
+4(r9(r),0(r—g()] T als). (43.10)

Lemma 4.2. Suppose (4.3.2)—(4.3.5) hold. If A is defined by (4.3.10), then A : Pr —
Pr and is compact.

Proof. First we want to show that (A@)(r+T) = (A@)(7).
Let ¢ € Pr. Then using (4.3.10) we arrive at

t+T—1 _1t+T—1

o)e+7) = [1= [T a9)] 3 |0l g(r)la(re(r—1)=c(r)]

s=t r=t

+4(r9(r),0(r—g()] TT als).

Let j =r—T, then

(A@)(t+T) =
t+7T—1 1 t=1

=TT e] 3 [oG+T =gl Tl + D0l +7=1) =i+ 7)

t+T—-1

+a+T.0G+T),0G+T—g(j+T)| ] ats)
s=j+T+1

t+T—1 1 t=1

=[1- IT a@)] X [oG-s(iNlateti~1) - ()

s=t j=t—T
t+T—1

+a0.90() 00 —2)] I at),

s=j+T+1

Now let k = s — T, then

t—1 1 t=1

(49)(t+7) = [1- T a(v]

k=t-T j=t—T
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To see that A is continuous, we let @, y € Pr with ||¢|| < C and || y|| < C. Let

1
tef(l)l,aTl 1 )m , B= rEI[ItlEDT(,[] la(r)c(r—1) —c(r)],

- : 43.11
Y= max ]]S:I:!Ta(S) 43.11)

Given € > 0, take 8 = €/M such that || — y|| < &, where M = Tyn[f +L+K].
By making use of (4.3.5) into (4.3.10) we obtain

(1000 (ave)]

t—1

- l=ram 2, (o500 = v—s000) (ctr= et —c0)
t—1

+ (atr0(r), 00— g(1) ~ alr (), y(r—g()) | T1 ats)|

s=r+1

t—1

<n Y [lo—vlB+Llo—vl+Klo—vl|r
r=t—T
—

1
< Y, B+L+K)|lo—vy||=nyT(B+L+K)|o—v|

r=t—T
=Mllo—vy|[=Mé<e

where L and K are given by (4.3.5). This proves A is continuous.

Next, we show that A maps bounded subsets into compact sets. Let J be given,
S={pePr:|¢o|<J}and Q= {(A)(t): @ € S}, then S is a subset of RT which
is closed and bounded thus compact. As A is continuous in ¢ it maps compact sets
into compact sets. Therefore Q = A(S) is compact.

It is trivial to show that the map B is a contraction provided we assume that

Hc(tfl)H <C<l. 4.3.12)

Theorem 4.3.1 ([111]). Ler o = ||¢(#,0,0)||. Let N, and 7y be given by (4.3.11).
Suppose (4.3.2)—(4.3.5) and (4.3.12) hold. Suppose there is a positive constant G
such that all solutions x(t) of (4.3.1), x(t) € Pr satisfy |x(t)| < G, the inequality

{C+nyT(l3+L+K)}G+nyToc§G (4.3.13)

holds. Then equation (4.3.1) has a T-periodic solution.

Proof. Define M = {¢ € Pr: ||¢|| < G}. Then Lemma 4.2 implies A : M — Pr
and A is compact and continuous. Also the mapping B is a contraction and it is
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clear that B : Ml — Pr. Next, we show that if ¢, y € M, we have ||A¢ + By|| < G.
Let ¢,y € M with ||¢||,||y|| < G. Then from (4.3.8)-(4.3.12) and the fact that
lg(t,%,y)| < L[| +K]lyl| + o, we have

[(a00) + (Bvio)]| = [y —pr; 3 [otr—ste (ete= it i)

t—1

IT als)+cle— Dyl —g0))|

s=r+1

a(r,0(r), 9(r—g(r)))]

t—1
<ny 3 [Llol+Klol+Blol+a|+Clyl
r=t—T

<nY(B+L+K)loll+o]T + ]yl
<SMT(B+L+K)G+nyTa+G¢
={C+m0m+L+KﬁG+nﬂW
<G

We see that all the conditions of Krasnoselskii’s theorem are satisfied on the set M.
Thus there exists a fixed point z in M such that z = Az+ Bz. By Lemma 4.1 this fixed
point is a solution of (4.3.1). Hence (4.3.1) has a T-periodic solution.

Remark 4.2. The constant G of Theorem 4.3.1 serves as a priori bound on all possi-
ble T-periodic solutions of equation (4.3.1) as we shall see in the Example 4.1.

Next we use the contraction mapping principle to show the periodic solution is
unique.

Theorem 4.3.2 ([111]). Suppose (4.3.2)—(4.3.5) and (4.3.12) hold. Let n, B, and y
be given by (4.3.11). If

C+Tw(ﬁ+L+K)§v<L

then equation (4.3.1) has a unique T -periodic solution.

Proof. Let the mapping H be given by (4.3.8). For ¢,y € Pr, in view of (4.3.8), we
have

| (o) - (rvw)]

|(Bo0)) + (a00)) - (Bv)) - (av(0)|
[((300) - (3v0)) + ((400)) - (av))|
|(200) - (v ) [+ (00) - (v 0) |

IN
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t—1
<Lle-vlll+m X MW—W+MW—WHMW—W

r=t=T
< [§+Tyn (ﬁ +L+K)} o —wll
<v(e—vl.

By the contraction mapping principle, (4.3.1) has a unique T -periodic solution.

We have the following example.

Example 4.1 ([111]). Consider equation (4.3.1) along with conditions (4.3.2)—(4.3.5).
Suppose that a(r) # 1 for all t € [0,T — 1]. Set

= mi —1 = k
Egg”w@ |, & £$gﬂ<m

where k(¢) = ¢(t) — c¢(t — 1). Suppose 1 —||c|| > 0. If
p(—=llell) > (1=1lel)(8 + L+ K)+Tp([la—1||+L+K)
holds, and G is defined by

o(l—|le|+Tp

O A=) = (=)@ +L+K)~Tp(la— 1| +L+K)

satisfies inequality (4.3.13), then (4.3.1) has a T-periodic solution.

Proof. We rewrite (4.3.1) as

Aﬂn:(doAq)mn+4gAﬂpfggy+ﬂnﬂnﬁofggy (4.3.14)

Let the mappings A and B be defined by (4.3.10) and (4.3.9), respectively.
Let x(¢) € Pr. A summation of equation (4.3.14) from 0 to 7 — 1 gives

T-1 T-1
3, £x(s) = 3, [(als) = Da(s) +c(s) 205 = (5) + 4 (5:x(5):x(5 = ()|
Or,
T—1
K1) =x(0) = 3, [(als) = 1)+ e(5) (s ~ g(6)) + a{sx(s) (s ~ ¢(6)

Since x(t) € Pr, x(T) = x(0). Therefore

T-1

0= Z [(a(s) — 1)x(s) + c(s) Ax(s — g(s)) + q(s,x(s),x(s —g(s))} .(4.3.15)

s=0
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Rewrite and then sum by parts, using the summation by parts formula

N EyAz=yz— Y zAy

with Ey(s) = ¢(s) and z = x(s — g(s)). As a consequence, we have

71
Zz)c(s)Ax(s—g(s)) =c(s—1)x(s—g( - Z x(s—g(s)Ac(s—1)
= (T =)x(T *g(T)) - (*1) (0—2(0))
T-1
- Z(,)X(S*g(S))[C(S) —c(s=1)]

T-1
=— Zz)x(sfg(S))[C(S) —c(s—1)].

As a result (4.3.15) becomes

3 [a(s) — 1)x(s)
s=0

= 2 x(s—g(s))[e(s) — (s —1)] — q(s,x(s),x(s — g(s)). (4.3.16)

LetS = ‘ -1 ‘ ‘ ) We claim that there exists a ¢* € [0,7 — 1] such that

T‘a(t*) - le(t

T-1
N ’a(s)—le(s)’.
s=0

Suppose such t* does not exist. Then

a(t*)—le(t )| >S
T]a(t*)qu(t )

T—1

D ‘a(t*)lex(t) >

t*=0

Hence, S > S+ €, which is a contradiction. Therefore, such ¢* exists.
From (4.3.16), it implies that there exists a t* € (0,7 — 1) such that

which implies that

Or
=Is+e
—

t*=0

7 ae") = 1]|x(r") sg\ko)]\mg<s>>\+]q(s,x<s>,x<sg<s>)\.
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By taking the maximum over ¢ € [0, 7T — 1], we obtain from the above inequality

Tp||x(r* 2(6wu+uun+Ewu+a)

‘ﬂw
.—O

-1

((6+L+E)|\x\|+a)
(8

+L+E) || +at),

which gives us

[|x(r)]] <= (5+L—|—K)||x\|+; (4.3.17)

Since forall 7 € [0,T — 1]

taking maximum over ¢ € [0, T — 1] and using
@I < []x()1 + Z | Ax(s)
yields
1 o
[lx()]] < E(5+L+E)||x||+E+T||Ax||. (4.3.18)

Taking the norm in (4.3.1) yields

2@ < la = LI+ [lel| [[Ax+ K|+ L ]| + 0.

(1= Nell) Iaxl] < (lla =11+ E+L) x| + e
Thus

(lla= 111+ E+L)lxl] +
L= {fef]

[|[Ax(r)|| < (4.3.19)



186 4 Periodic Solutions

A substitution of (4.3.19) into (4.3.18) yields

| o (lla=1]+K+L)|l|+a

he)

Hence

o(1—|le[|+Tp) _
IO < e == elN 6 +L+E) —Tp(la=1[<L+E) _

Thus, for all x(r) € Pr we have shown that
(0] <G.

Define M = {¢ € Pr : ||@|| < G}. Then by Theorem 4.3.1, Equation (4.3.1) has a
T -periodic solution. This completes the proof.

4.4 Periodicity in Vector Neutral Nonlinear Functional
Difference Equations

Motivated by the work of Hale on functional differential equations [74], in this
section we consider the nonlinear neutral difference equation

Ax(t) = A()x(t) + A0(t,x(t — g(2))) + G(2,x(¢),x(r — g(2))) (4.4.1)

where A is an n x n matrix function, g : Z — Z* is scalar and the functions Q :
ZxR"— R"and G : Z x R" x R" — R" are continuous in x. The purpose of this
work is to make use of the notion of the fundamental matrix and invert (4.4.1) so
that fixed point theory can be used. Krasnoselskii’s fixed point theorem is one of
the tools that we use in this research in order to show the existence of a periodic
solution. The obtained mapping is the sum of two mappings; one is a contraction
and the other is compact. The need to use Krasnoselkii’s fixed point theorem may be
necessary if one of the mappings is not compact nor satisfies a Lipschitz condition.
Inverting equation (4.4.1) to a fixed point problem enables us to show the uniqueness
of the periodic solution by appealing to the contraction mapping principle.

For an integer T > 1 let Pr be the set of all n-vector functions x(¢), periodic in # of

period T. Then (Pr,||-||) is a Banach space when it is endowed with the maximum
norm

x| =max|x(t)] = max |x(z].

o] = max +(6) = _max_[+(

Note that Py is equivalent to the Euclidean space R"". If A is an n x n real ma-
trix, then we define the norm of A by |A| = max; <<, 2;?:1 |ajj|. First we make the
following definition.
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Definition 4.4.1. If the matrix B(¢) is periodic of period T, then the linear system
y(+1)=B(t)y(t) (4.4.2)

is said to be noncritical with respect to T, if it has no periodic solution of period T
except the trivial solution y = 0.

Since we are searching for the existence of periodic solution for system (4.4.1), it is
natural to assume that

At+T)=A(t), gt+T)=g(t), gt)>g" >0 (4.4.3)

with g : Z — Z™ being scalar and Q(z,x) and G(z,x,y) are continuous functions and
periodic in ¢ of period 7. That is

Q(t+T,x) =Q(t,x), Gt+T,x,y) =G(t,x,y). (4.4.4)

Throughout this section it is assumed that the matrix B(¢) = I +A(¢) is nonsingular
and system (4.4.2) is noncritical, where [ is the n x n identity matrix. Also, if x(z)
is a sequence, then the forward operator E is defined as Ex(t) = x(¢ 4+ 1). Next we
state some known results about system (4.4.2). Let K(¢) represent the fundamental
matrix of (4.4.2) with K(0) = I. Then

(i) detK (1) # 0.

(ii) K(t+1) = B(t)K(¢t) and K~ ' (t +1) = K~ (1)B~1(¢).

(iii) System (4.4.2) is noncritical if and only if det (I — K(T)) # 0.

(iv) There exists a nonsingular matric L such that K (¢ +T) = K(t)LT and K~ (¢ +
T)=LTK ().

With the above-mentioned K(z) in mind we have the following lemma.

Lemma 4.3. Suppose (4.4.3)—(4.4.4) hold. If x(t) € Pr, then x(t) is a solution of
equation (4.4.1) if and only if

x(t) = Q(t,x(t — (1))
k(K1) -1) 3 K0 (1AW @) [0l —glu)

+ G(u,x(u),x(u— g(u)))} . (4.4.5)

Proof. Let x(t) € Pr be a solution of (4.4.1) and K(z) be a fundamental matrix of
solutions of (4.4.2). First we write (4.4.1) as

Afx(t) = O, x(1 = g(1))) } = A(0){x(t) — Q1. x(r — &(1)))}
FA@)Q(1,x(1 = (1)) + G2, x(1), x(t — g(1)))-
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Since K (¢t)K~'(t) = I, it follows that

= A(KOKH(0)) = KOAK™ (1) + AKW))EK ()

AK (1) =K (0)A@)B (1) (4.4.6)

If x(¢) is a solution of (4.4.1) with x(0) = xo, then

Ak 0 (x) - 0, - 1)) }
= K104 (x(1) = 0(t,x(t — g(0)) + AK™ (0)E (x(1) = 0(t,x(t ~ g(0) )
= K~ (O] (x(1) ~ 01,2t — 8(1))) ) +A() Q1 x(t — 8(0))) + Gle.x(0),x(t — 8(1) |
~K~ (0A@0B (0)[B0) (x(1) - 0.5~ £(1)))
FA®)Q(t,x(1 ~ g(1) + Glo.x(1),x(1 — g(1)))], by @46)
=K' ()(1-40B (1)) (A0)Q(,x(t = 8(0))) + G(0.x(0). x(1 — 5(1))))-
Summing the above equation from 0 to 7 — 1 yields
x(1) = Q(t,x(1 = g(1))) + K (1) (x0— 0(0.x(—5(0))) )
- ngw(u) (1-A@B ™" () [A@WQ(w,x(u— g(w)))
+ G(uyx(u), x(u — g(u)))] . (4.4.7)
For the sake of simplicity, we let
D(w) = (1= A)B™ (1)) [A) Q1 x(u = (1)) + Glut, () x(u— g()))]

Since x(T) = xo = x(0), using (4.4.7) we get

1T-1

50— 0(0,5(—g(0))) = (I-K(T)) ¥ KK '(w)D(w). ~ 448)

u=0
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A substitution of (4.4.8) into (4.4.7) yields

—1T-1

x(1) = (1, x(r = 8(0)) + K()) (1=K(T)) 3 K(T)K™" () D(w)
u=0
-1
+ Y K(t)K ' (u)D(u). (4.4.9)
u=0
It remains to show that expression (4.4.9) is equivalent to (4.4.5). Since

-1

(k@) = (K@) -n) = (K @)-1) K@),

(4.4.9) becomes

—1T-1
x(6) = Qlesxle —g(0) + KO (K™ (1) =1) X K~ (0D
t—1
+ ;}K(I)K’l (u)D(u)
. -1 ,.T-1
= 0(1,x(t—g() +K() (k' (1) ~1) { T K~ (D)
u=0

+ ti K NT)K " (u)D(u) —
u=0
= 0x(t— () + K0 (K1) ~1) { - 3 K WD)

t—1
+y K’I(T)K’l(u)D(u)}.
u=0

By letting u = s — T in the third term on the right side of the above expression, we
end up with

—1

t—1
1) = QU1 —¢) +KO) (K (1) =1) {= 3 K@D

T+t—1
+ Y K*‘(T)K*‘(S—T)D(S—T)}. (4.4.10)
s=T

By (iv) wehave K(t —T) = K(t)L " and K(T) = LT, where L~7 = (LT)~!. Hence,
K~YT)K~'(s—T) = K~'(s). Moreover, since D(s — T) = D(s) expression (4.4.10)
becomes
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(1) = 0(t.x(t — () + KO (K1) 1) { = 3 K D

u=T
t+T-1
+ Y Kb}
u=T
1 t+T—1
= Q(1,x(t—g() +K(0) (K (1) ~1) ¥, K~ @)D(w).

This completes the proof.

Now we are in a position to define a suitable mapping that satisfies all the require-
ments of Theorem 3.5.1. Define a mapping H by

(Ho)(1) = O(t,0(t — g(1)))
_1t+T-1
+K(t)(K’1(T)—I> )) K*l(u)(I—A(u)B*I(u))
< [AW)Q 9 —(1)) + Glu.plu). plu—gu)))]. @11

It is clear that H : Pr — Pr by the way it was constructed in Lemma 4.3.
We note that to apply the above theorem we need to construct two mappings; one is
a contraction and the other is compact. Therefore, we express equation (4.4.11) as

(Ho)(t) = (Bo)(t)+ (Co) (1)
where C,B : Pr — Pr are given by

(Bo)(t) = 0(t,9(t — g(1))) (4.4.12)
and

—1t+T-1

o)) =KW (K10 =1) 3 K w(1-aws W)

X A0, ¢~ g(u))) + Glu, p(u), @(u—g(w))|.  44.13)

We assume the functions Q and G are Lipschitz continuous in x and in x and y,
respectively. That is, there are positive constants E, E, and E3 such that

0(1,%) = Q(t,y)| < Eq[lx—y|| and (4.4.14)

|G(t7xay) - G(I,Z,W))| < EZHx_ZH +E3||y_ WH (4415)
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Observe that in view of (4.4.14) and (4.4.15) we have

|0(t,x)| = 1Q(t,x) — O(£,0) + Q(,0)|
< 10(t,x) — Q(1,0)| +1Q(z,0)]
< Ei|x] + e
Similarly,
G(t,x,)| = |G(t,x,y) — G(1,0,0) + G(t,0,0)|
< [G(t,x,y) = G(1,0,0)| +|G(z,0,0)|
< Ex|lx|| +Esllyll + B

where o = max,cz |Q(¢,0)| and B = max,cz|G(z,0,0)|. The next lemma plays an
important role in showing C is compact.

Lemma 4.4. Suppose the hypothesis of Lemma 4.3 holds. If C is defined by (4.4.13),
then

(1)

)

T-1
€11 < 3, /A0, (a1 —g00)) + Gl (a). 9l (0)
where

r= max (_max |k ) -057 0] (1-4w08 W)
’ o (4.4.16)

is a constant which is independent of Q and G and depends only upon T,A(t),B(t),
and K (t) where 1 <t <T.
(1) C is continuous and compact.

Proof. Let C be defined by (4.4.13) which is equivalent to

t+T—1

o))=Y, [K® 1)K ()]
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As (Co)(t) € Pr, we have

t+T—1

> [k @ -k 0] (1-Aws W)

u=t

% AW 0, 9l g(w))) + Glu, p(), plu— g(w) |
< max ( max ‘[K(u)(rl(r)_z)rl(t)r(I_A(M)B*I(u))‘)

T r€f0,7-1) \t<u<t+T—1

C =
I(Co)e)l= max

x z; A0, (= g(w) + Gl 9 (w), 9~ gw) |

This completes the proof of (I). To see that C is continuous, we let @,y € Pr with
llell < D and ||y|| < D. Given € > 0, take § = €/N such that || — y| < &. By
making use of (4.4.14) and (4.4.15) into (4.4.13) we get

|co—cu|| <rrlialzlo - vl + &+ E)lo - vl
S Nllp-vl<e

where E1, E;, and E3 are given by (4.4.14) and (4.4.15) and N = rT(|A|E| + E» +
E3). This proves C is continuous. Next, we show that C maps bounded subsets into
compact sets. Let J be given and let S={@p € Pr:|| ¢ ||[<J} and Q ={Co: ¢ €
S}, then S is a subset of R"T which is closed and bounded thus compact. As C
is continuous in ¢ it maps compact sets into compact sets. Therefore Q = C(S) is
compact.

Lemma 4.5. If B is given by (4.4.12) and E; < { < 1, where E7 is given by (4.4.14)
then B is a contraction.

Proof. Let B be defined by (4.4.12). Then for ¢, v € Pr we have

|[Be —By|| = max |Bo—By|
t€[0,7—1]

<E max ot —g(1)) —w(t—g(t))]
< Lllo—wvll.

Hence B defines a contraction mapping with contraction constant §.

Theorem 4.4.1. Let ot = max,cz, |Q(¢,0)| and B = max,cz |G(¢,0,0)|. Let r be given
by (4.4.16). Suppose (4.4.3), (4.4.4), (4.4.14), and (4.4.15) hold. Let J be a positive
constant satisfying the inequality

o+EJ+rT \A\(E1+a)+E2+E3]J+rT[3 <. (4.4.17)

LetM = {¢ € Pr: ||@|| <J}. Then equation (4.4.1) has a solution in M.
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Proof. Define M = {¢ € Pr : ||¢|| <J}. Then Lemma 4.4 implies C : Pr — Pr
and C is compact on M and continuous. Also, from Lemma 4.5, the mapping B is
a contraction and it is clear that B : Pr — Pr. Next, we show that if ¢,y € M, we
have ||C¢ +By|| <J. Let @,y € M with ||¢||,||w|| <J. Then

T-1
|co+By|| < Edllwll+a+r ¥ [Al(e+Edlol) + Ellll + Esllo]| +B]
u=0
< a+E1J+rT[|A|(E1 +a)+E2—|—E3}J+rT[3 <J.

We see that all the conditions of Krasnoselskii’s theorem (Theorem 3.5.1) are satis-
fied on the set M. Thus there exists a fixed point z in M such that z = Az 4 Bz. By
Lemma 4.3, this fixed point is a solution of (4.4.1). Hence (4.4.1) has a T-periodic
solution.

Corollary 4.4. Suppose (4.4.3), (4.4.4), (4.4.14), and (4.4.15) hold and Q(t,x(t —
g(1))) and G(t,x(t),x(t — g(t))) are uniformly bounded. Let M be defined as in The-
orem 4.4.1 such that for ¢ € M,

190G ot =gl </,

and

t+T—-1

(K1)~ DK0)]

u=t
[40)0(, 9(u— g(w))) + Glu, @(w), @(u— g()))] | <72
for positive constants Jy and J. If
Ji+h <,
then (4.4.1) has a T -periodic solution.

Proof. Define B and C by (4.4.12) and (4.4.13), respectively and imitate the proof
of Theorem 4.4.1.

In the next theorem we use the contraction mapping principle to show that the peri-
odic solution is unique.

Theorem 4.4.2. Suppose (4.4.3), (4.4.4), (4.4.14), and (4.4.15) hold. Then equa-
tion (4.4.1) has a unique T -periodic solution.

Proof. Due to condition (4.4.21) we have that

E, +FT(‘A‘E1 +E> +E3) <l1.
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Let the mapping H be given by (4.4.11). For ¢,y € Pr, in view of (4.4.11), we have
Hpr—HwH < (E1 +rT(JAE +Ea +E3)) lo—wll.

This completes the proof.

It is worth noting that Theorem 4.4.1 and Theorem 4.4.2 are not applicable to func-
tions G of the form

G(t,9(1), 91 —8(1)) = fi(1)*(t) + fo(1) 9 (t — (1)),

where f(¢), f2(¢), and g(z) > 0 are periodic sequences. To accommodate such func-
tions, we state the following corollary, which requires the functions Q and G to be
locally Lipschitz.

Corollary 4.5. Suppose (4.4.3)—(4.4.4) hold and let o« and B be the constants de-
fined in Theorem 4.4.1. Let J be a positive constant and define M= {¢ € Pr : ||p|| <
J}. Suppose there are positive constants E{ ,E5, and E so that for x,y,z, and w € M
we have

0(1,x) = Q(t,y)| < E [lx—yl|,
|G, %,y) = G(t,2,w))| < Ex|lx—zl| + E5[ly — wll,

and
o+E{J+rT||A|(Ef +a)+E; +E3|J+rTB <J. (4.4.18)

Then equation (4.4.1) has a unique solution in M.

Proof. LetM ={¢ € Pr:||¢|| <J}. Let the mapping H be given by (4.4.11). Then
the results follow immediately from Theorem 4.4.1 and Theorem 4.4.2, since

Ef+rT(|AIEf +E2+E3) < 1.
This completes the proof.

Now we display an example as an application.

Example 4.2. For small positive € and &, we consider the perturbed discrete Van
Der Pol equation

A2+ (gx — 1) Ax—x—g A (cos(ﬂr)x2 (t— g(t))) —gcos(tm) =0, (4.4.19)

where g : Z — Z* is scalar and 2-periodic. By letting Ax; = x, we can trans-
form (4.4.19) to

. (2) N <? i) (2) o (slcos(m))(c)%(t —g(1)) > * (,gzcos(m;) £2x2x%) ;
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where

A= ((1) }) O(t,x(t—g(1))) = (elcos(m)a?%(r—g(t))>

G100 80D = () —ereni? )

cos(mt) — erxx

and

Since the matrix B = I + A has real eigenvalues, the system x(f + 1) = Bx(¢) is

noncritical. Let @ (1) = (@1(2), 92(t)), w(t) = (y1 (1), y2(1)) e M= {9 € P> : |[g]| <
J}. Then,

|Gt o), — (1))~ Glt, (), Wit —g(0))|

<P1(t)—llfl(l)>‘

t€[0,1]

< & max |(ga(r) (1 (1) + i (1)), Wi (1)
P2(1) = (1)

<280 ¢—v.

Hence, we see that B = &,F; = 2&,J%, and E3 = 0. In a similar fashion, we obtain
o =0 and E; = 2¢,J>. Thus, inequality (4.4.21)

2¢,J> +2r[2£1J|A| + 282]2}J+ 2rep < J

is satisfied for small £, and &. Hence, equation (4.4.19) has a 2-periodic solution,
by Theorem 4.4.1. On the other hand, the above inequality automatically implies
that

2£]J+2r[2£]J|A| +252J2} <1

for small €; and &, and hence equation (4.4.19) has a unique 2-periodic solution,
by Corollary 4.5.

Next we make use of Schauder’s fixed point theorem, Theorem 4.7.1, to show that
Equation (4.4.1) has a T-periodic solution. This scenario could be encountered when
one of the mappings is neither contraction nor compact. Thus, we assume that the
function Q is uniformly continuous and bounded. That is there exists a positive
constant W such that

|O(t,x)| <W, forallz > 0. (4.4.20)

Theorem 4.4.3. Let 3 = max,cz|G(¢,0,0)|. Let r be given by (4.4.16). Suppose
(4.4.3), (4.4.4), (4.4.15), and (4.4.20) hold. Let J be a positive constant satisfying
the inequality

W+rT[\A|W+E2 +E3|J+rTB < J. 4.4.21)

Then for M = {@ € Pr : ||p|| <J}, equation (4.4.1) has a solution in M.



196 4 Periodic Solutions

Proof. Define M= {¢ € Pr:||¢|| <J}.Let the map H be defined by (4.4.11). Then
by similar argument, one can easily show that

H M — M.

In addition, using the Lebesgue dominated convergence theorem, one can easily
show the map H is compact. For the complete argument we refer to Section 4.7.1.
Thus, by Theorem 4.7.1, Equation (4.4.1) has a T-periodic solution.

4.5 Periodicity in Nonlinear Systems with Infinite Delay

As we have seen in the previous section that using Schaefer’s fixed-point theorem
(Theorem 4.1.3) enabled us to show that if there is an a priori bound on all possible
T-periodic solutions of a related auxiliary Volterra difference equation, then there is
a T-periodic solution. In this section we apply our results to scalar Volterra differ-
ence equations in which the a priori bound is established by means of nonnegative
definite Lyapunov functionals. Thus, we consider

K+ 1) =Dal)+ Fx) + 3, K ga() +p(), @D

J=—o0

with the existence of positive constant Q such that

where D is a k X k matrix and p is a given k x 1 vector with p(n+T) = p(n) for
integer T. The kernel K(n, j) satisfies K(n+T,j+T) = K(n, j) for all —oo < j <
n < oo, where (n, j) € Z* and K(n, j) = 0 for j > n. The period T is taken to be the
least positive integer for which these hold. The functions f and g are continuous.
Results of this section can be partially found in [137]. In [131] the author studied
the existence of periodic solutions of the Volterra difference system with

Ax(n) = Dx(n) + z": C(n— j)x(j)+g(n),n € Z with i |IC(u)] <o (4.5.2)

- u=0

where D and C are k x k matrices and g is a given k x 1 vector with g(n+T) = g(n)
for integer T, by using Schaefer’s fixed point theorem. In [131] the mapping was
constructed by taking direct sum in (4.5.2). On the other hand, Elaydi [52] con-
sidered (4.5.2) and utilized the notion of the resolvent of an equation associated
with (4.5.2) and concluded the existence of a periodic solution of (4.5.2). In arriving
at his results, Flaydi had to show that the zero solution of an homogenous equation
associated with (4.5.2) is uniformly asymptotically stable . Thus, it was assumed
that |D| < 1 where |- | is a suitable matrix norm. Later on, for the purpose of relax-
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ing |D| < 1, Elaydi and Zhang [53] used the notion of degree theory, due to Grannas,
and obtained the existence of a periodic solution of (4.5.2).

Once our results are established, we apply them to nonlinear Volterra discrete equa-
tions of the form

St 1) = () )+ Y, K e() +p). @53)

Jj=—o0

In [130] the author considered (4.5.3) with the assumptions that the two functions
f and g are uniformly bounded and the coefficient a satisfies the stringent condition
—1 < a < 1. Our objective is to relax those conditions. We achieve our objective
by displaying nonnegative definite Lyapunov functionals, which in turn give the a
priori bound. Thus, the results of this section will advance the theory of existence
of periodic solutions in the most general form of nonlinear Volterra difference equa-
tions. For (4.5.1) a homotopy will have to be constructed which we obtain in the
following manner.

Let m be a real number such that either m > 1 orm < —1. For 0 < A < 1, we
rewrite (4.5.1) as

x(n+1) = A(=m "I+ D)x(n) +m™"x(n) + A f(x(n))

1Y K(n )g(e(7) + Ap(n). (45.4)

J=—00

One may easily verify that

n—1
x(n) = A 3 w0 (e 14 D)x()) + £(x(7)|

j=—oo

n—1 s
ALY m Y K(s. gla()

§=—o00 J=—0°
n—1

+ 4 Y pljym i (4.5.5)
j:—oo

is a solution of (4.5.4) and hence of (4.5.1). Define the space Pr by

Pr= {x(n) :x(n+T) =x(n), forall ne Z}

where T is the least positive integer so that x(n+ 7)) = x(n). Then (PT, |- |) defines

a Banach space of T-periodic k X 1 real vector sequences x(n) with the maximum
norm

|x| = max { max |x,(n)|}
=1,k Lne [0,T—1]

For x(n) € Pr, using (4.5.5) we define the mapping H : Py — Pr by
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n—1
n) =2 X I (e D)) + f(x()

j:—oo

+*A }: m- (n—s—1) E: K',] )

§=—00 J=—o0

+ 4 Y p(jym Y, (4.5.6)

Thus,
x=AHx

is equivalent to (4.5.5). Next we prove two Lemmas that are essential for the appli-
cation of Schaefer’s theorem (Theorem 4.1.3).

Lemma 4.6 ([137]). If H is defined by (4.5.6), then H is continuous and H : Pr —
Pr.

Proof. For the continuity of H we let ¢1, ¢, € Pr and use (4.5.6) to obtain,

(t10)— (18| < T 10V (-m 14 D0~ 6o
=4
n—1 )
+ X mmVf(6n) — £(92)]
=4

n—1

+0 Y Im™ " ]lg(91) — g(42)].
P
By invoking the continuity of f and g and the fact that the infinite series
Z;f;lw |m’(”’j’1)| is convergent, we deduce that H is continuous. Left to show
that H : Pr — Pr. Let ¢(n) € Pr and use the substitution v = j — T followed by the
substitution r = s — T to obtain (H@)(n+T) = (H@)(n). This concludes the proof
of the lemma.

Lemma 4.7 ([137]). If H is defined by (4.5.6), then H maps bounded subsets into
compact subsets.

Proof. Let J > 0 be given and define the two sets S = {x(n) € Pr : |x| <J} and
W= { (Hx)(n) :x(n) € Pr } Then W is a subset of R”%, which is closed and bounded
and thus compact. As H is continuous in x it maps compact sets into compact sets.
We deduce that W = H(S) is compact. This concludes the proof of the Lemma.

Now we are in a position to state and prove our main theorem that yields the exis-
tence of a periodic solution of (4.5.1).

Theorem 4.5.1. If there exists an L > 0 such that for any T-periodic solution
of (4.5.4), 0 < A < 1 satisfies |x| <L, then (4.5.1) has a solution in Pr.
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Proof. Let H be defined by (4.5.6). Then, by Lemmas 4.6 and 4.7, H is continuous,
compact, and T-periodic. The hypothesis |x| < L rules out part (ii) of Theorem 4.1.3
and thus x = A Hx has a solution for A = 1, which solves (4.5.1). This concludes the
proof.

Remark 4.3. When it comes to application, the reader shall see that we may have
to require m € (—1,0) U (0,1). Thus, to take care of such situation we note that
Equation (4.5.1) is equivalent for A = 1 to

x(n+1) zl(—ml-i—D) (n) +mx(n)+ A f(x(n))
+2 2 (7)) +Ap(n). (4.5.7)

Jj=—00

Then it follows readily that x is a bounded solution of (4.5.7) if and only if

n—1
n) = A Z - GntD) [(7m1+D)x(j)+f(x(j))

je—

n—1 S
FAY S k(s ee())

§=—00 jzfoo

+ A 2 p(jym= =), (4.5.8)

§=—o0

Then one may easily prove a theorem similar to Theorem 4.5.1 for the case m €
(—1,0)U(0,1).

4.5.1 Application to Infinite Delay Volterra Equations

Now we apply the results of the previous section to scalar nonlinear Volterra differ-
ence equations with of the form

x(n+1) =ax(n)+ z K(n, j)g(x(j))+ p(n), (4.5.9)

]_700

where the terms f, g,K, and p obey the same conditions as before. The highlight of
this work is to prove the existence of periodic solution of Equation (4.5.9) where the
magnitude of a could be |a| > 1. In most of the literature, it is required that |a| < 1.
To relax this condition we resort to nonnegative definite Lyapunov functional to
obtain the a priori bound on all possible T-periodic solutions of Equation (4.5.9)
and then conclude the existence of a periodic solution by invoking Theorem 4.5.1.
We shall assume in addition to those assumptions made in the previous section that
there exists F : Z* — R and R > 0 such that



200 4 Periodic Solutions

|K(n,u+n)| <F(u), with Y |F(u)| <R, (4.5.10)
u=0
and
max 2 Z|Ks J)| <o 4.5.11)
J——oos n

We note that assumption (4.5.10) implies that

max Y [K(s,j)| <R.

nez =,

Now we state two theorems; one will show the existence of a periodic solution
of (4.5.9) when |a| < 1, and the other when |a| > 1. The proof of the first theorem
will be established in three different cases on the coefficient a.

Theorem 4.5.2 ([137]). Assume (4.5.10) and (4.5.11). Also, we assume that there
exists an o0 > 0 such that

If )]+ Rlg(x)] < el

and
|u|+ o — 1 < —B, for some positive constant 3, (4.5.12)

where [L is to be defined in the body of the proof and R is given by (4.5.10). Then,
Equation (4.5.9) has a T -periodic solution.

Proof. Casel.0<a< 1
Set m = a. Then 0 < m < 1. We shall apply Theorem 4.5.1 with m € (0,1) to the
corresponding family of equations

x(n+1) = A(=m~+a)x(n) +mx(n) + A f(x(n))
A K(n)e(e(i)) + Ap(n). (4.5.13)

,I—_°°

Our aim is to show that there is a priori bound, say L such that all solutions x(n) of
n—1 )
=4 3w | Cm)x() + £ ()]
+)~zmsn+12KS] +7LZP —(j—n+1)

S=—00 j——°° §=—o0

for 0 < A < 1 satisfies |x| < L. Once this is accomplished then we can rule out (ii)
of Schaefer’s theorem (Theorem 4.1.3), and then conclude the above equation has a
solution for A = 1.
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We begin by rewriting (4.5.13) in the form

Ko+ 1) = aa(n) 4 2 60) 42 Y, KOs Dgla() +Aplo), @5.14)

J=—00

where = m+ A(—m+ a). Define the Lyapunov functional V by

n—1 oo
V(nx() = x(m)[+4 3, X 1K(s.j)lg(x())]- (4.5.15)

Jj=—oos=n

It is clear that for x(n) € Pr, V(n+T,x) =V (n,x) and hence V is periodic.
Along the solutions of (4.5.14) we have

AV(n,x(1) = [x(n+1)| = [x(n)| + 2 illK(s,n)llg(x(n))l
s=n-+

n—1

=AY |K(n, )llg(x(7)]

Jj=—c0

< (Il = 1) | + 2191+ X [Ksmllgx(m) |+

< (11l = 1) )] + 17 (3) |+ RlgCx)| +

< (Iul+ o= 1) ()] +Ipl
B lx(n)| + ol

IN

Since V is periodic for x € Pr, we have by summing the above inequality over one
period that

n+-T—-1
0=V(n+T,x(-)—V(nx(-)) = Z AV (s,x(+))
B n+T—1

<—B Y WWI+Tpl

This implies that
n+T-1

T |p|
x(s)| < ——.
Z:, [x(s)] < B
Thus, |x(n)| is bounded over one period, and hence for any T-periodic solution
of (4.5.13) there is an E > 0 such that |x(n)| < E, which serves as the a priori bound
on every possible T-periodic solution of (4.5.13). Therefore, by Theorem 4.5.1
Equation (4.5.9) has a T-periodic solution for 0 < a < 1. This concludes the proof
of Case 1.

Note that since 0 < A < 1 condition (4.5.12) reduces to |a| + o — 1 < —f3.
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Case2. —1<a<0

Set m = a. Then —1 < m < 0 and we apply Theorem 4.5.1 with m € (—1,0) to the
corresponding family of equations (4.5.13) with u =m+ A(—m+ a) = a. Define
the Lyapunov functional V by (4.5.15) and proceed with the proof as in Case 1.
Note that since 0 < A < 1, and yt = a, condition (4.5.12) reduces to |a|+ o — 1 <
-B.

Case3.a=0

Let m be any fixed number strictly between 0 and 1. Then, 4 = m — Am < m.
Choose m small enough so that (4.5.12) is satisfied. Then apply Theorem 4.5.1 with
m € (0,1) to the corresponding family of equations (4.5.13). Define the Lyapunov
functional V by (4.5.15) and proceed with the proof as in Case 1.

The next theorem handles the case |a| > 1.

Theorem 4.5.3 ([137]). Assume (4.5.10) and (4.5.11). Also, we assume that there
exists an oo > 0 such that

[F ()] +R[g(x)] < el

and
|1| — =1 > B, for some positive constant 3,

where WL is to be defined in the body of the proof. Then, Equation (4.5.9) has a
T -periodic solution.

Proof. Casel.a > 1

Set m = a. We shall apply Theorem 4.5.1 with m > 1 to the corresponding family
of equations (4.5.13). Then, 4 =m+A(—m-+a) =a.

Define the Lyapunov functional V by

oo

n—1
V(nx(-) = lx(n) =24 Y X IK(s, j)llg(x(j)I- (4.5.16)

Jj=—ocos=n

It is clear that for x(n) € Pr, then V(n+ T,x) = V(n,x) and hence V is periodic.
Along the solutions of (4.5.14) we have

AV(n,x()) = [x(n+1)| = [x(n)| = 4 i K (s,n)llg(x(n))]

n—1
+ A Y, 1K, )llgx())]

J=—o0

> (Jul = 1) ()] = (£ )]+ Rlg(x)]) - 1p

> (Il +a = 1) x(n)] |
> B ()| -1,
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Since V is periodic for x € Pr, we have by summing the above inequality over one
period that

n+T—1
0=V(n+T,x(-))—V(nx(-)) = Z AV (s,x(+))
;+T—1

> Y W)l -Tp.

This implies that

M=
~

x(s)| < ——.
S=n ﬁ

Thus, |x(n)| is bounded over one period, and hence for any T-periodic solution
of (4.5.13) there is an E > 0 such that |x(n)| < E, which serves as the a priori bound
on every possible T-periodic solution of (4.5.13). Therefore, by Theorem 4.5.1
Equation (4.5.9) has a T-periodic solution for a > 1. This concludes the proof of
Case 1.

Again, we remark that the condition |i| — ot — 1 > 3, for some positive constant f3,
reduces to |a| —a—1> .

Case2.a < —1

Set m = a. Then m < —1 and we apply Theorem 4.5.1 to the corresponding family
of equations (4.5.13) with u = m+ A(—m+a) = a. Thus, || = |a|. Define the
Lyapunov functional V by (4.5.16) and then the proof is the same as in Case 2. This
concludes the proof of the theorem.

Remark 4.4. 1) By relaxing the condition |a| < 1, we point out that Theorem 4.5.3
significantly improves the literature that is related to the existence of periodic solu-
tions in Volterra difference equations.

2) In [130], for |a| = 1, the author was able to show the existence of a periodic so-
lution under the stringent condition that the functions f and g are uniform bounded
by certain positive constants. However, we could not do the same here under the
condition

£+ Rlg()| < ]

4.6 Functional Equations with Constant or Periodically
Constant Solutions

Consider the difference equation
Ax(t) = x(t) —x(t — L), 4.6.1)

then any constant is a solution of (4.6.1). In this case we ask ourselves if the constant
solution is pre-determined. Therefore, it is convenient to generalize the concept and
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look at variant forms of the general functional difference equation
Ax(t) = g(x(1)) — g(x(t = L)), (4.6.2)

where g : R — R and is continuous in x. Eqn.(4.6.2) can be easily generalized to
functional equations of the form

Ax(r) = g(x(r — L1)) — g(x(t — L1 — L)), (4.6.3)
-1
Ax(r) = g(x(r)) - ;mer)g(x(s». (4.6.4)
2 p(s—1t)g z q(s—1)g(x(s)). (4.6.5)
s=t—L §=—o00

Results of this section are partially published in [127] and [139]. In [139] Raffoul,
studied systems (4.6.2) and (4.6.3) along with

Ax(t) = g(t,x(t)) —g(t,x(t — L)), gt+L,x)=g(t,x). (4.6.6)

The first term on the right takes into account the ideas of (4.6.4) while the second
term takes into account the deaths distributed over all past times. Note that if x = ¢
where c is constant, then Ax(¢) = 0 in (4.6.2)—(4.6.5) provided that

1 1
Y p(s)=1,and Y q(s) =

s=—L §=—0c0

4.6.1 The Finite Delay System

By means of fixed point theory we show that the unique solution of (4.6.4) converges
to a pre-determined constant or a periodic solution. Then, we show the solution is
stable and that its limit function serves as a global attractor. The same theory will
be extended to two more models. We will use the contraction mapping principle
to determine that constant. First, we state what it means for x(¢) to be a solution
of (4.6.4). Note that since (4.6.4) is autonomous, we lose nothing by starting the
solution at 0.

Let () : [-L,0] — R be a given bounded initial function. We say x(¢,0, ) is a
solution of (4.6.4) if x(¢,0, y) = w(¢) on [—L,0] and x(z,0, y) satisfies (4.6.4) for
t>0.

It is of importance to us to know such constants since all of our models have constant
solutions. First we rewrite (4.6.4) as

—1 t—1
=00 Y pls) X glx(u), (4.6.7)

s=—L u=t+s
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where p(s) satisfies the condition

-1
2 p(s)=1. (4.6.8)

s=—L

Also, we assume that the function g is globally Lipschitz. That is, there exists a
constant k > 0 such that

lg(x) —g()| < klx—y|. (4.6.9)

On the other hand, in order to obtain contraction, we assume there is a positive
constant £ < 1 so that

—1
kY p(s)|(—=s) <&. (4.6.10)

s=—L

1
We note that if p(r) = I then (4.6.8) is satisfied. Moreover, in this case condi-
tion (4.6.10) becomes

< < 1 k(L+1)
K Pl =k X 7 (=5 =~
s=—L s=—L
Thus, condition (4.6.10) is satisfied for
k(L2+ 1) <t

To construct a suitable mapping, we let v : [—~L,0] — R be a given initial function.
By summing (4.6.7) from s = 0 to s =t — 1 we arrive at the expression

—1

—1 t—1
x(t Z p(s Z w(w)+ 3, pls) X gx(u). (4.6.11)

s=—L u= s=—L u=t+s

If x(¢) is given by (4.6.11), then it solves (4.6.4). In the next theorem we show that,
given an initial function v : [-L,0] — R, the unique solution of (4.6.4) converges
to a unique determined constant.

Theorem 4.6.1 ([127]). Assume (4.6.8)—(4.6.10) and let v : [-L,0] — R be a given
initial function. Then, the unique solution x(t,0, ) of (4.6.4) satisfies x(t,0,y) — r,
where r is unique and given by

—1
r=y(0)+g(r) Y p(s)(— 2 p(s Zg (4.6.12)
s=—L s=—L u=s

Proof. For |-| denoting the absolute value, the metric space (R, |- |) is complete.
Define a mapping 57 : R — R, by

-1
Hr=y(0)+g(r) Y pls)(~ Z p(s 28

s=—L s=—L u=s



206 4 Periodic Solutions

For a,b € R, we have

| Ha— b < Z |p(s) b)| <k Z p(s)l(=s)la—b| < Gla—b].

s=—L

This shows that .7 is a contraction on the complete metric space (R, |-|), and hence
¢ has a unique fixed point r, which implies that (4.6.12) has a unique solution.
It remains to show that (4.6.4) has a unique solution and that it converges to the
constant r.

Let || - || denote the maximum norm and let M be the set bounded functions ¢ :
[—L,o0) — R with ¢(z) = w(z) on [—L,0],¢(¢t) — rast — oo. Then (M, || -||) defines
a complete metric space. For ¢ € M, define &2 : Ml — M by

(Z¢)(t) =wy(r), for —L<t<0,

and

t—1

(20)(t) Zp Zg +2p Y g(¢(w)), for 1> 0.

s=—L u=s s=—L u=t+s
(4.6.13)
For ¢ € M with ¢(r) — r, we have

i—1
T o) S o DS ps)(—s). ast - e
s=—L u=t-+s s——L
Then, using (4.6.12) and (4.6.13), we see that
-1 -1
(2¢)(1) = y(0)+g(r) 3, pls)(~ Z p(s) X g(y(u) =r.

s=—L s=—L u=s

Thus, & : M — M. It remains to show that & is a contraction.
For a,b € M, we have

-1
[(Za)(t) = (2b)(1)] < Z Ip(s)|(—s)lg(als)) — g(b(s))]

<k Z Ip(s)(=s) la—b| < &lla—b||.
s=—L

Thus, &2 is a contraction and has a unique fixed point ¢ € M. Based on how the
mapping & was constructed, we conclude the unique fixed point ¢ satisfies (4.6.4).

Remark 4.5. For any given initial function, Theorem 4.6.1 explicitly gives the limit
to which the solution converges to. That limit is the unique solution r of (4.6.12).

Remark 4.6. For arbitrary initial function, say 1 : [-L,0] — R, Theorem 4.6.1 shows
that x(7,0,1) — r. Thus, we may think of r as being “global attractor.”
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Remark 4.7. We may think of Theorem 4.6.1 as of stability results. In general, we
know that solutions depend on initial functions. That is, solutions which start close
remain close on finite intervals. Under conditions Theorem 4.6.1 such solutions re-
main close forever, and their asymptotic respective constants remain close too.

The next theorem is a verification of our claim in Remark 4.7.

Theorem 4.6.2 ([127]). Assume the hypothesis of Theorem 4.6.1. Then every initial
Sunction is stable. Moreover, if W and W, are two initial functions with x(t,0, 1) —
r1, and x(t,0,yn) — 1, then |r| — rz| < € for positive €.

Proof. Let ||y||(_p o) denote the supremum norm of y on the interval [—L,0]. Fix
an initial function y; and let y, be any other initial function. Let &7;,i = 1,2 be
the mapping defined by (4.6.13). Then by Theorem 4.6.1 there are unique functions
61, 6, and unique constants r| and r, such that

D101 = 01, P26, — 62, 01(t) =11, 62(t) = 12.

e(1-kZ 1 Ip(s)I(=5))

Let € > 0 be any given positive number and set 0 = —
1+ kE 2 p(s)l(=s)

Then

161(t) = 62(1)| = [(£161)(¢) — (%92)( )|

< |y1(0) 0)| + ZP Z\g(llfl ) —g(wa(s))|
s=—L u=s
-1 -1
+ 2 p(s) Y, 1g(6i(s)) —2(62(5))]
s=—L u=t+s
< |y1(0) 0)| +k 2 Ip($)|(=9)[lw1 — wall—r0
s=—L
+ k Z Ip(s)[(—3)[||61 — 62]].
s=—L
This yields
L+k3 2 Ip(s)l(=s)
161 — 62| < : i —vall_L0 <&,
1=k, [p(s)l(=s) o
provided that

e(1-k2 1 p(s)|(~9))

:=0.
1+k3 2, [p(s)|(—s)

llyi —wallLg <
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This shows that

|x(t,0,l[/1) —x(l‘,(),llfz)| < €&, whenever ||l[/1 - l[/2||[,]_‘()] < 4.
For the rest of the proof we note that |6;(r) — k;| — 0, as t — oo implies that
|ri—ra| = |r—01(t) + 61 (t) — 62(2) + 62(t) — 12|

< r1—=01(t)| + 161 — 62| +[62(t) — 12| — [|61 — 62|, (ast — o)
<e.

4.6.2 The Infinite Delay System

In this section, we consider the infinite delay system . For completeness we restate
the infinite delay system

—1 —1
Ax(t)= Y pls—1)g(x(s) = Y als—1)g(x(s) (4.6.14)
s=t—L S§=—o00
and rewrite it as
—1
)=—0 Y, pls Z g(x(u) + 2 Z Z q(u (4.6.15)
s=—L u=t+s §=—o0oyy=—00
where we have assumed (4.6.8) and
—1
Y als) =1 (4.6.16)

§=—o0

Let y : (—o0,0] — R be an initial bounded sequence. Then

—1 t—1
==Y pls) Y glx(u)+ 2 Z q(u Y4c (4.6.17)

s=—L u=rt+s §=—o00 jf=—00
where
—1 K
0) + Z p(s Zg = > > awsay(s) (4.6.18)
s=—L u=s S=—00 [f=—00

is a solution of (4.6.14). We have the following theorem.

Theorem 4.6.3 ([127]). Assume (4.6.8), (4.6.9), and (4.6.16) and there exists a con-
stant & so that for 0 < a < 1, we have
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—1 —1 s
KX o))+ Y Y lawl) <e (4.6.19)

s=—L S=—00 f=—00

Then, the unique solution x(t,0,y) of (4.6.14) satisfies x(¢,0,¥) — r, where r is
unique and given by

—1 -1 K
) Y, p(s)(=s)+g(r) Y, Y qlu), (4.6.20)

s=—L S§=—o00oyy=—00
and c is given by (4.6.18).

Proof. For |-| denoting the absolute value, the metric space (R, |-|) is complete.
Define a mapping 57 : R — R, by

Hr=c—g 2 p(s Z 2 q(u

s=—L §=—ooy=—0c0

For a,b € R, we have

-1
[Ha=r < T, 1p()()lle(a) ~gB)] +]s(a) ~2(®) S 3l

§=—o0oy=—00

<k( 21O+ Y Y law))la—b

s=—L S=—o00y=—00

< oja—b|.

This shows that . is a contraction on the complete metric space (R, |-|), and hence
¢ has a unique fixed point r, which implies that (4.6.20) has a unique solution. It
remains to show that (4.6.14) has a unique solution and that it converges to the
constant 7.

Let || - || denote the maximum norm and let M be the set bounded functions ¢ :
[—e0,00) — R with ¢(t) = y(r) on [—e0,0],¢(¢) — r as t — e. Then (M,]||-||)
defines a complete metric space. For ¢ € M, define &2 : M — M by

(29)(1) = w(t), for 1 € (—e=,0],

and

t—1
(Z20)(t —C_ZP 2 +2 Zq ,for t >0

s=—L u=t+s S§=—ooyy=—o00
(4.6.21)
where c is given by (4.6.18). Due to the continuity of g we have that for ¢ € M with
o(t) —r,

t—1

-1
Y pls) Y g z p(s , ast — oo,

s=—L u=t+s s=—L
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Next we show that
t—1  s—t t—1  s—t

Y q(ug(o(s) —glr) Y, Y qlu), ast— . (4.6.22)

S§=—o0 f=—00 §=—o00 |f=—00

Again, due to the continuity of G, for ¢ € M with ¢(¢) — r, one might find positive
numbers Q and T such that for any € > 0 we have

lg(o(2)) —g(r)| <O foralltand |¢(r) —r| < €if T <1 < oo,

With this in mind, we have

S S i) -se)|< Y Y law

§=—00 [f——00 §=—00 [f——00

+Zs2lq I‘ ))‘

s=T u=—oo

[(sto >>—g<r>>!

t—1

<03 S 0w+ S lgwlows) -r

S=—o0oy=—00 s=T u=—o0

t—1 s—t

T—1 s—t
<0 Y Y lgw)|+ke Y, Y, lgu)

§=—o00 |f=—00 s=T u=—oo
T—t—1 s t—1

<0y Y lwtkeY Y lqw

§=—00 |f=—00 S§=—o00 f=—00

T—t—-1 s
Due to the convergence that was assumed in (4.6.19), we have Y, Y |q(u)| —
§=—c0 Y=—c0
t—1  s—t

0, ast — oo. Moreover, for 7 < t < oo, condition (4.6.19) implies that ke z Z |

§=—o00 |f——o00

q(u)| < eo. Hence (4.6.22) is proved. It remains to show that &2 is a contraction.
For a,b € M, we have

—1
[(Za)(t) = (2b)(1)] < Y, |p(9)(—s)lg(als)) —g(b(s))|

s=—L

+ Z Z lq(u)||g(a(s)) — g(b(s))|

S§=—oof—=—00

k(X e+ Y S law))la-b

s=—L §=—o00 |f=—00

< alfla—b||.

Parallel remarks to Remarks 4.5-4.7 can be made regarding the infinite delay model
given by (4.6.14).
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4.6.3 The Finite Delay System Revisited

We revisit the finite delay system given by (4.6.4) with slight adjustment, namely
-1
Ax(r) = g(t,x(1))— Y, pls—1)g(s,x(s)), (4.6.23)

s=t—L

where
g(t+L,x)=g(t,x) (4.6.24)

and investigate the existence of periodic solutions. As before, we assume there exists
a positive constant k£ such that for all x,y € R we have

lg(t,x) —g(t,y)| < klx—y]. (4.6.25)
If (4.6.8) holds, then we may rewrite (4.6.23) as
—1 —1
Ax(t) =200 Y, pls) Y, glu,x(u)). (4.6.26)
s=—L u=t-+s

As before, to construct a suitable mapping, we let y : [—L,0] — R be a given initial
function. By summing (4.6.26) from s = 0 to s = — 1 we arrive at the expression

—1 —1
x(t) = z p(s) Z g(u,x(u)) +c, (4.6.27)
s=—L u=t-+s
where c is given by
—1 —1
c=y(0)— Y, p(s) Y &lu, w(u)). (4.6.28)
s=—L u=s

Theorem 4.6.4 ([127]). Assume (4.6.8)—(4.6.10), (4.6.24), and (4.6.25) and let
v : [-L,0] = R be a given initial function. Then, the unique solution x(t,0,y)
of (4.6.23) satisfies x(¢,0, W) — p, as t — o where p is a unique L-periodic solu-
tion of (4.6.23).

Proof. Let ||-|| denote the maximum norm and let M be the set of L-periodic se-
quences ¢ : Z — Z. Then (M, || -||) defines a Banach space of L-periodic sequences.
For ¢ € M, define &7 : M — M by

-1 t—1
(29)(t) = c+ ;me ;g(w(u)) (4.6.29)

Next we show that

(Z0)(1+1) = (Z0)(1).
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To see, for ¢ € M, we have

—1 t+L—1

(29)(t+L) =c+ Y, p(s) X g(u,9(u)

s=—L u=t+s+L
t—1

—1
—ct+ Y pls) Y, gU+Lo(I+L), (1=u—L)
s=—L [=t+s

t—1

=c+ Z pls) X g(l.6(D) = (2¢)(1).

s=—L I=t+s

Hence, & maps M into M. Also, by similar argument as in the previous theorems,
one can easily show that & is a contraction. Hence, (4.6.29) has a unique fixed point
p in M, which solves (4.6.23). It remains to show that (Z2¢)(z) — p(¢).

Let || - || denote the maximum norm and let M be the set of bounded functions
¢ :[—L,0) = Rwith ¢(z) = y(r) on [-L,0], ¢(¢) — p(t) ast — eo. Then (M, ||-||)
defines a complete metric space. For ¢ € M, define &2 : Ml — M by

(2¢)(t) =wy(t), for —L<t<0,

and
—1

(P0)(t —c+2p 2 (u, ¢ (u)), for t >0.

s=—L u=t+s

1 t—1
[(Ze)B)—p()| = | X p(s Z 8(u, ¢ (u Z p(s) Y, glu,p(u))|

s=—L u=t+s s=—L u=t+s
—1 t—1

< 2 IpG)| X klo(u) —p(u)l
s=—L u=t+s

< Z (s)] Z k|o(u) —p(u)] — 0, ast — oo,
s=—L u=t—L

since |¢(u) — p(u)| — 0, as t — oo. The proof for showing & is a contraction is
similar to before and hence we omit. Thus we have shown that &2 has a unique
fixed point in M, which converges to p.

We note that Remarks 4.5—-4.7 and hence Theorem 4.6.2 hold for equations (4.6.14)
and (4.6.23). We end with the following corollary.

Corollary 4.6 ([127]). Assume the hypothesis of Theorem 4.6.4. If there exists an
r € R, such that

Z p(s)g(t +s,7) (4.6.30)
s=—L

then p of Theorem 4.6.4 is constant.

Proof. Suppose (4.6.23) has a constant solution r. Then from (4.6.26) we have
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—1 t—1
0=2r=20, 3, p(s) Y, gu,r)

s=—L u=t-+s
—1
= ‘;Lp(s) (g(t,r) —g(t +s,r))
~1 —1
= g(t,r) _Z_,LP(S)— _Z_LP(S)g(H& r)

—1
=g(t,r)— Y p(s)g(t+s,r), dueto (4.6.8).
s=—L

—1
)= 3 p)sli-+s)

This completes the proof.

4.7 Periodic and Asymptotically Periodic Solutions
in Coupled Systems

Now we turn our attention to the existence of periodic and asymptotically periodic
solutions of a coupled system of nonlinear Volterra difference equations with infinite
delay. By means of fixed point theory, namely Schauder’s fixed point theorem, we
furnish conditions that guarantee the existence of such periodic solutions. Consider
the coupled system of nonlinear Volterra difference equations with infinite delay

n
Axn = hnxn + ) 2 an,if(yi)
=T 4.7.1)
Ayn = PuYn+ ) > bn.ig(xi)
i=—oo
where f and g are real valued and continuous functions, and {a,;}, {bn;i}, {hn}.
and {p,} are real sequences. In this study, we use Schauder’s fixed point theorem
to provide sufficient conditions guaranteeing the existence of periodic and asymp-
totically periodic solutions of system (4.7.1). Since we are seeking the existence of
periodic solutions it is natural to ask that there exists a least positive integer 7 such
that
hnv1 = s P = Do 4.7.2)

An+-T,i+T = An,i, 4.7.3)

and
buirivt = by, 4.7.4)
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hold for all n € N, where N indicates the set of all natural numbers.

There is a vast literature on this subject in the continuous and discrete cases. For
instance, in [179] the authors considered the two-dimensional system of nonlinear
Volterra difference equations

n
Ax, = hpx, + 2 anif (vi)
=l ., n=1,2,..
Ayn = pnyn+ -21 buig(x:)
P

and classified the limiting behavior and the existence of its positive solutions with
the help of fixed point theory. Also, the authors of [102] analyzed the asymptotic
behavior of positive solutions of second order nonlinear difference systems, while
the authors of [107] studied the classification and the existence of positive solutions
of the system of Volterra nonlinear difference equations. Periodicity of the solutions
of difference equations has been handled by [6, 46, 47, 48, 49, 50, 51, 52, 53, 54,
55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75]. In
[48] and [49], the authors focused on a system of Volterra difference equations of
the form

r n

xs(n) = as(n) + bs(n)xs(n) + 2 Zél(sp(n,i)xp(i), neN,
p=li=

where ag, by, x; : N — Rand K, : NxN = R, s=1,2,...,r, and R denotes the set
of all real numbers and obtained sufficient conditions for the existence of asymptot-
ically periodic solutions. They had to construct a mapping on an appropriate space
and then obtain a fixed point. Furthermore, in [86] the authors investigated the ex-
istence of periodic and positive periodic solutions of system of nonlinear Volterra
integro-differential equations. The paper [55] of Elaydi was one of the first to ad-
dress the existence of periodic solutions and the stability analysis of Volterra dif-
ference equations. Since then, the study of Volterra difference equations has been
vastly increasing. For instance, we mention the papers [93, 113], and the references
therein. In addition to periodicity we refer to [96] and [117] for results regarding
boundedness.

The main purpose of this study is to extend the results of the above-mentioned lit-
erature by investigating the possibility of existence of periodic and the asymptotic
periodic solutions for systems of nonlinear Volterra difference equations with infi-
nite delay.

By a solution of the system (4.7.1) we mean a pair of sequences { (X, y,)},cz of real
numbers which satisfies (4.7.1) for all n € N. Let Z~ denote the set of all negative
integers. The initial sequence space for the solutions of the system (4.7.1) can be
constructed as follows. Let S denote the nonempty set of pairs of all sequences
(n,8) = {(Mn, &) } ez~ of real numbers such that

max{ sup (7], sup |cn} <o

nez- nez-
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and for each n € N, the series

0

0
2 an,if(ni) and 2 bn,ig(gi)

[=—o0 [=—o0

converge. It is clear that for any given pair of initial sequences {(1,$x)},cz- in S
there exists a unique solution {(x,,yx)},cz of the system (4.7.1) which satisfies the

initial condition
Xn Mn —
= f cl . 4.7.5
(yn) (C> o (@7

Such solution {(x,,yn)},c7 is said to be the solution of the initial problem (4.7.1-
4.7.5). For any pair (1,{) € S, one can specify a solution of (4.7.1-4.7.5) by denot-

ing it by (an’C) = {0 (1),30(§))},ez- Where

(M, Gy) forn e 2~
(%n,yn) forneN

(ea ()30 (0)) = {

In our analysis, we apply a fixed point theorem to general operators over a Banach
space of bounded sequences defined on the whole set of integers. Unlike the above-
mentioned literature that dealt with stability of delayed difference systems, in the
construction of our existence type theorems we neglect the consideration of phase
space, for simplicity. For similar approach we refer to [28].

Theorem 4.7.1. [Schauder’s Fixed Point Theorem] Let X be a Banach space. As-
sume that K is a closed, bounded, and convex subset of X. If T : K — K is a compact
operator, then it has a fixed point in K.

4.7.1 Periodicity

In this section, we use Schauder’s fixed point theorem to show that system (4.7.1)
has a periodic solution. First, we start by defining periodic sequences on Z.

Definition 4.7.1. Let T be a positive integer. A sequence x = {x, },, is called T-
periodic if x,,+ 7 = x,, for all n € Z. The smallest positive integer T such that x, 7 =

x,, holds for all n € Z is called the period of the sequence x = {x, },c5-

Let Pr be the set of all T-periodic sequences on Z. Then Pr is a Banach space when
it is endowed with the maximum norm

X .= max max |X,|, max .
)= max{ man b, max ()}

Let us define the subset Q (W) of Pr by

QW) :={(x.y) € Pr:[|(xy) <W},
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where W > 0 is a constant. Then (W) is bounded, closed, and convex subset of
Pr. For any pair (x,y) = {(x4, Y1) } ez € 2 (W), we define the mapping E : Q — Pr

by
El(xyy)n
B(x) = {E G = { ( ,
nez E2(x7y>n nez
where
Xn forne Z~
— n+T—1 [/n+T—1 i
RICIE o X <1H1 (l—i-hl)) Y aimf(ym) forneN (4.7.6)
i=n =i+ m=—oo
Vn forneZ~
— n+T—1 /n+T—1 i
Exlxyhni=q o "5 ( I (l—l—pz)) Y binmg(tn) forneN 77D
i=n [=i+1 M=—oc0
and

-1

)

och::[ l:[ 1+h1

-1

T-1
o= [1 -T10+m)

=0

We shall use the following result on several occasions in our further analysis.

Lemma 4.8. Assume that (4.7.2-4.7.4) hold. Suppose that 1 +h, #0, 1+ p, #0
foralln € [1,T)z :=[1,T|NZ, and that

— T-1
H 1+h)# Land [T(1+p) # 1. (4.7.8)
=0 =0

The pair (x,y) = {(Xn,Yn) } ez satisfies
E(x,y) = (x,y)

if and only if it is a T-periodic solution of (4.7.1).

Proof. One may easily verify that the pair (x,y) = {(xXn,yn) } ez € 2 (W) satisfying
(x,y) = E(x,y) also satisfies the system (4.7.1) for all n € N. Conversely, suppose
that the pair (x,y) = {(xu,n)},ez is a T-periodic sequence satisfying (4.7.1) for all

-1
n € N. Multiplying both sides of the first equation in (4.7.1) with (H (1 +h1))
1=0
and taking the summation from n to n+ T — 1, we obtain

=0 i=n =0 m=—co

n+T-1 i—1 -1 n+T-1 i -1 i
z‘ A | x; (H(1+hl)> = Z <H(1+h1)> z ai,mf(ym)~
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This implies that

-1 n—1 -1
xn+T( (14 ) — X, (H(th))
=0
+T—
Z

. -1 .
(H (1+hy) > z ai,mf()’m)'
0

m=—oo

n+T-1 T-1
Using the equalities x,47 =x,and [ (14+#)= [T (1+4;), we have E; (x,y), =
I=n =0

(xn,yn) for n € N. The equality E>(x,y), = (xn,y,) for n € N can be obtained by
using a similar procedure. The proof is complete.

In preparation for the next result we assume that there exist positive constants Wy,
W,, K1, and K> such that

If(x)] <W; (4.7.9)
lg(y)| < W, (4.7.10)
n+T—1|n+T—1 i
ol > | TT (+m)| Y laiml <K, 4.7.11)
i=n I=i+1 Mm=—oo
and
n+T—1 |n+T-1 i
o] X | TT (+p)| Y Ibiml <Ko 4.7.12)
i=n | l=it+l m=—oo

foralln € Z and all (x,y) € Q (W).

Theorem 4.7.2. In addition to the assumptions of Lemma 4.8 suppose that (4.7.9—
4.7.12) hold. Then (4.7.1) has a T -periodic solution.

Proof. From Lemma 4.8, we can deduce that E(x,y),+7 = E(x,y), for any (x,y) €
Q (W). Moreover, if (x,y) € Q (W), then

nAT—1 |niT—1 i
EvGey)al <lowl Y, | TT A+m)| Y laiml[fOom) < WKy, (4.7.13)
= | 1= m=—eo
and
n+T-1 n+7T-1 i
Ex(x,y)nl < || Y o [T (00| Y 1bimllg(xm)] S WKy (4.7.14)
i=n I1=i+1 m=—oo

for all n € N. If we set W = max{W; K}, WK }, then E maps Q (W) into itself. Now
we show that E is continuous. Let {(x/,y)}, 1 € N={0,1,2,...}, be a sequence in
Q (W) such that
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Since Q (W) is closed, we must have (x,y) €  (W). Then by definition of E we
have

)’L_)’n

!
X, — Xn

limH(xl7yl)—(x,y)‘ :1im< max { ,
Z

[—oo [—eo \ ne(1,T]

=0.

E; (xlayl)n —E (X,y)n

b

)

HE(xl,yl) —E(x,y)H = max{ max
ne(l,T],

max ‘Ez (xl,yl)n —Ex(x,y)n
nez

in which

E; (xl,yl)n —E; (xay)n

= |0y,

ntT—1 [n+T—1 i
z < H (1+h1)> z i f (Vi) —

i=n  \ I=it1 m=—co

n+T—-1 [n+T—1 i
z ( H (1+h1)> Z ai,mf()’m)

i=n I=i+1 m=—oo
n+T—1 |n+T-1 i ;
<loal ¥ | TT 0 +m)| X lainl[£05) = £Om)|-
i=n | Il=i+l m=—co
Similarly,
L n+T—1 (n+T—-1 i ,
Ex )~ By <ol X | TT (kp)| X Ibinl [8(5h) — ()|
i=n | I=it1 m=—co

The continuity of f and g along with the Lebesgue dominated convergence theorem
imply that

lim HE(xl,yl) —E(x,y)H =0.

[—oo
This shows that E is continuous. Finally, we have to show that E€2 (W) is precom-
pact. Let {(x',y") };en be a sequence in © (W). For each fixed I € N, {(x/,y,) } ez is
abounded sequence of real pairs. Then by Bolzano-Weierstrass Theorem, {(x,y')} ez
has a convergent subsequence {(xﬁ,k,yﬁ,k)}. By repeating the diagonalization pro-
cess for each [ € N, we can construct a convergent subsequence {(x*,y*)}; en
of {(x/,y")}1en in Q(W). Since E is continuous, we deduce that {E(x',y")}jen
has a convergent subsequence in E€2 (W). This means, EQ (W) is precompact. By
Schauder’s fixed point theorem we conclude that there exists a pair (x,y) € Q (W)
such that E(x,y) = (x,y).

Theorem 4.7.3. In addition to the assumptions of Lemma 4.8, we assume that (4.7.9),
(4.7.11), and (4.7.12) hold. If g is a nondecreasing function satisfying

()| < g(Ix), (4.7.15)
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then (4.7.1) has a T -periodic solution.
Proof. By (4.7.11) and (4.7.13) we already have
|E1(x,y)] < WK for all (x,y) € Q(W).
This along with (4.7.15) imply

n+T—1

Exey)al < Y. . (bl )

m=—oo

op H (1+P1)

o T1 (4p)| 3 ounlg(Ei(e))

m—=—oo

SKzg(WlKl).

If we set W = max{W;K|,K,g(W;K;)}, then the rest of the proof is similar to the
proof of Theorem 4.7.2 and hence we omit it.

Similarly, we can give the following result.

Theorem 4.7.4. In addition to the assumptions of Lemma 4.8, we assume (4.7.10),
(4.7.11), and (4.7.12) hold. If f is a nondecreasing function satisfying

FO) < F(D)s

then (4.7.1) has a T -periodic solution.
Example 4.3. Let

h, = 14cosnrm,
pn=1—cosnm,
—n

—h . —
an,i—bn,l—e s

and
f(x) =sinx and g(x) = sin2x.

Then (4.7.1) turns into the following system

Axy = (14cosnm)x, + X e "sin(y;),

j=—oc0
n .
Ayp = (1 —cosnm)y,+ Y & "sin(2x;)
i=—o0
It can be easily verified that conditions (4.7.2-4.7.8) and (4.7.9-4.7.12) hold. By
Theorem 4.7.2, there exists a 2-periodic solution (x,y) = {(Xu,¥n)},cz Of sys-
tem (4.7.1) satisfying
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1 n+1 n+1 i

W=z S 1 @+cosin) Y, & 'sin(ym),

i=n I=it+1 m=—es

1 n+1 n+1 i

== Y I 2—cos(in)) Y, " 'sin(2xy),

i=n l=i+1 Mm=—o0

for all n € N.

4.7.2 Asymptotic Periodicity

In this section, we study the existence of an asymptotically T-periodic solution of
system (4.7.1) by using Schauder’s fixed point theorem. First we state the following
definition.

Definition 4.7.2. A sequence {x,},.7 is called asymptotically T-periodic if there
exist two sequences u, and v, such that u, is T-periodic, lim,—.v, =0, and x, =
u, +v, foralln € Z.

First, we suppose that

T-1 T-1
[T(1+hr)=1and J(1+p;) =1 (4.7.16)
j=0 j=0

Then we define the sequences @ := { @, },eny and ¥ := {y, },en as follows

n—1 n—1
1 1
=1 and v, =[] : (4.7.17)
j:01+h./‘ j:01+pj
Furthermore, we define the constants my, My, k = 1,2, by
my = min |@;|, M;:= max |@;], my:= min |y;|, My:= max |y;.

i€[1,T]y, i€[1,T], i€[L,T]y, i€[1,T)y,

We note that in this section, we do not assume (4.7.3—4.7.4) but instead we ask that

the series _ '
> Y aiml <eeand YN [bim| <eo (4.7.18)

i=0m=—oco i=0m=—oo

converge to a and b, respectively. Observe that (4.7.18) implies

lim ;mgw |aim| = lim ;m;_w |bim| = 0. (4.7.19)

Theorem 4.7.5. Suppose that (4.7.9-4.7.10), (4.7.16), and (4.7.18-4.7.19) hold.
Then system (4.7.1) has an asymptotically T -periodic solution (x,y) = {(Xn,Yn) } ,e7,
satisfying
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Xp 1= uﬁ,l) + vg,l)

i il? 42

forn €N, where
(1) " 2) " +
wy) =c [[(1+h), w’ =c2[[(1+pj).neZ
j=0 Jj=0

c1 and cy are positive constants, and

lim v\! = 1im v = 0.
n—yoo n—soo

Proof. Due to the T-periodicity of the sequences {4, },.; and {p, },., and by (4.7.16-
4.7.17) we have

On €{@1,02,....0r} and v, € {y1, v, v}
for all n € N. This means
my < || <My (4.7.20)
my < |y, <M (4.7.21)

for all n € Z. Define
B = {((’D7q’) : d): (’Dl +¢27‘Il:l}’1+%7 (CDI;%)n-Q-T = (élal}’l)rh and <¢2;%>n —
(0,0) as n — o=}. Then B is a Banach space when endowed with the maximum norm

(| (x, )|l = max{sup |xa| , sup|y,|}.
nez nez

For a positive constant W* we define
Q (W) :={(x,y) € B: [|(x,y)[| <W}.

Then, Q* (W*) is a nonempty bounded convex, and closed subset of B. Define the
mapping E* : Q* (W*) — B by

E*(x,y) ={E" (x,Y), } ez = { (gi;g:ig:) }neZ7

where

X forne Z~

Ei(xy)n = o i, : 4.7.22)
clé_.z 2 %ai,mf@m) forn e N

i=nm=—oo
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and
Vi forne Z~
E5(x,y)n := oL -3 2 W’;l bimg(xy) forn e N

2
Vi i=nm=—oo

(4.7.23)

We will show that the mapping E* has a fixed point in B. First, we demonstrate that
E*Q*(W*) C Q* (W*). If {(x,y)} € Q*(W™), then

1 (==
Ef(x,y)n —c1—| < Mim;'W, (4.7.24)
On i=nm=—co
< Mym;'W,
i=0m=—co
=Mm;'Wia, (4.7.25)
and
E5(x,9)n < Mym; 'Ws 2 2 |bi m| (4.7.26)
I=nm=—oo
<M WS 3, (bl
i=0m=—oco
= Mym, 'Wsb. 4.7.27)

This implies that

C
|ET(Xn»yn)| < M1mf1W1a+ m7117
and .
|E;(xnv)’n)| < M2m2_1W2b+ —2
ny
If we set . .
W* = maX{Mlml_lwla+ 71,M2m2_1W2b+ 72}’
nj my

then we have E*Q* (W*) C Q* (W*) as desired.

Next, we show that E* is continuous. Let {(x,y7)},cn be a sequence in Q* (W*)
such that

limg e || (x7,y7) — (x,y)|| =0, where (x,y) = {(xn,¥n) },,cz- Since % (W*) is closed,
we must have (x,y) € Q* (W*). From (4.7.22) and (4.7.23), we have

(pH-l

i~ Bl € 3 3 |l 17 68) - o)

and
lI/t+1

|bim! g () — & (xm)] -

B3 (x1,y)n — E5 (,7)n Z 2
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Since f and g are continuous, we have by the Lebesgue dominated convergence
theorem that

lim [[E7(x?,y%) — E*(x,y)|| = 0

q—°
As we did in the proof of Theorem 4.7.2 we can show that E* has a fixed point in
Q* (W*). On the other hand, using a similar procedure that we have employed in
the proof of Lemma 4.8, we can deduce that any solution (x,y) = {(Xu,Yu) },cz Of
the system (4.7.1) is a fixed point for the operator E*. This means E* (x,y) = (x,y)
or equivalently,

1 &< o
m=ci——3 % T fOm) (4.7.28)
n imam=—e Pn
and .
_ 1 o v Vit
Yn=C—— 3, bimg(Xm).- (4.7.29)
h imam=—e Wn

Conversely, any pair (x,y) = { (X, Y1)} ,c7, satisfying (4.7.28) and (4.7.29) will also
satisfy

n n—1
Xt —Xa(1+he) = ct([T(1+hj) — A+ k) [T(1+Ry))
j=0 j=0
+ (1 z z (P(;Ll ai mf()’m)
d Dit1
- ai,mf(ym)a
i %lm;w Pn+1
and hence
n—1
- i (1+hn)H(1—|—hj)
=0
Xpi1 — Xn(1+hy) Z z ; ! aimf (Ym)
Fin e ] (141y)
j=0
- H (l-l-/’lj)

- 2 i jio aimf(Ym)

i=n+1m=—oo H0(1+h])
J=

n

= z an,mf(ym)-

m—=—oo

That is, any fixed point (x,y) = {(xn,¥n)},cz of the operator E* satisfies the first
equation in (4.7.1). Similarly, one may show that the second equation holds.
For an arbitrary fixed point (x,y) € Q* (W*) of E*, we have



224 4 Periodic Solutions

1 1
Jl_r}l}o Xn _61@ = hm E{(x,y)n cl—n =0, (4.7.30)
and | |
nlgfolo yn7C2% :r}grolo EZ(%)’)n*Cz% =0. (4.7.31)
Choosing
1 o ®
uﬁll) =c|—, vﬁ,l) =— 2 2 (P'Ha,-,mf(ym) (4.7.32)
On i=nm=—oo Pn
and '
1 S & W
W) =e— W =3 S YL (), (4.7.33)
Yn imnm=co Wn

we have x, = u') v\ and y, = ul? +v{?). By (4.7.30) and (4.7.31), v\") and v*!

tend to O when n — . Left to show that uS, ) and u£, ) are T-periodic.

) n+T-1 n—1 n+T-1
U, r=ci H (1+hj)201H(1+/’lj) H (1+hj)
Jj=0 Jj=0 j=n

n—1 —

=c [J(1+h) H (1+h;)
j=0 j=0
n—1

=c1 [J(1+hj), by (4.7.16).
j=0

The proof for u,(qz) is identical and hence we omit.

Example 4.4. Consider the system (4.7.1) with the following entries

A 1, ifn=2k+1forkcZ
n=Pn= L ifn=2kforkeZ
an; =€ forn,i€Z
by =€ 73", forn,i € 7

f(x) = cosx and g(x) = cos2x.

Then (4.7.1) turns into the following system:

n .
Axp=hx,+ Y e cos(y;),

j=—oo

n .
Ay = ppyn+ > e cos(2x;)
j=—o0
Obviously, the sequences {4}, and {p,}, 7 are 2-periodic and all conditions of
Theorem 4.7.5 are satisfied. Hence, we conclude by Theorem 4.7.5 the existence of
an asymptotically 2-periodic solution (x,y) = {(x,yx)},c7 satisfying
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=3

wm=ci—— Y Y P2y,

o impme—c Pn
1 3 & w :
Vp=cCr— — z z Mezm_& cos(2x,),
Vn  iSimem—e Yn

for all n € N, where ¢; and ¢, are positive constants, @ := {@, yeny and ¥ :=
{ Wy }nen are as in (4.7.17).

4.8 Open Problems

In this section we propose seven open problems regarding existence of periodic
solutions of Volterra difference equations and functional equations. We begin by
considering the scalar Volterra difference equation

Kt D =cln)— 3, Dlns)g(x(s). @8

= oo
where g is continuous.

Open Problem 1.

Use the method of Section 4.5 to show (4.8.1) has a periodic solution under suitable
conditions. Then prove parallel theorems to Theorems 4.5.2 and 4.5.3.

This will be different due to the absence of a linear term in x in Equation (4.8.1).
Actually, it will be very challenging to find a suitable Lyapunov functional that does
the trick.

Open Problem 2.

In light of our work in Section 4.7, what can be said about (4.8.1) with respect
to periodicity and asymptotic periodicity? Again, the absence of a linear term in x
makes (4.8.1) impossible to invert in order to obtain the possible mapping.

Open Problem 3.

Coupled integro-differential equations have many applications in science and engi-
neering. In computational neuroscience, the Wilson—Cowan model describes the dy-
namics of interactions between populations of very simple excitatory and inhibitory
model neurons. It was developed by H.R. Wilson and Jack D. Cowan [171, 172]
and extensions of the model have been widely used in modeling neuronal popula-
tions [89, 108, 153, 173]. Here we propose a parallel coupled Volterra difference
equations model

{ Ax(n) = hi(n)x(n) + ho(n)y(n) + X" . a(n, S)f(X(S)vy(S))),

Ay(n) = p1(n)y(n) + p2(n)x(n) + X" . b(n,5)g(x(s),y(s)), (4.8.2)
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where the functions f and g are assumed to be continuous. It would be of great
interest to study the existence of periodic and asymptotically periodic solutions
of (4.8.2).

Open Problem 4.

Consider Equation (4.5.9) and let Pr be the space of all periodic sequences of period
T. Let x € Pr and use Theorem 1.1.1 to invert (4.5.9) and then use the Contraction
mapping principle and the Schauder second fixed point theorem (see [156], p. 25) to
show the existence of a unique periodic solution and a periodic solution. Compare
both results and to the results of this chapter.

Open Problem 5 (Our Preferred System)
After careful examination of the three systems that we considered in the Sec-
tion 4.6.1, we are lead to suggest that the system

t—1

Ax(r)= Y, p(s—1)g 2 q(s—1)g(x(s)) (4.8.3)

s=t—L §=—0c0

which incorporates the most realistic properties from each of the systems, is our
favorite system to be considered. The first term on the right takes into account the
ideas from (4.6.14) in a more general form. Here we assume that

Z q(s)=1and Y g(s)=1. (4.84)

s=—L §=—00

Next, one would need to rewrite (4.8.3) as we did in (4.6.15) and then proceed to
prove theorems that are parallel to Theorems 4.6.3 and 4.6.4.

Open Problem 6 (Neutral Systems)

There has been a tremendous effort in extending difference equations to neutral
difference equations. Neutral difference equations have not been developed like its
counterpart, differential equations. Suppose you are observing an organism that is
displaying a normal growth or sub-ordinary growth. Suddenly growth accelerates
and results in more accelerated growth. This is typical of neutral growth. Present
growth rate depends not only on the past state, but also on the past growth rate.
Typical models in the spirit of the previous section would be

A(x(r) = h(x(t —L1))) = g(x(r)) — g(x(t — L2)). (4.8.5)

It is clear that any constant function is a solution of (4.6.25). Now suppose both
functions 4 and g are Lipschitz continuous. Let L = max{L;, L, }, define an initial
function and then prove a parallel Theorem to Theorem 4.6.3. Another possible
neutral model to consider is

A(x(1) = h(x(t—Ly))) = 2 p(s—1t)g z q(s—1)g(x(s)) (4.8.6)

s=t—1L, §=—00
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If we assume (4.6.24) then any constant function is a solution of (4.8.6).

Open Problem 7 (Minorsky Model)
The second order differential equation

X))+ X' (t) +g(x(t—h)) =0 (4.8.7)

is called Minorsky equation which he developed as an automatic steering device
controller for the large ship the New Mexico. It was pointed out later on that the
model given by (4.8.7) was not that accurate and since then a correction term was
added and hence the new model

X))+ X' (t) + g(x(t —h)) —g(x(t —h—L)) =0. (4.8.8)

Staying in the spirit of our study, one might consider analyzing the second order
difference equation

A2x(t) + cx(t) + g(x(t —h)) —g(x(t—h— L)) = 0. (4.8.9)

Clearly, any constant is a solution of (4.8.9).
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